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Abstract

The Large Magellanic Cloud (LMC) has an extensive Ho emission halo that traces an extended, warm ionized
component of its interstellar medium. Using the Wisconsin Hae Mapper telescope, we present the first kinematic Ho
survey of an extensive region around the LMC, from (£, b)= (26475, —45°5) to (295°5, — 1975), covering
+150 < vpsr < +390 kms . We find that ionized hydrogen exists throughout the galaxy and extends several degrees
beyond detected neutral hydrogen emission (log (N ;/cm-2) & 18.3) as traced by 21 cm in current surveys. Using the
column density structure of the neutral gas and stellar line-of-sight depths as a guide, we estimate the upper limit mass of
the ionized component of the LMC to be roughly M;opizeq == (0. 6—1 8) x 10° M, which is comparable to the total neutral
atomic gas mass in the same region (Myeural = 0.76-0.85 x 10° Mg). Considering only the atomic phases, we find
Mionized/ Mionized s neutran, 10 be 46%—68% throughout the LMC and its extended halo. Additionally, we find an ionized gas
cloud that extends off of the LMC at (¢, b) ~ (285°, —28°) into a region previously identified as the Leading Arm
complex. This gas is moving at a similar line-of-sight velocity as the LMC and has M;onizea/Mionized-tneutral = 13%~51%.
This study, combined with previous studies of the SMC and extended structures of the Magellanic Clouds, continues to
suggest that warm, ionized gas is as massive and dynamically important as the neutral gas in the Magellanic System.

Unified Astronomy Thesaurus concepts: Dwarf galaxies (416); Large Magellanic Cloud (903); Local Group (929);

Depanment of Computer Science, Math, Physics, and Statistics, University of British Columbia, Okanagan Campus, Kelowna, BC V1V 1V7, Canada

Canada

Galaxy kinematics (602); Warm ionized medium (1788); Interstellar medium (847)

1. Introduction

At distances of d., ~ 50 kpc (Walker 2012; Pietrzyriski et al.
2013) and d.~60 kpc (Hilditch et al. 2005), the Large
Magellanic Cloud (LMC) and Small Magellanic Cloud (SMC)
provide us with an opportunity to thoroughly study multiple
components of an external galaxy system in high detail. Surveys
reveal that the gas in this system has a complex morphology and
kinematic structure. Interactions between the Magellanic Clouds
(MCs) have stripped >10°M,,, of gas out of the galaxies (Fox
et al. 2014) and resulted in multiple gaseous structures extending
out of the system, including several large regions designated as the
Bridge, Leading Arm (LA), and Stream. The neutral gas
component of the LMC and SMC, along with the rest of the
extended Magellanic System (MSys), has been extensively
mapped in neutral gas by multiple surveys (Stanimirovi¢ et al.
2004; Briins et al. 2005; Nidever et al. 2010; Ben Bekhti et al.
2016). These studies provide insight into the complex history of
the interactions between the LMC, SMC, and Milky Way (MW),
acting as guideposts for galaxy—galaxy simulations (e.g., Besla
et al. 2007, 2012; Pardy et al. 2018; Williamson & Martel 2021).

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

The distribution and kinematics of ionized gas may be a
crucial input to models of the formation and history of the MCs.
Models of low-mass star-forming galaxies find SMC mass
galaxies may have a warm-to-cold (warm: 10* < T<10° K,
cold: T <2000 K) gas mass ratio of 0.7, higher than MW-mass
galaxies with a ratio of 0.5 (Hopkins et al. 2012). For the LMC
and SMC systems, we might then expect ionized gas to form a
significant fraction of the total gas mass. Studies of the dynamics
and history of the MCs include observational constraints on the
neutral gas (Besla et al. 2007, 2012; Williamson & Martel 2021),
but until recently had little guidance for the ionized gas content.
An accurate census of the total gas content and its phases is
important for improving such models.

The Magellanic Cloud Emission-Line Survey (MCELS)
team imaged the bright ionized gas regions of the LMC and
SMC in detail (Winkler et al. 2015), which included a thorough
census of the dense ionized structures and supernova
remnants (see Figure 1). This survey provides moderate spatial
resolutlon (0 <5") with 1o Ha sensitivity of roughly I, 1, ~
1.3 R" (Pellegnnl et al. 2012), which can trace warm (7, =
10* K) 10n1zed regions with emission measures (EM) of
>4 cm ¢ pe.

6
3 Rayleigh = % photons s~ em ™2 sr!
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Figure 1. Ha emission (blue, background) associated with the LMC, integrated between +150 < visg < + 350 km s~! and MCELS Ha image (grayscale,
foreground) from Winkler et al. (2015). The red box denotes the extent of the MCELS survey region. Note that the WHAM emission scaling is linear (left color bar)
while scaling for the MCELS image is logarithmic (right color bar) to highlight the bright structures within the galaxy.

While the Winkler et al. (2015) study provides high-
resolution images of the bright Ha sources, a survey with
higher sensitivity is needed to probe the faint warm ionized
medium (WIM) emission. To gain a clearer picture of the
diffuse ionized gas, the MSys has been the focus of several
spectroscopically resolved Wisconsin Ha Mapper (WHAM)
surveys. Although WHAM observations have a much lower
spatial resolution of # = 1° (roughly 1 kpc at D = 50 kpc), the
increased throughput combined with a Fabry—Pérot spectro-
meter provides higher sensitivity to very diffuse gas with
a1~ 0.03 R. Additionally, the 15 km s} velocity resolution
of the spectra allows for the identification of WIM emission. In
the WIM, thermal broadening of the Hov line in warm gas (10*
K) combined with nonthermal motions results in line widths
>25 kms ™' (see Haffner et al. 2003). Barger et al. (2013,
hereafter B13) surveyed the diffuse ionized gas of the
Magellanic Bridge using the WHAM telescope. Their study
highlighted the extent to which WHAM could detect and map
the diffuse ionized gas within the MSys, and was followed by a
survey of the extended ionized gas around the SMC (Smart
et al. 2019, hereafter SHB19) and a survey of the LMC’s
galactic outflow (Ciampa et al. 2021, hereafter
CBL20). BHB13, SHB19, and CBL20 all found diffuse
ionized gas extending several degrees beyond detected HI
emission (log (Vy/ecm-2) /2 18.3), as traced by the 21 cm line.
These studies also show that a significant fraction of the atomic
hydrogen is ionized. BHB13 found that 36%-52% of the
atomic gas in the Bridge is ionized, and SHB19 found a similar
ionization fraction of 42%-47% for the SMC. Both surveys
compare the kinematics of the ionized and neutral components.
The two phases trace each other closely in brighter regions, but
Ha appears more kinematically decoupled in diffuse regions
with velocity offsets and additional components compared to
H1 Additionally, Barger et al. (2017) and Antwi-Danso et al.
(2020) have detected Ha emission in the Magellanic Stream

and Leading Arm through targeted WHAM observations.
However, these complexes have yet to be thoroughly mapped.

Studies of the ionized gas associated with the MSys have not
been limited to the main galaxy structures. Several studies have
explored the ionized gas in the circumgalactic medium of the
LMC (e.g., Wakker et al. 1998; Howk et al. 2002; Lehner &
Howk 2007; Pathak et al. 2011; Barger et al. 2016, CBL20).
On the near-side of the LMC, Howk et al. (2002) and Lehner &
Howk (2007) found that most of this gas is blueshifted in their
UV absorption-line study, indicating that it is flowing out of the
LMC and toward the Milky Way. Similarly, Barger et al.
(2016) detected a complementary outflow on the far side of the
LMC, confirming that this galaxy has a large-scale galactic
wind. A correlation of this wide-spread outflowing material
with young stellar activity in the LMC provides evidence that
recent star formation is driving this wind (Howk et al. 2002;
Lehner & Howk 2007; Barger et al. 2016, and CBL20), which
could also be feeding a hot LMC halo (see Wakker et al. 1998
and Howk et al. 2002). CBL20 mapped the near-side LMC
outflow in Ha emission with WHAM and found that it has an
ionized mass range of 7.4 < log (Mipnizea/Ms) S 7.6 on the
near-side of the LMC, or log (Miya1/Me) ~ 7.9, assuming that
the wind is symmetric with an ionization fraction of 75% (see
Lehner & Howk 2007 and Barger et al. 2016).

Using absorption-line observations toward 69 UV bright
QSOs, Fox et al. (2014) found that the circumgalactic gas of
the Magellanic Clouds covers 11,000 square degrees across the
sky and is predominantly ionized in most directions. In this
extended MSys, the LMC might be a major source of gas for
the Magellanic Stream as well as a potential source of material
in the LA. The kinematics of the neutral gas in the LMC and
the LA suggest that the LA material originated from the LMC
(Putman et al. 1998; Nidever et al. 2008; Venzmer et al. 2012).
Recent chemical abundance studies directed toward the LA
have called this hypothesis into question (Fox et al. 2018;
Richter et al. 2018), while tidal and ram pressure models
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Figure 2. A full map of the LMC with each subregion highlighted. The central LMC region is marked by the dashed ellipse. The Leading Arm (LA 1.1) region at the
top left is marked in solid black lines. The contours mark the H T column density at Ny ; = 0.5, 1, 5, and 10 x 10?° cm ™2 The grid of 1° circles at the top left of the

map represents the 0°5 Nyquist sampling used for WHAM survey observations.

suggest an SMC origin (Besla et al. 2012; Diaz & Bekki 2012;
Yang et al. 2014). Lucchini et al. (2020) explored the
Magellanic Corona and its effects on the MSys. By including
an ionized halo of gas surrounding the LMC, they predict the
neutral gas structures of both the Stream and the LA. The
results from these prior studies indicate more observations are
needed. Observing the structure of the diffuse ionized and
neutral gas can help constrain the potential origin of ionized gas
in the extended features.

In this study, we present an Ha emission map that traces the
ionized gas associated with the LMC and its surrounding area,
as well as its relation to the extended features of the MSys by
surveying the LMC in Ha emission with the WHAM telescope.
We describe our observations in Section 2 and detail our data
reduction process in Section 3. In Section 4, we present our
non-extinction-corrected maps of the extended LMC system in
Ha. In Section 5, we calculate the total mass of the ionized gas
considering multiple approaches for constraining the gas
density and geometry. We summarize our results in Section 6
and present our conclusions in Section 7.

2. Observations

The WHAM spectrometer has been optimized to detect
diffuse sources of faint optical emission lines within and
around the Milky Way down to /., ~25 mR (EM ~7x102
cm~® pc). For extended, continuous structures we can trace
emission below Iy, <10 mR (Barger et al. 2012). At this
sensitivity, SHB19 and BHB13 detected diffuse ionized gas
that surrounds the SMC and lies within the Magellanic Bridge.

In this study, we use this same facility to trace the ionized
hydrogen both in and around the LMC.

WHAM consists of a dual-etalon Fabry—Perot spectrometer
that produces a 200 kms~' wide spectrum with 12 kms™'
velocity resolution from light spatially integrated over a 1°
beam (Haffner et al. 2003). Typical Ho line widths from
diffuse ionized gas have an FWHM =20 km s~ ! well matched
to WHAM'’s spectral resolution of Av=12 kms~'. A 30 s
exposure can achieve a signal-to-noise of 20 for a Iy, ~0.5R
line with a width of FWHM =20 kms~'. WHAM is currently
located at Cerro Tololo Inter-American Observatory in Chile.

We used the same observing strategy that SHB19 used for
the SMC, which we summarize here. The LMC observations
are grouped into “blocks” of 30-50 Nyquist-sampled pointings
with a spacing of 0°5. In Figure 2, we illustrate the angular size
and the distribution of individual pointings that comprise a
typical block. To cover the extended region around the LMC,
we observed 62 blocks. All but four of these blocks were
obtained with an individual pointing exposure time of 60 s. The
remaining four blocks were observed with 30 s exposures (see
Figure 3). Because our sensitivity to diffuse emission is limited
by contamination from very faint atmospheric lines, we kept
exposure times short to track variations in the terrestrial lines
throughout a block’s observation. Factoring in the overhead
moving to each position on the sky, a typical block with about
37 pointings and 60 s exposures had a total duration of ~40
minutes.

Observations of the LMC were taken between 2014 January
24 and February 2, with nine blocks observed or reobserved on
2019 November 23. This data set focused on the local standard
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Figure 3. Total integration time for each sightline. The solid dark red line
traces the region observed in this paper. The red dashed line highlights the
region observed in BHB13. The yellow dashed line indicates the region
observed by CBL20. The final combined survey of the LMC spans a velocity
range of +150 < vigg < 4390 kms™ .

of rest (LSR) velocity range +150 < vi.sr < + 390 kms™ ' over
the 26475 <1<295°%5 and —45°%5 < b < — 22°8 region of the
sky (see Figure 2).

We combined these observations with existing WHAM Ha
observations of the circumgalactic medium of the MCs.
Observations from CBL20 of the LMC’s near-side outflow
are in the direction of the LMC but span a lower LSR velocity
range, +50 <visr <+ 250 kms™'. Existing observations of
the Magellanic Bridge (BHB13) overlap with the high-
longitude edge of the LMC and span a velocity range of
0<wsr<+315 kms '. Data from CBL20 between
+150 <vpgr <4250 kms™' and from BHBI13 between
+150 S vpsp <+ 315 kms™ ' is averaged with our new LMC
observations to increase signal-to-noise where they overlap.
The observing strategies used in all of the combined data sets
are similar (see the BHB13 and CBL20 studies for details). In
Figure 3, we present the total integration time of each block
used in this LMC survey after combining new and existing
observations. Outlines in Figure 3 delineate the region of each
of the Ha surveys we combined for this study.

3. Data Reduction
3.1. WHAM Pipeline

All observations are processed using the WHAM pipeline
described in Haffner et al. (2003). The spectra are preprocessed
in the pipeline to remove cosmic rays before combining. The
Fabry—Perot spectrometer produces circular interference pat-
terns, which are summed in annuli to produce a linear spectrum
that is a function of velocity. The pipeline then bins the spectra
in vy, =2 kms ' intervals. Once binned, the spectra are
normalized to exposure time and then scaled according to the
airmass of the observation. The pipeline then uses an intensity
correction factor to account for the sensitivity degradation of the
WHAM instrumentation that occurs over time. The standardiza-
tion of the spectra allows us to directly average observations
across multiple nights and varying exposure times.

Smart et al.
Table 1
Atmospheric Template

Vgeo Wavelength FWHM Relative

Line (kms™h) (A) (kms™h Intensity
1 182.50 6566.80 10 3.10
2 201.42 6567.21 10 0.90
3 216.90 6567.55 10 1.03
4 238.20 6568.02 15 2.34
5 251.00 6568.30 10 1.84
6 328.00 6569.99 15 1.16
7 337.90 6570.21 15 0.09
8 355.90 6570.60 15 1.30
9 365.70 6570.81 15 1.75

Note. This list includes all atmospheric lines observed in the
+150 Svigg S+390 kms ' window. The bright OH line at
Vgeo = + 272.44 km s ! is excluded from our template and fit independently
as its strength does not correlate with airmass like these faint lines.

3.2. Atmospheric Line Subtraction

We follow the same methods for atmospheric line subtrac-
tion as outlined in SHB19 and previous WHAM studies
(Haffner et al. 2003; Hill et al. 2009; Barger et al. 2012, 2013;
Ciampa et al. 2021). However, we observed Ha emission at
higher positive geocentric velocities (vge,) than these previous
WHAM surveys. To characterize the atmospheric lines at these
higher velocities, we observed two Ha-faint positions on the
sky located at (¢, b)=(89°0, —71°0) and (¢, b) = (272°5,
— 2820). We combined 24 observations of these two sightlines
taken on 2016 September 3 to create the atmospheric template
in Figure 4. The faint atmospheric emission lines are well-fit by
the Gaussian components listed in Table 1 and have a strength
that scales with airmass.

In addition to removing the faint atmospheric lines listed in
Table 1 with an atmospheric template, we separately removed a
bright OH atmospheric line that lies at Ve, = +272.44 km s ! (as
seen in the top panel of Figure 4) as its strength scales with the flux
of sunlight on the Earth’s upper atmosphere in addition to the
airmass. The strength of the OH line compared to the Ha emission
allows us to directly fit and subtract the line from our observations.

Unfortunately, some of the faint Hor emission associated
with the LMC can be inadvertently removed when the OH line
is subtracted. The affected region spans roughly 20 kms ™' in
width (see Figure 9), wider than the unresolved core of the OH
line (=12 km s~ ") due to non-Gaussian, broader wings in the
instrument profile. Some of the brighter and/or broad
astronomical emission can be disentangled from the OH line,
but the full scope of missing emission can not be estimated well
in this work using Ha alone. Future observations of associated
emission lines at other wavelengths (e.g., [S IT] and [N I1]) will
help reconstruct Hoe component structure, when necessary.

Unlike many previous WHAM studies, we used a different Ho
filter centered at longer wavelengths to capture the most positive
Magellanic velocities with high transmission. However, this shift
also introduces an unfortunate out-of-tune Fabry—Pérot “ghost”
from the OH doublet at 6577.183 A/6577.386 A. Although these
lines are at a much higher velocity (v sgr &~ + 662 km sfl) than our
target range, the combination of the filter and etalon pressure tune
introduces a broad emission feature that spans roughly
+120 < vigr <+ 180 kms™' (seen as the rise in the left edge of
Figure 4). To avoid this feature, any sightlines that have data using
only this filter are integrated over velocities greater than
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Figure 4. Averaged emission template toward (, b) = (272°5, — 28°0). The top and middle panels show the average spectra as a dotted line, while the light gray line
outlines the atmospheric template fit. Dark gray Gaussian profiles in the middle panel trace individual atmospheric emission lines modeled by the template. The bright
OH line at vye, = + 272.44 km s~ ! is labeled (i) in the top panel and represented as the dashed—dotted line in the middle panel. Residuals in the bottom panel at
velocities around this bright line are due to a slight mismatch between the instrument profile and the averaged spectrum. The properties of the OH line and the

atmospheric emission lines are listed in Table 1.

Table 2
Extinction
Region Foreground Extinction Internal Extinction
log <NH [> A(HO/) l%corra IOg <NH 1> A(HO[) %con‘
LMC 20.7 0.27 10% 21.2 0.43 16%
Leading 21.0 0.46, 17%,
Arm 1.1 0.48 18%
Note.

# We list two values that represent the effective extinction correction applied
for mass calculations in Sections 5.1.1 and 5.1.2 and for those in Section 5.1.3.
These methods use different processes for determining (Ny ), and the average
value from each method is displayed. Only foreground extinction for the LA
1.1 region had any appreciable difference in extinction correction when using
the different methods.

visg = + 180 kms~! for measurements in this work. However,
sightlines combined with observations from BHB13 and CBL20
utilize the standard WHAM Ha filter (Haffner et al. 2003) to avoid
this contamination. These spectroscopic observations can be fully
integrated down to vy gg =+ 150 kms~ !, our preferred low-
velocity limit for this study.

Finally, we use the fitting algorithm described in CBL20 to
identify systematic residuals present at specific geocentric
velocities after removing the atmospheric lines, as described
above. Sightlines with little to no Galactic and Magellanic
emission are then used to correct these residuals from all
spectra in a data set.

3.3. Foreground Extinction Correction

Foreground dust from the MW lies between us and the LMC.
Therefore, we need to correct the Ha intensity for any

attenuation associated with the MW. Using the average
foreground Ry value of 3.1 as outlined in Cardelli et al.
(1989), we follow the method described in Section 3.4.1
of BHB13 and apply:

IHa,corr = IHa,obseA(Ha)/z'S, (1)

where
A(Ha) = 5.14 x 10722(Ng,)cm? atoms~! mag, )

and (Ny ) is a measure of the average H1 column density over
the region of interest.

In this work, the extinction correction is only applied during
the mass calculations in Section 5. For foreground MW
extinction, we integrate H I spectra from the HI4PI survey (Ben
Bekhti et al. 2016) over —100 < visr <+ 100 kms™'. We
calculated the extinction correction using two methods. The
first uses the mean HTI for the entire region of interest. The
second determines the correction for 0725 gridded pixels used
in a specific mass calculation method (see Section 5.1 for
details). In general, we find the range of extinction corrections
from these methods increases the observed I, by an average
of 10%—18% for the main body of the LMC and the LA.

3.4. LMC Extinction Correction

To calculate the internal extinction correction for the LMC,
we use values from Gordon et al. (2003)’s Table 2 and Table 4.
Using Table 4, we calculate a A(\)/A(V) for A=0.656 um
using their results for wavelengths between 2.198 um
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Figure 5. Comparison of H I (top row) and Ha (bottom row) emission maps from the HI4PI survey and the WHAM survey, respectively. The left column combines
the integrated emission maps with H1 contours overlaid, while the right column overlays Ha contours. The emission for both maps is integrated over
+150 < visg < + 390 km s~ ', which corresponds to —130 < viyesg < + 110 km s~ at the center of the LMC. The H I scaling is clipped at a column density of
log (Ni1/ cm~—2) = 20.7 to highlight the faint H I emission. The Ha emission is clipped at 0.6 R and has not been corrected for MW or internal extinction. The H I
contours are at Ny = 8, 3.5, 2, 1, and 0.1 x 10*° cm ™2 The Ha contours are at Iy, = 10.0, 2.0, 0.5, 0.2, and 0.1 R. The black box is duplicated from Figure 2
showing the region identified as the LA. The black X marks the location of 30 Doradus.

> A > 0.440 p m. Using a third-order polynomial, we have

AN)/A(V) = 0.2536) — 0.5623 N + 0.8468)\ — 0.1724,
3)

where A is in pum. At Ha we then have A(Ha)/A
(V)=0.7492 £0.0012. We can combine this scaling with
NHT)/A(V) from Gordon et al. (2003)’s Table 2 to estimate
A(Hca). This gives us the equation:

A(Ha) = 2.31 x 1072 <Ny >cm? atoms™! mag. 4)

We only apply this correction to regions near the center of
the LMC that have integrated N> 1.0 X 10*°cm ™2 over
+150 < visr < +390 kms ' In these regions, Iy, >0.5 R
and the average correction is 16%. Since we do not know the
location of the Ho emitting gas along the line-of-sight depth
with respect to the dust, these extinction-corrected intensities
provide an upper limit on Ha emission. Due to the low HI
column density of the LA, we do not apply a correction for it.
Our foreground and internal extinction values are summarized
in Table 2.

3.4.1. LMC Velocity Frame

Due to the large spatial extent of the LMC across the sky,
it is useful to adjust velocities to a reference frame with
respect to the center of the LMC. In this frame, we can more

easily identify extended features that form continuous
kinematic structures that are not modified by our local
observing geometry. We use the method described in CBL20
to transform the velocity frame of our data set from LSR to
the Large Magellanic Cloud Standard of Rest (LMCSR)
given by:

AvpMmcsr

s ! 262.55 — 3.25(1 — 280°) + 3.66(b — (—33%), (5)
ms

where [ and b are Galactic longitude and latitude in degrees.
Using Equation (5), vLmcsr = VLsr — AVLMCsR-

4. Ho Intensity Map
4.1. Distribution

In Figure 5, we present our non-extinction-corrected total
Ha intensity and HI column density maps of the LMC.
These maps are integrated over —+150 <vpgr <+ 390
kms~'. The Ha data set is sensitive to Iy, = 10 mR for
the extended emission structures. The HI data set was
extracted from the HI4PI survey, which has a theoretical
50 detection limit of Nyy=2.3 x 10"®cm™2 (Ben Bekhti
et al. 2016).

We compare log(Ha) to log(Vy 1) in Figure 6. We only plot
sightlines where the Ho emission is above 23 mR (1o) and the
HT column density is above 10" em 2. At log(ly) < —0.3,
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Figure 6. Ho intensity vs. H I column density. The log of the column density of the H I from HI4PI is plotted against the log of the Ho intensity in Rayleighs. To
match the total area covered by a single WHAM pointing, the H I beams are averaged together to match the WHAM beams. We make a linear fit to all points where
log(Iy3./R)> — 0.3 and a separate fit to all points where log(li3,/R)>0.3. The solid central sloped line fits the points with log(/u./R)>0.3. The lower and upper dotted
lines mark the linear fit to the with log(/,/R)£0.5. The dashed vertical line marks the log(lg./R) = —0.3 cutoff in the sloped dashed line marks the fit. Error bars for
both the Ny 1 and Iy, are in light gray. The colors of the diagram are scaled to the absolute distance from the center of mass of the LMC, (¢, b) = (27978, — 33°5) (Kim

et al. 1998).

there does not appear to be an obvious relationship between the
Ha intensity and the H1 column density. However, above that
cutoff, there does appear to be a correlation. We tested both
ranges of points with Kendall’s Tau correlation test and found
that 7=0.52 for Iy, > — 0.3 R and 7=0.33 for Iy, > 0.3 R,
with the significance level much lower than 0.05. We fit two
different slopes to the data using these two data cutoffs:

log (%) > —0.3:

log( N ‘2) =20.58 + 0.43 x 1og(IH—“) (6)
cm™ R

log (%) > 0.3:

log( N 12) =20.76 + 0.28 x log (ﬂ) (7
cm™ R

These two fits are shown in Figure 6. For Iy, > — 0.3 R,
11% of the points fall outside Equation (6) when including an
error range of+0.5. For Iy, > 0.3 R, only 2% of the points fall
outside Equation (7) when including an error range of#0.5.
The lines were only fit to the central point of each observation
and did not include the errors due to the uneven nature of the
error bars in log space. Above Iy, = 0.3 R, the errors in both
Ha and HT are on average 1.3% of the total Iy, intensity, and
would have had a minor effect on the overall fit.

4.2. The Leading Arm

Along with the gas within the LMC, there appears to be an
ionized counterpart to the neutral LA (boxed region in
Figure 2). This emission is more pronounced when viewing
the gas in the vypcsg frame (Figure 7). The LA appears
between —10<vimcsk <+70 kms' in HI and
—60 < vimcesr <+ 30 km s ! in Hoa. The spectra from the
regions marked in Figure 8 are presented in Figure 9. The
strongest Ha emission lies adjacent to an extended region with
Ni120.5 x 10" cm 2. Neutral gas is spatially coincident with
the ionized hydrogen gas at column densities from
Ny = (0.1-0.5) x 10" cm~2 but may not be physically
related to each other due to the observed distinct velocities of
the two gas components in many locations.

4.3. HI and Ho Velocity Distribution

When viewed in the LMCSR frame of reference, the velocity
profile of the HT and Ha weakly trace each other in the center
of the galaxy, around HI contours of Ny;=10*"cm™>
(Figure 10). The velocity profile of the Ha emission leading
to the LA appears smoothly related to the velocity profiles of
the neutral LMC gas. The Ha gas does not appear to have the
extended high-velocity gas that extends out toward the LA.
Instead, the lower velocity gas seems dominant in these
regions. This difference can be clearly seen in the first moment
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Figure 7. Velocity Slice Maps. Comparison of 40 km s~ '-wide velocity windows covering —130 < vimcsr < + 110 km s™'. Velocity ranges are noted at the top of
each figure. The left column shows the WHAM Ha emission and the right column shows the H I emission from HI4PI.
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and the size of the WHAM beam.

maps. Unfortunately, the higher velocity is coincident with the
OH line at vge,=+272.44 km s~ ! in this region, which
prevents us from easily detecting faint, higher velocity Ha
emission from the LA, which coincides with the OH line.

In Figure 11, we compare the mean velocity of the Ha
emission to mean(vy j)-mean(vy,) of all points with both an
Iy, 20.2R and Ny 121018 cm 2. We calculate the mean
velocity taking the first moment of the spectra between +170
kms™ ' and +390 km s~ '. We see 28% of the Ha emission has
a positive mean velocity, while 72% has a negative mean
velocity. Where the HT has a positive mean velocity, the Ha
mean velocity has a wider spread. The velocity comparison
appears to be weighted toward a more negative mean difference
in velocity. This may be biased by the (CBL20) observations,
which observed the lower velocity LMC winds. Figure 12
highlights six regions where the absolute difference in velocity

10

between the Hov and H I components is greater than 70 kms ™.
These regions appear on the outer edge of the LMC. The
difference in mean velocity may be due to multicomponent
emission in the region, as seen in Figures 12(b) and (d). In
other regions, such as Figure 12(e), the Ho and H I components
may be related; however, the broader nature of the Ho emission
may shift the mean velocity or the OH line may obscure the
true mean velocity of the Ha emission.

Since the removal of the bright OH line can remove Ho
emission, we tested how this could bias the Ha mean velocity.
Adding an extra component to reduced spectra with a velocity
width of 15 kms™!, a center coincident with the OH line, and
with intensities of I, = 0.10 and 0.23 R, we found a maximum
positive mean velocity shift of 7 kms™' for 0.10R, and 8
kms~! for 0.23 R. Additionally, even with the shift, the mean
HT velocities in the LA are still significantly positive. Any
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marks the area where the OH line is present.

emission underneath the OH line would not shift the Hoe mean
velocity to values similar to HI mean velocities that are
significantly positive.

The separation in velocity space of the ionized and neutral
gas may indicate that, despite the spatial coincidence from our
perspective, the gas components are physically separated. This
could indicate separate origins for the ionized and neutral gas
or additional mechanisms affecting different regions of gas. A
multicomponent analysis in a future work may reveal a more
accurate relationship between the neutral and ionized gas
components.

5. H® and H* Mass

We calculate the mass of ionizing gas following the methods
presented in Hill et al. (2009), BHB13, and SHB19. Emission
measure is related to the integral of the path length times the
square of the electron density, EM = f nezdl. As the Ha
emission is proportional to the recombination rate,
Lyo = () ! [ag(T) ena(T)nenydly+, we can combine the
two to rewrite the emission measure as follows:

0.924
EM = 2.75(L) (ﬂ)cm“’ pc

8
104K R ®

where n,~ n, and the probability that the recombination will
produce Ho emission is epo(T) =~ 0.46(T/10* Ky 113, The
recombination rate assumes the gas is optically thick to
ionizing photons, ag = 2.584 x 10~3(T/10* K)~%800cm3 s~ 1,
The integrated line-of-sight dl is assumed to be the H . line-of-
sight depth, and T is kept constant at 10* K, the characteristic
temperature of the WIM. All Iy, measurements are from the
WHAM data set.

11

Since Ha traces ng and not n, directly, we must make
assumptions for either the line-of-sight depths or the electron
density to estimate an ionized mass. The line-of-sight depth and
the electron density are related by the previous equation
EM = nfdl , thus we can use this relation and Equation (8) to
calculate whichever value is not assumed:

T 0.942( IH ( n )2
Eye =275 —— THa | _"e c.
i (104K) R ) em>) P

Following Hill et al. (2009), we assume that the mass of the
region can be calculated using My, = 1.4myn,D*QL 5+
Combining Equation (8) with the equation for mass, the
resulting mass in each beam is then:

€)

2 ~1
Mu | _ 865 x 107 of -2 EM ( e ) ,
M, 50kpc ) Lem=®pc J\cm™3

(10)

where (2 is the solid angle over which the mass is calculated. In
this paper, 2 is either a 0925 pixel in a resampled image when
calculating individual sightlines or the total solid angle
observed when averaging the entire region. The factor of 1.4
in the mass calculation accounts for helium (Hill et al. 2009;
Barger et al. 2013). D is the distance to the LMC, assumed to
be 50 kpc unless specified otherwise.

5.1. Mass of Ionized Gas

In this work, we estimate the mass of the LMC in three
different ways. As the electron density and the line-of-sight
depths of the gas is unknown, we must make generalized
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Figure 10. First Moment Map. The mean LMCSR velocities of the gas traced
by the H1 (top) and the Ha (bottom). The rotation of the ionized gas in the
center of the galaxy weakly mirrors the motion of the neutral gas. Only
pointings with Iy, = 10 mR or Ny > 10"8cm 2 are plotted.

assumptions about the distribution of the ionized gas in relation
to the neutral components.

We first describe a mass estimate where H1 measurements
from HI4PI are used to constrain the electron density
(Section 5.1.1). This assumes the ionized gas exists in a skin
around the neutral gas.

We then describe two different mass estimates where we
assume the neutral and ionized gas are well mixed and share
the same line-of-sight depth. These two scenarios make
different assumptions about the geometry of the galaxy. Our
second method assumes a cylindrical geometry, which treats
the gas as a uniform, cylindrical slab we view from the
top down.

The third method assumes the gas within the LMC exists in
an ellipsoid centered at the LMC’s kinematic center.

In each of these methods, the line-of-sight depth of the
LMC’s gas components is not known. We use the maximum
line-of-sight depth of the stellar component measured in the
SMASH survey (7 kpc (Choi et al. 2018)) as a proxy
(Sections 5.1.1, 5.1.2 and 5.1.3) to estimate the upper limit
of the assumed line-of-sight depths for either the neutral or the
hydrogen gas. We also use a 3 kpc depth, which assumes the
gas component has a smaller line-of-sight depth than the stellar
component. For the LA, we constrain the line-of-sight depth to
1.5 kpc. The assumption of 1.5 kpc comes from the observed
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spatial extent of the H I features in the LA area on the plane of
the sky. It is reasonable to expect that the features have
comparable extents along the line of sight as they do in the
plane of the sky.

For each method described below, we focus on two regions,
the LMC and the LA (Figure 2). The LA region is defined as
LA 1.1 in Venzmer et al. (2012). We use a modified version of
their bounds, (¢, b)=(295, —23.83), (281.78, —25.51),
(283.29, —32.41), (295, —29.51), to accommodate the
boundaries of our observations. The area covered by the
LMC and the LA regions is 171.3 and 78.5 degrees’
respectively. All mass calculations were determined by
integrating emission over +150 < v gg < + 390 kms™'. Any
directions with Ha intensities below 25 mR are excluded when
calculating the mass using individual sightlines. To match the
HI4PI observations to the WHAM beams, we take the HI4PI
column density observations contained in each beam and
average them together. We adopt a distance to the LMC of
D =50 kpc (Walker 2012; Pietrzyniski et al. 2013), although
the ellipsoid scenario in Section 5.1.3 uses the inclination,
i =25%86 (Choi et al. 2018), to vary D. Values for each region
can be found in Table 3. The resulting atomic gas ratios,
Mionized/Mionized+neutralv are listed in Table 4.

5.1.1. n, =ny

The first mass calculation uses the averaged HI column
density to estimate the electron density of the region. We make
the assumption that the ionized gas lies in a skin around the
neutral gas. This assumption results in two possible relations
between the ionized and neutral gas. If the neutral and ionized
components are separated but are in pressure equilibrium, then
the electron density of an ionized skin would equal half the
neutral hydrogen density, n,=no/2 (Hill et al. 2009).
However, if they are not in pressure equilibrium they would
equal n, = ng. For the LMC, the recombination time (~1 Myr)
is much shorter than the sound crossing time (a few hundred
Myr). Thus we only use n,=n,, assuming they are not in
pressure equilibrium.

Using n,=ny, we average the HI4PI column densities
together for each region marked in Figure 2 and assume a line-
of-sight depth of 3 kpc for the neutral gas. We use the resulting
average and assumed depth to calculate a number density for
the neutral gas, and use this as an estimate for the electron
density. With the average electron density we can calculate the
assumed line-of-sight depth using Equation (9). We then use
Equation (10) to calculate the total ionized mass based on the
averaged electron density. In this method, € is assumed to be
the defined angular area of the region. Using the maximum
stellar depth produces an unrealistic upper mass estimate for
the ionized gas, and is excluded. For the LMC, we find
Mionizea = 1.6 X 10° Mg, with an ionized line-of-sight depth of
5.1 kpc. For the LA we find a mass of Mjgpizeq = 54 X 10° M.

5.1.2. Cylindrical Geometry

The second scenario treats the gas in the galaxy as a
cylindrical slab along our line of sight. We assume Ly+ = Lypo,
with the neutral and ionized components occupying the same
volume along our line of sight. The intensity is then averaged
over the region and treated as if it is in a single, flat cylinder
viewed from above with the same line of sight everywhere
(3 kpc or 7 kpc) and uses the total angular area of the defined
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marked with black circles and labeled a—f—and plotted their corresponding H I and Ha spectra in Figure 12.

region as {2. We then use Equation (9) to find the electron
density. The two different line-of-sight depths result in a mass
range of Migpizeq = (1.2-1.8) x 10° Mg respectively. In the LA
region we find a mass of Mjqpi,eq = 62 X 10° M.

5.1.3. Ellipsoidal Geometry

The ellipsoid scenario is similar to our cylindrical scenario;
however, instead of averaging the region we apply the mass
calculation and the extinction correction to individual 0°25
pixels, allowing a direct comparison between HI and Ha
emission in each location. In this scenario, we model the shape
of the LMC as a simple ellipsoid, which is then used to
estimate the line-of-sight depth of the gas. We centered our
ellipsoid around the HT kinematic center at (£, b) = (279°8,
—3375) from Kim et al. (1998). The projected ellipse can be
seen in Figure 2, with a semimajor axis of 7 kpc and a
semiminor axis of 6 kpc, and a position angle 6= 149.23
degrees (Choi et al. 2018). We then assume that the maximum
line-of-sight depth of the ellipse is similar to the stellar line-of-
sight depths or is half the maximum depth (7 kpc or 3 kpc). We
then use vary the line-of-sight depth as we move away from the
center.

In both cases, if we simply use the equation for an ellipsoid
the outer regions of the LMC would fall to sub-kpc line-of-
sight depths. We chose to constrain the minimum depth for the
model to be no less than 1.5 kpc. In addition to the varying line
of sight, we vary the distance, D from Equation (10). The
distance to the center of the LMC is assumed to be D =50 at
the center of the galaxy. In this scenario we allow the
inclination of the galaxy to change D according to the
following equation:

D = 50kpc + d x tan(6) (11)

where 6 =25° and d is the positive or negative distance of the
pixel in kpc from the center of the LMC along the semimajor
axis, with the positive direction toward the NE side of the
galaxy and the negative toward the SW. The inclusion of
inclination in the model had a ~1% effect on the mass, due to
the inclination having the largest effect on the regions furthest
from the center of the galaxy where there is less gas and the
symmetry of the inclination minimizing its overall effect.
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Extinction corrections are estimated for each pixel in a 0725
grid. We also limit our mass calculations to sightlines with Ha
emission above Iy, > 25 mR, except in the case of the LA
where we also include observations down to 10 mR to account
for the significant amount of continuous faint emission in the
region. Using this model, we find ionized hydrogen that is
traced by the Ha emission in the LMC to be
Mionizea =6 x 10 My using a depth of 3 kpc and
Mionized ~ 10 % 10% My, using a depth of 7 kpc.

In the LA, the depth is constrained to a flat slab with a depth
of 1.5 kpc and the distance is kept at 50 kpc similar to the
cylindrical calculations. However, we use the individual
sightline calculations instead of the averaged intensity and
the same intensity cutoffs we use in the ellipsoidal scenario.
The resulting ionized gas mass for the LA is (12-46) x 10° M,
for 25 mR and 10 mR intensity cutoffs.

Each of these scenarios treats the gas as if it is
homogeneously distributed. They ignore the possibility of a
clumpy WIM or a diffuse halo with a thick, dense disk of
ionized gas. This likely leads to an overestimate of the total
ionized gas mass. Thus, our estimates should be treated as
upper limits to the total gas mass and ionization fraction. Future
work will investigate how varying the gas distribution affects
the total mass calculated.

6. Discussion
6.1. Leading Arm

LA 1.1 (see Figure 2) is the closest region of a larger section
of the LA system, LA 1 (Nidever et al. 2008; Venzmer et al.
2012). Each sightline marked in Figure 8 and Figure 9 contains
HI and Ha emission spanning similar velocities, including
several regions where both the HI and Ha appear to have
multiple components. The first moment map in Ha in this
region appears to be weighted toward lower velocities
compared to the HI gas in the region (Figure 10 and
Figure 11). However, the higher velocities can overlap with
the bright OH sky line where faint Ho emission is difficult to
trace. As a result, it is difficult to determine if the Ha emission
is genuinely multicomponent or a single, broad feature.

The Cosmic Origins Spectrograph (COS)/Ultraviolet and
Visual Echelle Spectrograph (UVES) survey contains one
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Figure 12. Mean velocity spectra comparison. We selected the H1 and Ha spectra from sightlines that have absolute mean velocities differences greater than 70
km s~ '. Black lines show the Ha emission observed by WHAM, while blue lines trace H I emission from the HI4PI survey. The red dashed lines show individual
component fits to the Ha spectra. The location of each sightline is marked in Figure 11. The gray region marks the area where the OH line is present.

Table 3
Neutral and Ionized Properties
Region Neutral Properties
Q log (Nup)* M yo® M ¢ Lyo log (no)
deg” em™?)  (10°Mg)  (10° M) (kpe) (em™?)
LMC 171.3-170.0 20.7 850 760 3.0-7.0¢ —1.6—1.2
Leading Arm 1.1 78.5-79.8 20.0 71 68 1.5 -1.6
Region Ionized Properties
Ionized Skin Cylinder Ellipsoid
log (EM) log (ne)° Ly+ My+ log (n,) Ly+ My+ log (n,)" Ly+ My+
(em™® pe) (em™) (kpe)  (10°Mg)  (em™) (kpe)  (10° Mo) (em™) (kpe)  (10° Mo)
LMC 1.4-1.4 -1.6 5.1 1600 -1.1-—-12  3.0-7.0 1200-1800  —0.9——1.1  3.0-7.0°  600-1000
Leading Arm 1.1# ~ —0.2-—0.3 -1.6 0.8 54 -1.7 1.5 62 -1.7 1.5 12-46
Notes.

4 Average H1 column density for the region calculated from HI4PI.
® Mass range calculated using the ionized skin (Section 5.1.1) and cylinder (Section 5.1.2) scenarios.
¢ Mass range calculated using the ellipsoid scenario (Section 5.1.3) only.
n, is calculated over the respective line of sight for each scenario.
N Only uses an assumed line of sight for log (ng) of 3 kpc for the LMC.
 Maximum line-of- sight depth at the center of the LMC for the ellipsoid scenario. 3 kpc and 7 kpc maximum depths are from Choi et al. (2018). The minimum depth
used is 1.5 kpc.
€ Mass range calculated with an emission cutoff of /i, = 25 mR and 10 mR.

absorption target present in the LA 1.1 region. PKS0637 lies line of sight coincident with log(Ng,/ cm~2) = 19.29.
within the region defined as LA 1.1 by Venzmer et al. (2012). Although our determination of the ionization fraction is less
Their modeling finds an ionization fraction of 59% along the constrained for the LA (16%—-56%), it is consistent with their

14



THE ASTROPHYSICAL JOURNAL, 948:118 (16pp), 2023 May 10

Table 4
Tonization Mass Fraction: Mionized/Mionized -+ neutral
Tonized Skin (n, = ng) Cylinder Ellipsoid
LMC 65% 58%—68% 46%—-58%
LA 43% 47% 15%-40%

estimate. Along b = — 30° HI column density falls of quickly
from Ny; 28 X 10*°cm™? down to Nu1 <10®cm 2 In
contrast, Ha emission appears to connect continuously from
the LMC to the LA, both spatially and in velocity.

In Nidever et al. (2008), the radial velocities of the LA
complexes were measured and found to be similar to those of
the LMC. They initially identified gaps between the separate
components of the LA 1; however, deeper observations by the
HT Parkes All-Sky Survey (HIPASS) show the region to be
continuous in neutral gas. In the Ha emission, we have
identified what appears to be a continuous filament of ionized
gas that extends out toward the more distant H I components of
LA 1. The filament of gas lies at latitudes b > — 29° where
log (Ng/cm~2) < 20 (Figure 8).

Contrary to Nidever et al. (2008), a study by Putman et al.
(1998) argues for the SMC as an origin to LA 1. This claim is
based on an H I feature originating from the SMC and smoothly
extending to the base of LA 1.1 in velocity space (see their
Figures 1 and 2). In addition, Staveley-Smith et al. (2003)
suggest that the gas from the LMC is merely leaking into the
LA and not a dominant contributor.

While our results for the kinematics and spatial extent of the
ionized gas in this region match gas velocities from the LMC,
the spatial extent of our observations is limited. However, in
our observed region, the velocity and spatial extent of the gas
appear to connect smoothly with the LMC, suggesting the
LMC is the origin of the ionized component of LA 1.1
Additionally, some sightlines (Figure 10) with velocities that
match the Bridge region extend above the LMC. This may
indicate some material within the region is associated with the
SMC or Bridge. Further observations of the full extent of the
LA to find Ha emission present in the gaps in HI column
density will test the hypothesis that LA 1 is a continuous
structure that originated from LMC.

6.2. Magellanic System

The results of this LMC study extend our WHAM survey of
the Magellanic System. SHB19 found a gas ionization fraction
of 42%-47% associated with the central region of the SMC and
an ionized gas mass range of Miopizeq = (6-7.5) x 108 M and
a neutral gas mass range of Mignieq ~ (8.4-8.7) x 10%. Our
results listed in Table 4 show a significantly higher ionization
fraction for the LMC using the ionized skin and cylinder
method. Using the ellipsoidal method, we find a similar
ionization fraction found for the SMC when assuming a
maximum thickness of 3 kpc.

Like the SMC, the LMC ionized gas follows neutral gas
rotation within the center of the galaxy where
log (Nyg;/cm™2) > 20.7, though it appears to be a weak
correlation. Similar to the SMC, there appear to be regions of
gas that follow the velocity trends seen in the center of the
galaxy and extend out into the halo of the galaxy. The LMC
has the LA feature, and the SMC has an ionized filament that
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extends out of the galaxy, which smoothly connects to the
central rotating ionized gas in velocity space (SHB19).

Similar to the two galaxies, the Bridge also appears
significantly ionized. The ionized gas mass for the Bridge
ranges from Migni,eq = (0.7-1.7) x 108 My with a neutral gas
mass of Myequa = 3.3 X 108 M (BHB13). Like the ionized gas
in the SMC and LMC, the Ho emission associated with the
Bridge extends beyond the boundaries of the neutral gas.

Combined, these three studies have discovered a total of
Mignizea = (1.3-2.6) x 10° M in diffuse ionized gas asso-
ciated with the Magellanic System. Compared to the total
neutral gas mass of Meya = (1.9-2.1) X 10° Mg, from these
studies, the gas in these galaxies and their extended environ-
ment is significantly ionized. Hopkins et al. (2012)
modeled star-forming galaxies of varying mass ranges and
investigated the warm (2000 K < T < 4 x 10°K) gas to cold
(T < 2000 K) gas ratios of the star-forming disks. Their models
found a warm-to-cold gas ratio of 0.5-0.7 for MW and SMC-
like galaxies. Another study by Dobbs et al. (2011) investigated
the ISM in star-forming spiral galaxies. They split their gas
fractions into cold gas (7 < 150K), intermediate gas
(150 < T < 5000 K), and warm gas (T > 5000 K) and find
the total fraction of gas in each state is roughly equal. While
neither of these studies is directly analogous to our observa-
tions, we find comparable warm-to-cold gas ratios.

6.3. The Magellanic Corona

Many models of the MSys fall short of replicating both the
MS and LA in extent and morphology, thus investigations into
the extended material are important for informing future
models. A recent paper by Lucchini et al. (2020) investigates
the impact of adding an envelope of warm-hot coronal gas
surrounding the two galaxies, called the Magellanic Corona.
The Magellanic Corona is defined as a halo gas at a transition
temperature of ~10° K surrounding the LMC with a mass of
3 x 10° Mg, extending over the virial radius 100 kpc.

The warm ionized gas studied here is at 10* K (Hoyle &
Ellis 1963; Haffner et al. 2003) and is not directly comparable
to the warm-hot corona defined in the Lucchini et al. (2020)
models. At 10* K, the relation between the measured Ha
intensity and the emission measure scales according to
Equation (8). For temperatures above 2.6 x 10* K, the Ho
intensity is highly sensitive to temperature. From Draine
(2011),

EM = 2.77 cm~¢ pc(%)(eb)*I

x TO942+0031InT) (12)

where T,=T,/ 10* K and €, is the beam dilution factor.
Assuming €¢,=1 and T,= 10° K, 25 mR would result in
EM=0.71cm ®pc. While the emission measure of the
Magellanic corona has not been measured, if it is similar to
the MW with 0.005 < EM < 0.0005 cm™® pc (Henley et al.
2010), it is far below the threshold for WHAM to isolate with
Ha observations. While the observations in this paper do not
trace the corona, we do find an extended, complex, multiphase
halo surrounds the LMC.

Lehner & Howk (2007) suggest the warm-hot corona gas
surrounding the MCs acts as a shield around stripped gas from
the Clouds, preventing the MW hot corona from fully ionizing
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the structures and allowing them to persist longer. Our
observations of the near LMC portion of LA 1.1 shows the
region to be 15%—47% ionized (Table 3). This may suggest an
envelope of ionized gas surrounding LA 1.1. The presence of
neutral gas in this region does not directly indicate a
Magellanic Corona, but additional studies of the ionizing
radiation in this region may indicate if the Corona is
contributing.

The total combined ionized gas mass of the central galaxies
from SHB19 and this study iS MpMc+SMC.ionized =
(1.2-2.4) x 10° Mg. This value is comparable to the mass
needed in the Magellanic Corona for the LA to survive
(Lucchini et al. 2020). While the models only considered the
Magellanic Corona contributing to the missing mass budget of
the MC system and the ionized gas needed to shield the LA,
combining both the mass from the WIM as well as the
Magellanic Corona may further guide simulations tracing the
history and evolution of the Clouds.

7. Summary

Using WHAM, we have mapped the extended Ha halo of
the LMC covering 804 square degrees. The observations cover
+150 < vpsr < +390 kms !, corresponding to —130 <
Vimcsr <+ 110 km sl We compare these observations to
the 21 cm emission from the HI4PI H1 survey and examine the
extent, morphology, velocity gradients, and mass of these two
gaseous components. The main conclusions from our work are:

1. Ny and Iy, Distributions: We see a correspondence
between Hoa  emission above 03 R and
log (N ,/cm™2) > 20.3 (Figure 5). Outside the denser
region of the LMC, continuous emission appears
throughout the LMC halo above Iy, > 0.1 R. Many of
these regions do not have neutral gas components above
log (Niz;/cm™2) > 18.0. We detect a filament of ionized
gas that extends from the LMC into the Leading Arm 1.1
region.

2. Velocity Distribution: The ionized gas with Ha inten-
sities above Iy, > 0.5 R appears to have similar kine-
matics to neutral gas with log (Ny,/cm~2) > 20.7.
(Figure 10). In the LMC halo, the ionized gas kinematics
vary more from the median HI velocities. Along the LA,
the ionized gas velocity is similar to the gas velocity seen
inside the LMC, suggesting the ionized gas is associated
with material originating from the LMC.

3. Ionized Gas Mass: If we assume a distance of D =
50 kpc, we find an ionized gas mass of the central LMC
to be Miopizea = (6-18) x 108 Mg compared to a neutral
mass of Myeural = (7.6-8.5) x 108 M. The ionization
fraction ranges from 46% to 68%, but in all scenarios,
ionized gas appears to be a major component of the LMC.
Assumptions for n, and line of sight distances dominate
our uncertainty in the mass calculations.
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Foundation (NSF) for WHAM development, operations, and
science activities. The survey observations and work presented
here were funded by NSF awards AST 1108911, 1714472/
1715623, and 2009276. D.K. is supported by an NSF
Astronomy and Astrophysics Postdoctoral Fellowship under
award AST-2102490. Thanks to Sean Points and Frank
Winkler for their help utilizing the MCELS data set. We also

16

Smart et al.

thank the excellent, responsive staff at CTIO for their continued
support of our remote operations.
Facility: WHAM.

ORCID iDs
B. M. Smart © https: //orcid.org/0000-0002-5012-3549
L. M. Haffner ® https: //orcid.org /0000-0002-9947-6396
K. A. Barger @ https: //orcid.org/0000-0001-5817-0932
D. A. Ciampa ® https: //orcid.org /0000-0002-1295-988X
A. S. Hill ® https: //orcid.org/0000-0001-7301-5666
D. Krishnarao ® https: //orcid.org/0000-0002-7955-7359

References

Antwi-Danso, J., Barger, K. A., & Haffner, L. M. 2020, ApJ, 891, 176

Barger, K. A., Haffner, L. M., & Bland-Hawthorn, J. 2013, ApJ, 771, 132

Barger, K. A., Haffner, L. M., Wakker, B. P., et al. 2012, ApJ, 761, 145

Barger, K. A., Lehner, N., & Howk, J. C. 2016, ApJ, 817, 91

Barger, K. A., Madsen, G. J., Fox, A. J., et al. 2017, ApJ, 851, 110

Ben Bekhti, N., Floer, L., Keller, R., et al. 2016, A&A, 594, A116

Besla, G., Kallivayalil, N., Hernquist, L., et al. 2007, ApJ, 668, 949

Besla, G., Kallivayalil, N., Hernquist, L., et al. 2012, MNRAS, 421, 2109

Briins, C., Kerp, J., Staveley-Smith, L., et al. 2005, A&A, 432, 45

Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, AplJ, 345, 245

Choi, Y., Nidever, D. L., Olsen, K., et al. 2018, ApJ, 866, 90

Ciampa, D. A., Barger, K. A., Lehner, N., et al. 2021, ApJ, 908, 62

Diaz, J. D., & Bekki, K. 2012, ApJ, 750, 36

Dobbs, C. L., Burkert, A., & Pringle, J. E. 2011, MNRAS, 417, 1318

Draine, B. T. 2011, Physics of the Interstellar and Intergalactic Medium
(Princeton, NJ: Princeton Univ. Press)

Fox, A. J., Barger, K. A., Wakker, B. P., et al. 2018, ApJ, 854, 142

Fox, A. J., Wakker, B. P., Barger, K. A., et al. 2014, ApJ, 787, 147

Gordon, K. D., Clayton, G. C., Misselt, K. A., Landolt, A. U., & Wolff, M. J.
2003, Apl, 594, 279

Haffner, L. M., Reynolds, R. J., Tufte, S. L., et al. 2003, ApJS, 149, 405

Henley, D. B., Shelton, R. L., Kwak, K., Joung, M. R., & Mac Low, M.-M.
2010, ApJ, 723, 935

Hilditch, R. W., Howarth, 1. D., & Harries, T. J. 2005, MNRAS, 357, 304

Hill, A. S., Haffner, L. M., Reynolds, R. J., et al. 2009, ApJ, 703, 1832

Hopkins, P. F., Quataert, E., & Murray, N. 2012, MNRAS, 421, 3488

Howk, J. C., Sembach, K. R., Savage, B. D., et al. 2002, ApJ, 569, 214

Hoyle, F., & Ellis, G. R. A. 1963, AuJPh, 16, 1

Kim, S., Staveley-Smith, L., Dopita, M. A., et al. 1998, ApJ, 503, 674

Lehner, N., & Howk, J. C. 2007, MNRAS, 377, 687

Lucchini, S., D’Onghia, E., Fox, A. J., et al. 2020, Natur, 585, 203

Nidever, D. L., Majewski, S. R., Burton, W. B., & Nigra, L. 2010, ApJ,
723, 1618

Nidever, D. L., Majewski, S. R., & Butler Burton, W. 2008, AplJ, 679, 432

Pardy, S. A., D’Onghia, E., & Fox, A. J. 2018, ApJ, 857, 101

Pathak, A., Pradhan, A. C., Sujatha, N. V., & Murthy, J. 2011, MNRAS,
412, 1105

Pellegrini, E. W., Oey, M. S., Winkler, P. F., et al. 2012, ApJ, 755, 40

Pietrzyniski, G., Graczyk, D., Gieren, W, et al. 2013, Natur, 495, 76

Putman, M. E., Gibson, B. K., Staveley-Smith, L., et al. 1998, Natur, 394, 752

Richter, P., Fox, A. J., Wakker, B. P., et al. 2018, ApJ, 865, 145

Smart, B. M., Haffner, L. M., Barger, K. A., Hill, A., & Madsen, G. 2019, ApJ,
887, 16

Stanimirovi¢, S., Staveley-Smith, L., & Jones, P. A. 2004, ApJ, 604, 176

Staveley-Smith, L., Kim, S., Calabretta, M. R., Haynes, R. F., &
Kesteven, M. J. 2003, MNRAS, 339, 87

Venzmer, M. S., Kerp, J., & Kalberla, P. M. W. 2012, A&A, 547, A12

Wakker, B., Howk, J. C., Chu, Y.-H., Bomans, D., & Points, S. D. 1998, ApJL,
499, 1L.87

Walker, A. R. 2012, Ap&SS, 341, 43

Williamson, D., & Martel, H. 2021, ApJ, 907, 9

Winkler, P. F., Smith, R. C., Points, S. D., & Team, M. 2015, in ASP Conf.
Ser. 491, Fifty Years of Wide Field Studies in the Southern Hemisphere:
Resolved Stellar Populations of the Galactic Bulge and Magellanic Clouds
(San Francisco, CA: ASP), 343

Yang, Y., Hammer, F., Fouquet, S., et al. 2014, MNRAS, 442, 2419



