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Abstract

The Small Magellanic Cloud (SMC) provides the only laboratory to study the structure of molecular gas at hl%h
resolution and low metallicity. We present results from the Herschel Spectroscopic Survey of the SMC (HS”),

which mapped the key far-IR cooling lines [C1I], [O 1], [N 1], and [O 1II] in five star-forming regions, and new
ALMA 7 m array maps of '2CO and '3CO (2 — 1) with coverage overlapping four of the five HS® regions. We
detect [C1I] and [O1] throughout all of the regions mapped. The data allow us to compare the structure of the
molecular clouds and surrounding photodissociation regions using '3CO, '2CO, [C 11], and [O 1] emission at <10”
(<3 pc) scales. We estimate Ay using far-IR thermal continuum emission from dust and find that the CO/[C 11]
ratios reach the Milky Way value at high Ay in the centers of the clouds and fall to ~1/5-1/10x the Milky Way
value in the outskirts, indicating the presence of translucent molecular gas not traced by bright '>CO emission. We
estimate the amount of molecular gas traced by bright [C II] emission at low Ay and bright '2CO emission at high
Ay. We find that most of the molecular gas is at low Ay, and traced by bright [C II] emission, but that faint '>CO
emission appears to extend to where we estimate that the Hp-to-H I transition occurs. By converting our H, gas
estimates to a CO-to-H, conversion factor (Xco), we show that X is primarily a function of Ay, consistent with

simulations and models of low-metallicity molecular clouds.
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1. Introduction

Molecular clouds are the sites of the first stages of star
formation. The structure of molecular clouds and the transition
from atomic to molecular gas can affect what fraction of the gas
participates in star formation. The effects of metallicity on the
structure and properties of molecular clouds (Rubio et al.
1993b; Bolatto et al. 2008; Heyer et al. 2009; Hughes
et al. 2010; Schruba et al. 2012), and the resulting effects on
star formation, are not well understood owing to the difficulty
in observing H, and the molecular-to-atomic transition at low
metallicity. Without knowledge of these effects, simulations of

* Herschel is an ESA space observatory with science instruments provided by
European-led Principal Investigator consortia and with important participation
from NASA.

molecular clouds and star formation at low metallicity are
largely unconstrained. Galaxy evolution simulations, particu-
larly at the very early times when metallicities are low, rely on
an accurate understanding of the fraction of gas available for
star formation. At a metallicity of Z ~ 1/5 Zg (Dufour 1984;
Kurt et al. 1999; Pagel 2003) and a distance of D ~ 63 kpc, the
Small Magellanic Cloud (SMC) provides an ideal laboratory to
study the effects of low metallicity on the molecular gas and the
molecular-to-atomic transition.

The transition from atomic to molecular gas occurs at the
outer edges of the molecular cloud, where the shielding is
lower and molecules are more easily dissociated. These edges
are referred to as photodissociation regions (PDRs). Studying
the molecular gas structure requires understanding the
distribution of H, from the dense cloud cores to the diffuse
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outer layers of the clouds. The most common tracer of
molecular gas is '>CO. At low metallicity, the dissociating far-
UV (FUV) radiation field strengths are higher because there is
less dust to shield the molecular gas. The H, gas, however, is
expected to be more prevalent than CO owing to the ability of
H, to more effectively self-shield against dissociating FUV
photons. While more prevalent, the lowest-energy line
transition arising directly from H, has a temperature-equivalent
energy of E,/k = 510 K and critical density of neicu ~ 1000
cm™ 2, which will trace only warm (I 100 K) molecular gas.
Both observations and modeling suggest that ~30%-50% of
the H, in the solar neighborhood resides in a “CO-faint” phase
(e.g., Grenier et al. 2005; Wolfire et al. 2010; Planck
Collaboration et al. 2011). Studies of the SMC suggest this
phase to encompass 80%-90% of all the H, (Israel 1997; Pak
et al. 1998; Leroy et al. 2007, 2011; Bolatto et al. 2011), likely
dominating the molecular reservoir available to star formation.

In regions where CO is photodissociated, the carbon is
present as neutral carbon, C°, and singly ionized carbon, C*.
Given the CO dissociation energy of 10.6eV and the C
ionization potential of 11.3 eV, a large fraction of the carbon
will be ionized throughout the interstellar medium (ISM). The
[Cu] 158 m line (arising from the 2Py, — 2P0/, fine-
structure transition), with an energy above ground of
AE/k = 91 K, originates from the “CO-faint” H, gas, as well
as the neutral atomic and ionized gas. The [C II] line thus offers
the potential to estimate the amount of molecular gas not traced
by bright CO emission, particularly in low-metallicity environ-
ments, where a significant fraction of the H, may not be traced
by bright CO emission: after removing the contributions to
[C 1] from atomic and ionized gas, the remaining emission can
be attributed to molecular gas. To then convert the [CII]
emission to a molecular gas column density requires some
knowledge of the conditions of the gas (namely, volume
density and temperature, which determine the [C II] excitation).
Early [C 1I] observations of low-metallicity environments from
the Kuiper Airborne Observatory have shown bright emission
and high [C1]/CO ratios that are best explained by a
significant amount of H, not traced by CO emission in star-
forming regions of the Magellanic Clouds (Poglitsch et al.
1995; Israel et al. 1996; Israel & Maloney 2011) and IC 10
(Madden et al. 1997). Even at higher metallicity in the Milky
Way, spectral decomposition of the [C II] line using the GOT C
+ survey shows that molecular gas not associated with bright
CO emission (called “CO-dark” or “CO-faint” molecular gas)
accounts for ~30% of the total molecular mass (Pineda et al.
2013; Langer et al. 2014).

To estimate the total amount of molecular gas, we need both
[C1] and CO observations: the [CII] emission traces the
molecular gas in the outer parts of the cloud within the PDR,
while the CO emission traces the remaining molecular gas in
the denser, inner regions of the cloud. One way to trace the
depth probed along the line of sight is to use the visual
extinction due to dust, Ay. Low Ay indicates a lower column of
dust and gas associated with diffuse gas and the PDR region in
the outskirts of molecular clouds. Higher Ay indicates a higher
column of dust and gas and the transition into the denser
regions of molecular clouds. In terms of Ay, [C 1I] will trace the
molecular gas at low Ay and CO will trace the molecular gas at
high Ay. The existing CO data have only traced the high Ay
molecular gas. The Magellanic Clouds have been studied
extensively in CO with earliest surveys completed using the

Jameson et al.

Columbia 1.2 m (Cohen et al. 1988; Rubio et al. 1991). Since
then, many higher-resolution surveys of the SMC have taken
place using Nanten (Mizuno et al. 2001), the Swedish ESO
Submillimetre Telescope (SEST; Israel et al. 1993; Rubio et al.
1993b), and Mopra (Muller et al. 2010). Their typical angular
resolution of ~30” (~10 pc), however, makes it difficult to use
them to study individual star-forming regions.

In this study, we present new Herschel far-IR (FIR) line
observations, including Photoconductor Array Camera and
Spectrometer (PACS) [C1I] and [O1] observations, from the
Herschel Spectroscopic Survey of the SMC (HS?), together
with new ALMA Morita-san Compact Array (ACA) '2CO,
13CO, and C!30 observations of the Southwest Bar of the SMC,
all at a resolution of ~5 -10 (~1.5-3pc). The ACA
resolution is similar to that of the PACS spectroscopy, which
allows us to produce estimates of molecular gas from [C IT] and
CO at comparable resolutions and investigate how the “[C II]-
bright” molecular gas relates to the “CO-bright” molecular gas
at low metallicity.

In Section 2 we describe the details of the HS® and ALMA
SMC observations and data reduction, as well as ancillary data
used for this study. We present the main results of the two
surveys in Section 3. Our methodology to estimate molecular
gas using [C11] and '>)CO emission is described in Section 4.
We discuss the results of our new molecular gas estimates in
Section 5, including a comparison to previous dust-based
estimates and converting our estimates to CO-to-H, conversion
factor values to compare to models and simulations of
molecular clouds at low metallicity. Finally, Section 6
summarizes our work and outlines the main conclusions of
this study.

2. Observations
2.1. The Herschel Spectroscopic Survey of the SMC

The HS® (Pilbratt et al. 2010) maps the key FIR lines of
[Co] 158 m, [O1] 63 m, [OnI] 88 m, and [N1I] 122 m
with the PACS spectrometer (Poglitsch et al. 2010) and obtain
Spectral and Photometric Imaging Receiver (SPIRE; Griffin
et al. 2010) Fourier Transform Spectrometer (FTS) observa-
tions (which include [N 1] 205 m) in five regions across the
SMC with varying star formation activity and ISM conditions.
These targets were covered using strips oriented to span the
range from the predominantly molecular to the presumably
atomic regime. The strips are fully sampled in [C1TI] and [O1],
while only a few pointings were observed for [N 1] and [O 1I1].

The HS® targeted regions span a range of star formation
activity, overlapping with the Spitzer Spectroscopic Survey of
the SMC (S4MC; Sandstrom et al. 2012) whenever possible,
and cover a range of “CO-faint” molecular gas fraction using
dust-based molecular gas estimates (Bolatto et al. 2011) going
from the peaks out to the more diffuse gas. The main survey
covers five star-forming areas, which we refer to as “N83” (also
includes N84), “SWBarN” (covers N27), “SWBarS” (covers
N13), “N22” (also includes N25, N26, H36, and H35), and a
smaller square region called “SWDarkPK” that covers a region
with a dust-based peak in the molecular gas without any
associated CO emission as seen in the NANTEN 2CO map
(Mizuno et al. 2001). The “N” numbered regions refer to HII
regions from the catalog by Henize (1956), and the “H”
numbered regions are from the catalog of H structures by
Davies et al. (1976).
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Table 1
HS? [Cu] and [O 1] Map Properties

Center Position

1 T Uncertainty
10°Wm 2sr ")

Region R.A. (J2000) Decl. (J2000) Size P.A. [C] (o1
SWBarS 00"45™275 10 —73921™00% 00 17 x 61 10° 1.2 4.1
N22 00"47™58% 10 —73916™525 13 17 x 6'1 20° 14 35
SWBarN 00"48™26% 88 —73%6™042 36 17 x 61 145° 15 3.9
SWDarkPK 0075223570 —73%14™495 00 12 x 172 48° 1.3 3.4
N83 01"14™19%28 —73%15™09% 04 17 x 8/0 30° 14 3.5
Table 2
HS? [N 11] and [O 111] Map Properties
1 Uncertainty

Center Position P.A. A0 Wm2sr
Region R.A. (J2000) Decl. (J2000) Size [N 1] [O ] [N 1] [O 1]
SWBarS 00"45™215 85 —7392m495 36 1’5 x 1!5 75° 10° 0.34 2.8
N22 00"47™545 35 —73917m275 69 15 x 15 65° 40° 0.36 2.8
SWBarN 00"48™26°% 30 —73%6™04528 1’5 x 1!5 75° 55° 0.27 2.4
SWDarkPK 00"52™565 11 —73%12™17525 1 x1 55° 40° 0.33 2.8
N83 01"14™03528 —73417M065 81 15 x 15 50° 65° 0.29 3.0

The [C11] and [O I] maps are strips that encompass the peaks
in CO, star formation, and “CO-faint” H, as traced by dust.
Using the PACS spectrometer 47" x 47" field of view, the
strips were sampled using rasters with sizes 33” x 11 ([C11])
and 24" x 15 ([O1]) by 23”5 x 3. Both [O1I] and [NTI]
observations were targeted at the location of the main ionizing
source in each region and sampled with 23”5 x 2 by 23”5 x 2
raster. The PACS maps used the unchopped scan mode with a
common absolute reference position placed south of the SMC
“Wing” and observed at least once every 2 hr. The PACS
spectrometer has a beam FWHM of R~ 9”5 at the wavelength
for [O1] (63 m) and [O1] (88 m), R~ 107 at [NI]
(122 m), and R~ 12" at [Cm] (158 m), which have
corresponding spectral resolutions of ~100, 120, 320, and
230kms ™' (Poglitsch et al. 2010). Tables 1 and 2 list the
positions and uncertainties for all the PACS spectroscopy line
images. The SPIRE FTS observations were “intermediate
sampling” single pointing (with a 2’ circular field of view) at
high resolution at the star-forming peak, which is typically
close to the peak in '>CO, for the N83, SWBarN, SWBar$, and
N22 regions. In addition to the main survey region FTS
observations, one single pointing covered the brightest H1I
region N66, which has PACS [C11] and [O1I] observations as
part of Guaranteed Time Key Project SHINING and is included
in the Herschel Dwarf Galaxy Survey (DGS; Madden
et al. 2013).

2.1.1. Data Reduction

PACS spectral observations were obtained in the unchopped
mapping mode and reduced using the Herschel Interactive
Processing Environment (HIPE) version 12.0.2765 (Ott 2010).
Reductions applied the standard spectral response functions
and flat-field corrections and flagged instrument artifacts and
bad pixels (see Poglitsch et al. 2010; Croxall et al. 2012). The
dark current, determined from each individual observation, was
subtracted during processing, as it was not removed via
chopping. Herschel’s baseline exhibits significant baseline

drifts, and distinctive instrumental transients are common
occurrences. These instabilities result in a variable nonastro-
physical continuum, which is dominated by emission from
Herschel itself.

Transient signals are strongly correlated with motions of
the PACS grating and of Herschel. Using fits of the Draine &
Li (2007) dust model to spectral energy distributions (SEDs)
of galaxies in the KINGFISH sample, we estimate that the
expected astrophysical continuum is less than 2% of the
spectral continuum detected at [CII] 158 m. Given that
the other spectral lines were located farther from the peak
of the dust continuum than the [C1I] line, we assume that
thermal dust emission is undetected in the PACS spectra.
Thus, the continuum adjacent to the expected locations of the
observed fine-structure lines should be constant and is used to
correct for transients. This has significantly improved our
ability to detect line emission.

The averages of the clean off-observations obtained were
subtracted from observations to correct for the thermal
background contributed by Herschel. Subsequently, all spectra
within a given spatial element were combined. Final spectral
cubes with 2706 spatial pixels were created by combining
individual pointings using the Drizzle algorithm implemented
in HIPE. In-flight flux calibrations®° were applied to the data.
These calibrations resulted in absolute flux uncertainties on the
order of 15% with relative flux uncertainties between each
Herschel pointing on the order of ~10%.

The long- and short-wavelength SPIRE FTS arrays (FWHMs
of 34” and 19”, respectively) are arranged in concentric circles
and are dithered 4 times to provide complete coverage of the
mapped region. The FTS data reduction started with level 0.5
data, which was temperature drift corrected, detector clipped,
and time shift corrected using HIPE (version 11). A semi-
extended-source correction (Wu et al. 2013) was applied to the
individual bolometer (level 1) data before mapping. Spectral
cubes were produced using the corrected bolometer fluxes.

20 Calibration Version 65.



THE ASTROPHYSICAL JOURNAL, 853:111 (29pp), 2018 February 1

2.2. ALMA Survey of the Southwest Bar

We mapped four regions in the Southwest Bar of the SMC in
12C0O, 3CO, and C'®0 (2 — 1) using Band 6 of the ALMA
Atacama Compact Array (ACA; 7 m array consisting of 11
antennas) and Total Power array (TP; 12 m single-dish) during
Cycle 2. Three of these regions were previously mapped in
12CO and CO (2 — 1) using SEST (Rubio et al. 1993a,
1993b, 1996), but at a resolution of 22”. The ACA maps were
observed using a mosaic with 22”1 spacing of 47 pointings for
the N22, SWBarS, and SWBarN regions and 52 pointings for
the SWDarkPK with 25.5 s integration time per pointing. Both
12CO and 3CO were observed with 117.2 MHz (152kms™})
bandwidth and 121.15 kHz (0.2 km s_l) spectral resolution. We
chose a somewhat broader bandwidth for C'%0 of 468.8 MHz
(642kms™ ') and corresponding 0.24 MHz (0.12km s~ h
spectral resolution, and we used the fourth spectral window
for continuum (1875.0 MHz bandwidth, 7.81 MHz resolution).
During the early ALMA cycles, the fast-mapping capabilities
of the array were fairly limited, and so we decided to cover
only half of the strips mapped by HS>. The coverage of the
maps overlaps approximately with the main CO emission
known to be present in the strips, except for SWDarkPK, where
the PACS map is small and we covered its entire area.

We used the Common Astronomy Software Applications
(CASA; McMullin et al. 2007) package to reduce, combine,
and image the data. The ACA data were calibrated with the
pipeline using CASA version 4.2.2, and no modifications were
made to the calibration script. We used the calibrated delivered
TP data, which were manually calibrated using CASA version
4.5.0 (described in the official CASA guide), with the
exception of the SWBarN '>CO spectral window (SPW 17).
For the SWBarN SPW 17 we modified the baseline subtraction
in the calibration script to avoid channels with line emission
(the delivered calibration script included all channels when
fitting the baseline). We created the reduced measurement set
using the script provided with the delivered ACA data and use
the imaged TP SPWs as part of the delivered data.

We cleaned each spectral window of the ACA data and
imaged it using CLEAN, and then we used FEATHER to combine
the ACA images with the corresponding TP image regridded to
match the ACA data (using CASA version 4.7.0). We used
Briggs weighting with a robust parameter of 0.5 and cleaned to
~2.5 x rms found away from strong emission in the dirty data
cube. As there was no noticeable continuum emission, the
effect of continuum subtraction was negligible, and we did not
include any continuum subtraction for the final imaged cubes.
Due to the short integration times and the arrangement of the 7
m array, we used conservative masks for cleaning to reduce the
effects of the poor u — v coverage of the ACA-only data. The
data were imaged at 0.3kms ' spectral resolution with
synthesized beam sizes of ~7" x 5”5 (2.1 pc x 1.7 pc) for
12CO (2 — 1). The combination of the ACA and TP data
make the observations sensitive to all spatial scales. The
previously published single-dish SEST '2CO (2 — 1) data from
Rubio et al. (1993a) overlap with the SWBarN region, which
they refer to as LIRS49. They found a peak temperature of
2.56 K in a 43 beam at (B1950) = 00"46™33°%, (B1950) =
—73922™00%, and we find a peak temperature of 2.55 K in the
same aperture in the SWBarN ACA+ TP data when convolved
to 43 resolution. The positions, beam sizes, and sensitivities of
the observations are listed in Tables 3 and 4.

Jameson et al.

Table 3
ALMA ACA+ TP Map Properties
Map Center
Region R.A. (J2000) Decl. (J2000) Map Size P. A.
SWBarS 00"45™24 5 54 —73921™M42563 2/3 x 3!5 10°
N22 004754528 —73917™46576 2/3 x 3/5 20°
SWBarN 00"48™15%53 —73%04M565 41 2/3 x 3!5 145°
SWDarkPK 00"52™56% 07 —73%12™17508 3 x3 48°

2.3. HI Data

The neutral atomic gas data come from 21cm line
observations of HI. We use the HI map from Stanimirovi
et al. (1999) that combined Australian Telescope Compact
Array (ATCA) and Parkes 64 m radio telescope data. The
interferometric ATCA data set the map resolution at 1/6
(r ~ 30 pc in the SMC), but the data are sensitive to all size
scales owing to the combination of interferometric and single-
dish data. The observed brightness temperature of the 21 cm
line emission is converted to HI column density (Ny,)
assuming optically thin emission. The observed brightness
temperature of the 21 cm line emission is converted to HI
column density (Ny,) using

-2
Ny, = 1.823 x 1018Lfr V) dv.
HI K km S71 B( )

The SMC map has an rms column density of 5.0 x 10! cm™2.
While most of the HI emission is likely optical thin, some
fraction will be optically thick, and the optically thin
assumption will cause us to underestimate Ny,. Stanimirovi

et al. (1999) produced a statistical correction to account for
optically thick HI line emission in the SMC; however, the
correction is based only on 13 HT absorption measurements,
with only two in the Southwest Bar. We choose not to apply
the correction since it has little effect on our H, estimate from
[C 1] (see Section 4.2).

2.4. Additional Data

We use mid-infrared Spitzer IRAC and MIPS data from the
SMC-SAGE (Gordon et al. 2011) and S*MC (Bolatto et al.
2007) surveys and spectroscopic IRS data, particularly H,
rotational lines, from the S*MC (Sandstrom et al. 2012) survey.
The maps of the H, rotational line images were produced by
fitting and removing the baseline near the line and then
calculating the total line intensity. We also use a velocity-
resolved [C1I] spectrum from the GREAT heterodyne instru-
ment (Heyminck et al. 2012) on board the Stratospheric
Observatory for Infrared Astronomy (SOFIA; Temi et al. 2014)
from the SMC survey presented in R. Herrera-Camus et al.
(2017, in preparation).

Since the ALMA Survey focuses on the Southwest Bar of
the SMC, there is no comparable map of CO from ALMA for
N83. However, there are new APEX?' maps of 2CO (2 — 1)
that overlap the N83 HS® region (PI: Rubio). We use the APEX
data for the N83 region to be able to make similar comparisons

2! This publication is based on data acquired with the Atacama Pathfinder
Experiment (APEX). APEX is a collaboration between the Max-Planck-Institut
fur Radioastronomie, the European Southern Observatory, and the Onsala
Space Observatory.
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Table 4
ALMA ACA+ TP Map Properties (continued)
Ra(") x Rin(" rms (K)
Region 2co 3co 3o 2co Bco o
SWBarS 6.60 x 6.06 6.92 x 6.05 6.76 x 6.18 0.17 0.16 0.10
N22 6.39 x 5.56 6.59 x 5.83 7.01 x 6.41 0.24 0.22 0.13
SWBarN 7.08 x 5.74 7.25 x 5.33 7.40 x 5.66 0.12 0.16 0.08
SWDarkPK 6.95 x 5.55 8.39 x 5.63 7.42 x 5.72 0.18 0.16 0.10

to the HS3® data, but note that the lower resolution (~25")
limits the analysis. To do this, we take the additional step of
convolving and re-gridding the Herschel spectroscopic maps
([O1], [CH]) to match that of the APEX '2CO (2 — 1) map.

2.5. Total-infrared

We determine the total-infrared (TIR) intensity (from 3 to
1100 m) using the Spitzer 24 and 70 m (no Herschel 70 m
map exists) from SMC-SAGE (Gordon et al. 2011) combined
with Herschel 100, 160, and 250 m images from HERITAGE
(Meixner et al. 2013). All of the images are convolved to the
lowest resolution of the Spitzer 70 m image (~18") using the
convolution kernels from Aniano et al. (2011). The TIR
intensity is calculated following the prescription by Galametz
et al. (2013):

Str = Y¢S (D

all in units of W kpcfz, where the coefficients (c;) are 2.013,
0.508, 0.393, 0.599, and 0.680 for 24, 70, 100, 160, and
250 m, respectively.

2.6. Estimating Ay

We investigate the structure of the PDR and molecular cloud
by using the visual extinction (Ay) as an indicator of the total
column through the cloud and to gauge the depth within the
cloud associated with the observations. To match the high
resolution of the [C11], [O 1], and ALMA CO data, we use the
optical depth at 160 m ( {}y) and the HERITAGE 160 m map
of the SMC (Meixner et al. 2013) as the basis for producing a
map of Ay. Lee et al. (2015) fit a modified blackbody with
C= 1.5 to the SMC HERITAGE 100, 160, 250, and 350 m
data for the SMC. We re-sample their map of fitted dust
temperatures at the lower resolution of the 350 m Herschel
map (~30") to the higher-resolution 160 m map (~12") in
order to estimate L}, at a resolution comparable to the [CII]
and ALMA CO maps. We convert from i}, to Ay using
Ay ~ 2200 i}y from Lee et al. (2015), which is based on
measurements in the Milky Way and provides similar Ay
values to those found using UV /optical and NIR color excess
methods (see Figure 1 in Lee et al. 2015). We stress that these
values of Ay are estimates that include uncertainties associated
with the assumptions made in the dust modeling (e.g., the
assumption of a single dust temperature) and the conversion
from iy to Ay. While the extinction at ~11 eV (ionization
potential of carbon) would be a more relevant quantity to our
study of [C1I] and CO emission, the conversion from b}, to
Ajjev is highly uncertain.

3. Results

We present the high-resolution imaging (~10” ~ 3 pc) of a
suite of FIR cooling lines from HS® and CO from the ALMA

ACA in the SMC. [C1I] and [O1] lines were detected in all of
the regions targeted, and [C 1] is detected throughout all of the
regions. The ALMA ACA+ TP data show clear detections of
12CO and 3CO (2 — 1) emission in all of the regions, but C'80
is not detected. In this section we discuss the comparison of the
[O1], [C11], and '2CO emission.

3.1 [CHl and [O]]

The [CT] 158 m line dominates the cooling of the warm
(T ~ 100 K) neutral gas because of the high carbon abundance,
its lower ionization potential of 11.26eV, and an energy
equivalent temperature of 92 K. Ionized carbon, C*, exists
throughout most phases of the ISM except in the dense
molecular gas, where most of the carbon is locked in CO. The
[O1] 63 m line also contributes to the gas cooling, but with an
energy equivalent temperature of 228 K and a high critical
density (~10° cm2); this line dominates over the [CII]
emission only in the densest gas. Indeed, the bright “blue”
knots of [O1] emission in Figure 1 are coincident with bright
knots of H emission (in black contours) associated with very
recent massive star formation in dense and presumably warm
structures bathed by intense radiation. Oxygen can remain
neutral in regions with ionized hydrogen and H emission
owing to its slightly higher ionization potential of 13.62eV. In
warm PDRs subjected to radiation fields larger than 10°
Habings and due to the difference in critical densities, the [O I]-
to-[C 1] ratio is a good indicator of density, but in colder gas
and particularly below n~ 10*cm ™2 it is mostly sensitive to
temperature and the incident radiation field (e.g., Kaufman
et al. 1999).

Figure 1 shows the [OI] and [CII] integrated intensity
images in combination with the 160 m PACS image showing
dust continuum emission. The differences in the local star
formation, shown by H in black contours, produce different
structures and varying intensities of [CII], [O1I], and dust
emission. In many faint [CII] regions in the diffuse gas the
[O1] line is detected (see inset spectra in Figure 1). In principle,
it is possible for [O1] 63 m to be a very important coolant for
the warm neutral medium (WNM) of the ISM (Wolfire et al.
1995, 2003). Despite the high critical density of this transition,
the high temperature of the WNM excites [O I], making it an
efficient coolant even in n ~ 1cm ™ gas.

3.1.1. [O 1] Self-absorption

A challenge with interpreting velocity-unresolved observa-
tions of [O1I] 63 m, such as ours (Av ~ 100 km sfl), is the
potential effect of self-absorption or absorption from cold gas
along the line of sight, a phenomenon originally identified
through anomalous [O1] 145 m/63 m integrated line ratios.
Indeed, some Milky Way massive star-forming regions show
significant self-absorption and absorption by foreground cold
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Figure 1. RGB composites of the five HS? regions. The [C 11] (green) and [O I] (blue) are on the same intensity scale from 0 to 3 x 1077 Wm 2 st !, whereas the

PACS 160 m image (red) is shown on a scale from 0 to 2 X 107> Wm™2

st~ ', All images are displayed using a logarithmic stretch. The black contours show

MCELS H intensity (Smith & MCELS Team 1999) at linear intervals (1, 2, 3, 4, 5, 10, 15 x 107" erg cm™? s’l) to show the location of massive star formation
throughout the regions, with the region designations based on H from Henize (1956) and Davies et al. (1976) indicated. The names of overlapping regions from
Rubio et al. (1993a, 1993b, 1996) SEST surveys are listed in parentheses. The orange squares show the coverage of the [O III] observations ([N II] has approximately
the same coverage), and the red circles show the area covered by the FTS observations. The black dashed line rectangles show the approximate coverage of the ALMA
maps. The two inset spectra, labeled Regions 1 and 2, show spectral extractions from the PACS cube in some of the faintest regions covered by the strips. We clearly
detect [C 1I] emission throughout the faint areas and, somewhat unexpectedly, also [O 1] 63 m. The data used to create this figure are available.

clouds containing O° in velocity-resolved observations of
[O1] (Poglitsch et al. 1996; Leurini et al. 2015). It is unknown
how widespread this phenomenon is in the SMC, where
145 m observations do not exist and velocity-resolved
observations are very limited.

In the Milky Way, heavy [O1] self-absorption is usually
accompanied by [CII] absorption (e.g., Leurini et al. 2015).
There is no indication of absorption in recent [C II] velocity-
resolved profiles (Requena-Torres et al. 2016; R. Herrera-
Camus et al. 2017, in preparation) and no clear evidence of

self-absorption in [O1] velocity-resolved profiles (Y. Okada
et al. 2017, in preparation) in the star-forming regions N25
(located in the north end of the HS? “N22” region), N66, and
N88 in the SMC. Given the high radiation fields and low Ay
throughout much of the SMC, this suggests that in the SMC
there is a dearth of high-Ay cold material that may absorb [O 1]
along the line of sight, while absorption contamination is likely
more common in the Milky Way (e.g., Leurini et al. 2015). As
mentioned above, another indicator of optical depth or
absorption in the [OI] 63 m line is anomalously high [O1]
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