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ABSTRACT

Context. The fundamental process of star formation in galaxies involves the intricate interplay between the fueling of star formation
via molecular gas and the feedback from recently formed massive stars that can, in turn, hinder the conversion of gas into stars.
This process, by which galaxies evolve, is also closely connected to the intrinsic properties of the interstellar medium (ISM), such as
structure, density, pressure, and metallicity.

Aims. To study the role that different molecular and atomic phases of the ISM play in star formation, and to characterize their physical
conditions, we zoom into our nearest neighboring galaxy, the Large Magellanic Cloud (LMC; 50 kpc), the most convenient laboratory
in which to study the effects of the lower metal abundance on the properties of the ISM. The LMC offers a view of the ISM and star
formation conditions in a low-metallicity (Z ~ 0.5 Z) environment similar, in that regard, to the epoch of the peak of star formation in
the earlier Universe (z ~ 1.5). Following up on studies carried out at galactic scales in low-Z galaxies, we present an unprecedentedly
detailed analysis of well-known star-forming regions (SFRs) at a spatial resolution of a few parsecs.

Methods. We mapped a 610pc x 260pc region in the LMC molecular ridge in [C 11]2158 pwm and the [O 111]188 wm using the FIFI-LS
instrument on the SOFIA telescope. We compared the data with the distribution of the CO(2—-1) emission from ALMA, the modeled
total infrared luminosity, and the Spitzer/MIPS 24 um continuum and He.

Results. We present new large maps of [C11] and [O 111] and perform a first comparison with CO(2-1) line and Lt emission. We
also provide a detailed description of the observing strategy with SOFIA/FIFI-LS and the data reduction process.

* Corresponding author: fischer@iram. fr
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Conclusions. We find that [C 11] and [O 111] emission is associated with the SFRs in the molecular ridge, but also extends throughout
the mapped region, and is not obviously associated with ongoing star formation. The CO emission is clumpier than the [C 11] emission
and we find plentiful [C 11] present where there is little CO emission, possibly holding important implications for “CO-dark™ gas. We
find a clear trend of the Ljcij/Lmr ratio decreasing with increasing Lyr in the full range. This suggests a strong link between the
“[C 11]-deficit” and the local physical conditions instead of global properties.

Key words. methods: data analysis — ISM: general — galaxies: ISM

1. Introduction

The necessary fuel to feed star formation is considered to be
molecular gas, as is evidenced, for example, by the Kennicutt-
Schmidt relationship (Kennicutt 1998). As molecular hydrogen
cannot be observed directly, the carbon monoxide (CO) J=1-0
transition has traditionally been the convenient tracer of total
molecular gas and is thus a calibrator of star formation activ-
ity in the local Universe as well as at high redshifts. However,
this leads to puzzling results in low-metallicity (low-Z) galax-
ies. There the relation of molecular gas traced by CO (1-0) to
the efficiency with which these galaxies form stars is perplex-
ing. This is mainly due to the fact that the search for CO (1-0)
in low-Z galaxies is a veritable challenge (e.g., Cormier et al.
2014; Madden et al. 2020), making the conversion of observed
CO (1-0) to molecular hydrogen (H») in low-Z galaxies fraught
with uncertainty (e.g., Schruba et al. 2012; Bolatto et al. 2013;
Cormier et al. 2014; Madden et al. 2020; Ramambason et al.
2024).

Reduced metal abundance in galaxies has important conse-
quences for the structure and physical properties of the interstel-
lar medium (ISM), especially in the vicinity of intense radiation
fields, arising from the atmospheres of metal-poor stars and car-
ried by winds of the most massive stars. The combination of hard
radiation fields and the low dust abundance leads to widespread
ionization and significant photodissociation of CO molecules in
the large HO-H, shells of low extinction. As a result, CO becomes
increasingly difficult to detect in low-Z dwarf galaxies, while
self-shielded H, may exist outside the CO-emitting core, making
it “CO-dark.” These conditions allow the ultraviolet (UV) pho-
tons to carve out a rather porous ISM structure (e.g., Chevance
et al. 2016; Grishunin et al. 2024), facilitating feedback pro-
cesses by further channeling the photons afar. In studies using
the Dwarf Galaxy Survey (DGS; Madden et al. 2013), the poros-
ity of the ISM increases as Z decreases (Cormier et al. 2019;
Ramambason et al. 2022), and this property is also sensitive to
resolution, with smaller regions (~200 pc) being more porous to
ionizing photons than larger ones (Polles et al. 2019).

While CO is difficult to detect in low-Z galaxies (e.g.,
Madden et al. 2013; Cormier et al. 2014), the dominant cooling
line of the ISM in galaxies, [C 11]A158 um, remains relatively
bright compared to higher-Z galaxies (Stacey et al. 1991; Madden
et al. 2020). This is illustrated in the low-Z galaxy, IC10, sug-
gesting that more molecular gas was present than that traced by
CO alone (Madden et al. 1997). Subsequent surveys of [CII]
in local, low-Z star-forming galaxies have confirmed the ele-
vated Licm/Lcoci—o) ratios (Cormier et al. 2015; Hunter et al.
2001). The [C11]A158 pm line has been suggested as a tracer
of CO-dark H, gas, which has become an increasingly impor-
tant component in the low-Z ISM (e.g., Madden et al. 2020;
Ramambason et al. 2024), helping to quantify the total H, in
galaxies.

Dissecting the structure of the ISM in low-Z, star-forming
galaxies by targeting distinct gas phases with appropriate diag-
nostic tracers allows us to reveal critical details of the transition
from atomic to molecular gas. This approach can provide
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a deeper understanding of the formation and distribution of H,
and a better handle on quantifying and characterizing the total
H; reservoir in low-Z galaxies.

The Large Magellanic Cloud (LMC) is our closest low-Z
galaxy (50 kpc, e.g., Schaefer 2008) and offers a view of the
ISM and star formation conditions in a low-Z (Z ~ 0.5 Z) envi-
ronment similar, in that regard, to the epoch of the peak of star
formation in the earlier Universe (z ~ 1.5) (e.g., Chruslinska
& Nelemans 2019). It serves as an ideal laboratory for exam-
ining the effect of massive star formation on the surrounding
ISM, zooming into the well-known regions such as 30 Doradus
(Pellegrini et al. 2011; Chevance et al. 2020; Okada et al. 2019b;
Grishunin et al. 2024), N11 (Lebouteiller et al. 2012) and N159
(Okada et al. 2015; Lee et al. 2016; Fukui et al. 2015, 2019;
Tokuda et al. 2019). High fractions of CO-dark molecular gas
were found in 36 beams throughout the LMC with the Herschel
Heterodyne Instrument for the Far-Infrared (HIFI) by Pineda
et al. (2017) and Pellegrini et al. (2012) found a high fraction
of optically thin H II regions showing that UV photons can often
escape them and penetrate the surrounding ISM. In 30 Doradus
the transition from the ionized nebular gas around the massive
R136 star cluster to the neutral photodissociation region (PDR)
is prominently traced by the extensive [C I1] emission. This emis-
sion highlights UV-illuminated clouds extending well beyond the
central cluster, leaving fragments of CO clouds which may be
embedded in a substantial reservoir of “hidden,” CO-dark gas
(e.g., Chevance et al. 2020; Wong et al. 2022). However, while
30 Doradus is indeed a spectacular region, it is a unique and
very extreme case illuminated by a massive super star cluster,
R136, and not representative of the diversity of star formation
conditions in the LMC or other galaxies.

To explore this issue further, we have mapped an exten-
sive region of the LMC, covering 260 pc X 610 pc in the
[CI]A158 pwm and the [O1I1]A88 pwm emission lines with
the Stratospheric Observatory for Infrared Astronomy (SOFIA)
Legacy Program, LMC*. These new maps enable us to exam-
ine not only the effects of massive to moderate star formation
but also the far-reaching effects of star formation on the ISM
throughout the range of environmental conditions in the molecu-
lar ridge, just south of 30 Doradus. This study aims to understand
the role of the gas component that is traced by [C IT]A158 wm, its
association with molecular clouds, and its link to star formation,
especially in metal-deficient environments.

Importantly, [C1I] is one of the most popular species tar-
geted in observations of high-Z galaxies and serves as a critical
tracer of star formation across cosmic time (e.g., De Looze et al.
2014; Lagache et al. 2018; Schaerer et al. 2020). Understanding
its behavior in low-Z environments such as the LMC is essential
for interpreting observations of galaxies in the early Universe
(see e.g., Wolfire et al. 2022; Herrera-Camus et al. 2025; Zanella
et al. 2018; Le Fevre et al. 2020; Bouwens et al. 2022).

[C11] was first observed in the LMC with far infrared hetero-
dyne receiver of the Kuiper Airborne Observatory by Boreiko &
Betz (1991) in multiple single beams, including some pointings
toward the molecular ridge star-forming regions (SFRs), N158,
N159, and N160 (marked in Fig. 1). The molecular ridge hosts
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Fig. 1. Intensity of the far-infrared fine-structure lines [C 11]A158 um (left) and [O I11]A88 um (right) in W m~2 sr™!, observed by SOFIA/FIFI-LS.
The intensities are the result of spectral Gaussian fits and only those fits with a S/N > 3 are shown. Pixels with lower S/N are displayed as O (in
black). The white contours are from Ly (300 and 600 L,,/pc?) shown in Fig. 3. The thin black contours shown in the [C II] map are 8 um from
Spitzer/IRAC (4 and 8 MJy/Sr). The red contours in the [O 111] map are Spitzer/MIPS 24 pm continuum (5 and 150 MJy/sr). The [C 11] map is
shown in the native resolution with a beam FWHM of 15.3”. The [O111] data in the three bright star formation regions marked by dashed blue,
green and red lines was smoothed to the same resolution (15.3”) to increase the S/N per beam. Outside of the regions the data was further re-binned
to 24” and fit within a 48" beam to further increase the S/N in the diffuse regions. The seven gray crosses, in identical positions in the [C 1I] and

[O 111] maps, mark the positions of the spectra shown in Appendix A.

the largest accumulation of CO in the LMC (Cohen et al. 1988;
Fukui et al. 2008; Kutner et al. 1997; Mizuno et al. 2001).
The northern portion of this ~2 kpc feature hosts the three
bright SFRs while the southern portion is quiescent with little
high-mass star formation (see Finn et al. 2021; Indebetouw et al.
2008). Measurements of both [O11I] and [C 1I] have been made
with the Infrared Space Observatory (ISO) Long Wavelength
Spectrometer (LWS) (Vermeij et al. 2002) and the AKARI
Far-Infrared Surveyor / Fourier Transform Spectrometer
(Kawada et al. 2011), both with limited angular resolution

and very limited spatial coverage. Two 80" beams have been
analyzed from ISO/LWS centered on N159 and N160 in [O11T1]
and [C11]. Most of the (10" x 1.5") stripes with a full width at
half maximum (FWHM) of 40" from AKARI are more or less
centered around 30 Doradus, where [O 111] detections are found
about 150 pc away from the R136 cluster, suggesting a porous
ISM structure as the gas remains excited by R136 at these
distances. Four stripes of observations are available, as well,
with AKARI targeting the bright SFRs of the molecular ridge,
with some detections reaching beyond the star-forming sites.
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Table 1. Observational parameters of SOFIA/FIFI-LS observations; the radial velocity was used to center the arrays spectrally and the beam size
in parsecs was calculated based on a distance of 50 kpc; the integration time T3, is per FIFI-LS spatial pixel.

Channel Line Transition Arest rad. velocity FWHMpeam FWHMpeam  Tine R
(pm) (km/s) () (pe) (s)
blue [O111] 3p,-3py 88.356 220 8.6 2.1 10 620
red [CI] 2P; /2—2P1 2 157741 220 15.3 3.7 40 1200

Around the 30 Doradus region, a correlation is found between
[O111] and Ha emission (from the SHASSA survey; Gaustad
et al. 2001). However, across the entire dataset, this correlation
becomes less clear for high [OT111] intensities. The difference
in ionization degree of the gases is suspected as a potential
reason for that. In the AKARI fields of the molecular ridge,
which include some areas beyond the bright SFRs, [O 111] and
Ha fluxes are relatively low and do not show any correlation.
Kawada et al. (2011) also see a global correlation between [O IIT]
and the continuum at 88 pm, which is mainly driven by data
points close to 30 Doradus that offer a wide range of both line
flux and continuum values. Again there is no correlation in their
data from the molecular ridge. The fact that AKARI detected
[O 111] off the bright star formation regions in the ridge provides
a strong motivation for a larger-scale map of [OII] in the
molecular ridge to probe the porosity and ionization structure of
the ISM in diverse environments in the LMC.

[C11] has been observed at high spatial and spectral resolu-
tion toward the bright SFRs N158, N160, and N159 with limited
mapping using SOFIA/upGREAT (Okada et al. 2015; Okada
et al. 2019a). They find that [CII] typically has a wider line
profile than CO and that in those bright regions, 30% of the
[C 1] emission is not reproducible by the CO-defined line pro-
file, with a lower fraction toward molecular clouds. While this
might indicate shielded clumps along the line of sight, it may
also indicate a possible small contribution from CO-dark gas.
On the other hand, it has been suggested that up to ~90% of
the molecular gas in the 30 Doradus region originates from CO-
dark gas (Chevance et al. 2020). Thus, it is compelling to study
the diverse molecular ridge on a large scale, covering very dif-
ferent SFRs as well as much more extended regions beyond the
limited SFRs.

2. Observations and data reduction
2.1. SOFIA FIFI-LS

Observations of the [C11] and the [O111] lines were carried out
with the Field-Imaging Far-Infrared Line Spectrometer (FIFI-
LS) (Fischer et al. 2018; Colditz et al. 2018) on board SOFIA
(Erickson & Davidson 1993; Young et al. 2012). FIFI-LS is an
integral-field imaging spectrometer that provides simultaneous
observations in two channels: the blue channel covering 51—
125 pm and the red channel covering 115-203 pwm. Each channel
consists of an overlapping 5x5 pixel footprint on the sky, where
the pixel size is 6" and 12" for the blue and red channels, respec-
tively. We refer to each of these spatial pixels as “spaxels.” The
optics within FIFI-LS rearranges the 25 spaxels into a pseudo-
slit, and the light impinging on each spaxel is then dispersed
spectrally (using a grating) over 16 pixels. This generates an
integral-field data cube for each observation. The spectral res-
olution is wavelength dependent ranging from R = A/A1 ~ 500
to 2000.
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2.1.1. Observations

SOFIA/FIFI-LS observations were taken in March 2022 as part
of the Cycle 9 SOFIA Legacy Program, LMC*, 09_0036 (PIs S.
Madden, A. Krabbe). SOFIA was on deployment to the south-
ern sky flying out of Santiago de Chile. Of the awarded 20 h
wall-clock time for the legacy project (50 h in total requested)
15 h were observed during 6 flights. While the metallicity of the
Small Magellanic Cloud is even lower than that of the LMC,
the line fluxes in the SMC that are a factor of two to four times
lower (Cormier et al. 2015) would not have permitted a large map
detecting [C I1] in the lower brightness ISM conditions.

Due to the large size of the mapped region (~1°x0.5°), obser-
vations were performed without chopping in on-the-fly (OTF)
mapping mode for maximum efficiency and best spatial sam-
pling with short integration times per field. In this mode, the
telescope scans across the mapping area at a constant speed.
The speed (6”/s) was chosen to avoid distortion of the image
during the shortest continuous integration, which is 0.125 s for
FIFI-LS (Fischer et al. 2018). The movement of 0.75” during
this integration was less than 10% of the spatial FWHM at both
observed wavelengths. The fine sampling provided by the scan
enables mapping with the best possible spatial resolution (see
Fadda et al. 2023) with the spatially oversized FIFI-LS pixels.
With a scan length of 30s, 180" were covered on the sky in one
scan. With the field of view size of 30" x 30" in the blue chan-
nel, 12 scans were performed to fill the 3’ x 3’ tiles with 2x6
scans carried out in the perpendicular direction to ensure even
sampling. The 5x5 spaxel array was tilted by 11.3° to spread out
the spaxels evenly, perpendicular to the direction of the scan. At
the beginning and the end of each scan, part of the 180" scan
was not seen by all of the spaxels. Full integration time there is
reached by the overlap of the field of views with the scans from
the neighboring tiles, creating an interlock.

With the 60” x 60 footprint of the red array, this mode
produced additional overlap of the scans, resulting in a map
with four times deeper integration, improved flat-fielding, and
a uniformly deep integrated map. The efficiency (on-source
integration time vs. wall clock time) was 51%, well above the
efficiencies achieved with pointed observations (Fischer et al.
2016). For background subtraction, a field with minimal expected
[C11] emission! as well as minimal 250 pm continuum emis-
sion” was identified in proximity to the mapping region, ensuring
an offset smaller than 30’ to all fields in the map. This allowed
the telescope to reach the offset position within its limited move-
ment range due to the aircraft’s orientation. Observational details
for both lines are listed in Table 1. A more detailed description
of the OTF observing mode with FIFI-LS is provided in Fischer
et al. (2025).

The 3’x3’ interlocking tiles were the building blocks of each
sub-map. The central region of the map with the three bright

1" From a simulation.
2 From Herschel/SPIRE.
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SFRs N158, N159, and N 160, was covered in a single rectangular
map with 14x6 tiles for a total extension of 42’x18’. Integra-
tions were taken tile by tile in rows from the northern edge close
to 30 Doradus and progressing southward. Originally, 7 flights
were planned to complete all 84 tiles, with potential time for
expansion further south. However, due to one lost flight, 76.25
tiles (91%) were completed. The relatively high completion rate
was achieved through flight re-planning to maximize LMC leg
times.

2.1.2. Data reduction

The data was reduced with the SOFIA/FIFI-LS pipeline (Vacca
et al. 2020), which includes all the necessary calibrations and
flat-field corrections (Fadda et al. 2023). We produced cubes
with 6, 12 and 24 spatial pixel size for the analysis presented
in this paper. Since OTF mapping mode was only offered for
FIFI-LS on SOFIA since Cycle 9 and had never been used on
a map of this large size, some modifications to the last SOFIA
published version of the pipeline® have been applied to achieve
better background subtraction, noise propagation, and telluric
correction.

We modified the noise calculation to better capture all noise
contributions in OTF mode, i.e., nonlinear drifts of the telluric
emission. While these are captured in pointed FIFI-LS obser-
vations by averaging ~50 data points (Fischer et al. 2016) with
constant signal, this is not done for OTF where every data point
on a scan has a different astronomical signal. Since the overall
signal is background dominated, we can assume that any non-
linear behavior of the signal on the scan is dominated by the
background and not the astronomical emission. We introduced
a new step in the data reduction procedure (“scan noise defini-
tion”) to quantify this for each scan and combined it with the
errors for each data point. More details can be found in Fischer
et al. (2025).

Due to the large size of the map, nod-offsets of up to ~30’
were required. Depending on the rotation of field of the SOFIA
telescope, this can lead to significant changes in telescope eleva-
tion, which in turn affected the airmass. At the altitudes SOFIA
operates (37 000—45 000 ft), the raw far-infrared signal is domi-
nated by sky emission. As a result, the gradient in airmass during
nodding for background subtraction can introduce significant
signal, complicating the background subtraction process. This
can also add noise to the baseline in the overlapping, interlocking
region of the tiles. The signal offset due to imperfect back-
ground subtraction varies over time, generating artifacts when
tiles, taken at different times or even on different flights, over-
lap. This effect can be amplified by telluric correction since this
signal contributions are not transmitted through the atmosphere.

Two different approaches to remove artifacts from those air-
mass differences were applied to the [C 1] and [O 111] data due
to the different telluric features in the spectral ranges of the two
lines. They are both described in full detail in Fischer et al.
(2025). For [C11], a telluric scaling technique was used where
an emission model with contributions from the atmosphere, as
well as telescope and instrument background, is tend to the sig-
nal in each of the 25 spaxels in the off-nod. If there are significant
telluric features in the spectral range, this two-component model
allows the signal in each of the 400 pixels to be split up into
the elevation-dependent sky emission and the background that is
independent from the telescope elevation. The sky contribution,

3 https://github.com/SOFIA-USRA/sofia_redux

and with it the overall off-nod signal, were then scaled to the ele-
vation of the on-nod. Telluric scaling was possible for [C II] but
not for [O 111], since there are no significant spectral features in
the range used for the [O 111] line. Thus, the telluric contribution
to the [O I11] signal cannot be quantified. Still, the spectra in the
[O 111] cube display underlying telluric artifacts. It has proven to
be most advantageous to remove them during the fitting of the
emission line described below.

For the telluric correction, we used water vapor values
obtained with the method described in Fischer et al. (2021) and
Iserlohe et al. (2021) in the pipeline. With the water vapor over-
burden, telescope elevation and flight altitude for each scan, a
transmission profile is calculated with the ATRAN model (Lord
1992) for the observed spectral range. In the pipeline it is then
spectrally smoothed to the instrument’s resolution and applied
to each ramp at the observed wavelength in a background-
subtracted nod pair. Using the smoothed transmission profiles
does not distort the line profiles here since the transmission is
spectrally flat in the relevant range in both channels. However,
since we cannot remove baseline artifacts with telluric scaling
for the [O111] map, we modified the telluric correction proce-
dure in the pipeline to avoid further distortion of the baseline.
For the [O 11T] map of the molecular ridge, the transmission of
the emission line only depends on atmospheric conditions. It
remains largely unaffected by variations in local velocity and
line width. For each nod cycle, we determined the transmission
at the wavelength of the [O 111] line* and applied this correction
to the entire spectrum. This preserves the original baseline shape
as measured. For the [O111] data, this approach enables telluric
correction of the line flux based on the actual atmospheric con-
ditions during the scan, while also allowing for the fitting of any
residual telluric baseline.

2.1.3.[C 1] and [O111] line fitting

The spectrally unresolved lines were ted in circular apertures
around each spatial pixel with Gaussian profiles together with
the baseline using a SciPy curve_fit function®. The line widths
and center positions were constrained based on the spectral res-
olution of FIFI-LS (with margins) and the mapped region in the
LMC (by multiple iterations of the fit). To avoid edge effects
due to the re-binning, portions of the spectra near the spectral
cube edges were cut. All fit parameters are listed in Table 2. For
[C11], where telluric artifacts were removed using telluric scal-
ing in the pipeline processing, a zero-order polynomial was tend
to the baseline. For [O111], a residual telluric emission model
was ted to the baseline. The model includes a zero-order poly-
nomial and atmospheric transmission from ATRAN, which can
be scaled positively or negatively to account for residual tel-
luric emission caused by nodding to different elevations with the
telescope. More details on this “telluric fitting” can be found in
Fischer et al. (2025). Examples of line profiles and fits are shown
in Appendix A.

The integrated line flux maps of [C11] and [O 111] are shown
in Fig. 1. The map of [C1I] is shown in the native telescope
resolution, with a FWHM of 15.3” used as aperture diameter
in the line fitting. The [O111] data was also fit with this aper-
ture to improve the signal-to-noise ratio (S/N) per beam. They
are shown together with the CO(2-1) line flux in Fig. 2. For the
maps in Figs. 1 and 2, the data was spatially re-binned to 6" and

4 Using the rad. velocity from Table 1.
5 https://docs.scipy.org/doc/scipy/reference/
generated/scipy.optimize.curve_£fit.html
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Table 2. Fit parameters used for both lines of SOFIA/FIFI-LS observations.

Channel Line  Transition Min. wavelength Max. wavelength Line position range  Line width range
(um) (pm) (m) (km/s)
blue [O111] 3PPy 88.13-88.29 88.57-88.77 88.37-88.44 450-600
red [CH] 2P3-"Pip 157.66-157.74 157.93-158.10 157.80-157.93 200-333
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Fig. 2. RGB map of [C11] (r), [O111] (g) and '>CO(2-1) (b) from
Tarantino et al. (in preparation) and Chen et al. (in preparation), with
the map of the '>CO(2-1) outlined in white. Contours are shown for
2C0(2-1) line flux levels of 5 x 10! and 5 x 10'© Wm™ sr~!. Regions
for analyses in Sect. 4 are outlined, corresponding respectively to the
SFRs, N159(green), N160(red), N158(blue), an extended, less active
region in [O 111] (yellow) and three CO-bright filaments (brown). They
are also referred to in Fig. 3, and in the plots in Figs. 5 and 6.

fit within 15.3" diameter apertures around each spatial pixel for
both [C11] and [O 111]. It was increased to 24" with a 48" diame-
ter apertures outside the bright star formation regions for [O I11].
For all ratio plots the binning was increased to 12 for [C 11] and
[O 1] in the bright SFRs. The FIFI-LS data was smoothed to
18" resolution for ratio plots involving Lyg.
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2.2. Cross calibration

A few bright regions of the LMC were observed with
the Herschel Photodetector Array Camera and Spectrometer
(PACS) (Cormier et al. 2015). This gave us the opportunity
to cross calibrate the fluxes obtained with SOFIA/FIFI-LS. We
were able to define 20 circular regions (12 for [C11] and 8 for
[O111]) to perform such cross-correlation (see Table B.1). For
each region we defined circular apertures with a 18" radius.
Such apertures were sufficiently larger than the PSF so that the
measured fluxes were not affected by the spread of point-like
emissions. Since the PACS data was obtained in “unchopped
mode”, we reprocessed them using the “transient-correction”
pipeline (see Fadda et al. (2016) and Sutter & Fadda (2022a) for
recent updates). In fact, as pointed out in Fadda et al. (2023),
the PACS data in the Herschel Science Archive can deviate sig-
nificantly since the flux calibration was based on the internal
calibrators rather than on the more stable telescope background
as is the case of normal chop-nod observations. Sudden flux
changes when switching between source and internal calibrators
can induce a major, unpredictable transient in the signal, vary-
ing the response of the detectors up to 90%. The fluxes were
evaluated with pseudo-Voigt curves which provide the best fit-
ting and recover most of the flux in the wings of the spectra
for the higher S/N in the PACS spectra (see Fadda et al. 2023).
With an average deviation below 5% (3% for [C 11] and 4.6% for
[O 111]), the agreement between FIFI-LS and PACS data is excel-
lent and well within the estimated flux uncertainties of PACS and
FIFI-LS (Exter 2019; Fadda et al. 2023).

2.3. Ancillary data
2.3.1. ALMA CO(2-1)

To map the molecular ridge in CO(2-1) as a tracer of molec-
ular gas it was observed with the Atacama Large Millime-
ter/Submillimeter Array (ALMA) Atacama Compact Array
(ACA), also known as the Morita array. These observations were
part of Cycle 7, under project code 2018.A.00061.S (PI: Bolatto,
A). The map covers a region of 10" x 26" (150 pc x 380 pc)
across the northern tip of the molecular ridge in the LMC, over-
lapping with three H 11 regions: N158, N160, and N159 and the
majority of the SOFIA observations. The map is comprised of
sixteen individual 10" x 2.3" tiles. One frequency setting was
configured to cover the 12C0O(2-1) line at 230.538 GHz with
a bandwidth of 125 MHz and a channel width of 61 kHz. The
second frequency setting covered both '*CO(2—-1) at 220.399
GHz and C'80(2-1) at 219.560 GHz with bandwidths of
62.5 MHz and a channel width of 61 kHz. We also included a
broader continuum frequency set-up centered at 232.6 GHz with
a bandwidth of 2 GHz. These observations include total power
ALMA data corresponding to the full rectangular region cov-
ering the interferometric map produced on October 15th, 2019,
providing short spacings information.
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We used version 6.5.1 of the Common Astronomy Software
Applications (CASA Team 2022) and the standard system cal-
ibration to image the molecular ridge data. We imaged each of
the sixteen individual tiles that comprise the final map separately
and stitched them together to create the final mosaic. Imaging
each tile separately provides higher stability and convergence in
the de-convolution algorithm (see also Leroy et al. 2021). For
the spectral line data, we used the CASA task sdint to image
and combine the ACA and TP data. The sdint algorithm is a
joint de-convolution algorithm that simultaneously images and
combines interferometric and single dish data (Rau et al. 2019).
We found that the sdint algorithm produces better results than
the traditional tclean and feather method. Each tile has a
square pixel cell size of 1.2, a velocity channel of 0.25 kms™!,
and a total size of 600 x 300 pixels. We chose 320 channels
which corresponds to the maximum size of the bandwidth for
the 13CO(2-1) and C'80(2—1) data. We used a cleaning thresh-
old of 0.3 Jy/beam and a cyclefactor = 5 in order to make sure
the cleaning algorithm does not diverge before it reaches the
threshold. We used the mosaic gridder, hogbom deconvolver,
and Briggs weighting with robust = 0.5, which provides the
best combination of resolution and signal-to-noise. We masked
the data for cleaning through the auto-multithresh and the
default parameters. The interferometric data was combined with
the total power data using an sdgain = 3, which preserves the
flux information from the total power data while maintaining the
high resolution structure. We convolved the data cubes to a com-
mon restoring beam of 7" (1.7 pc). The details of the reduction
and analysis of the >CO(2-1), 3CO(2-1), and C'*0(2-1) will
be presented in Tarantino et al., in prep.

The ACA CO(2-1) observations of N159’s southern region
were obtained as part of the ALMA project 2016.1.00782.S (PI:
Chen, R.). The map is comprised of two rectangle regions,
96" %200” +78"x50"(23 pcx49 pc+20 pcx12 pc) that covers
all bright CO filaments detected in the Atacama Pathfinder
Experiment (APEX) CO(2-1) mosaic (under project ID M-
092.F-0020). The Band 6 receiver setup for the CO(2—1) line has
a bandwidth of 117.2 MHz and a channel width of 141 kHz (or
0.184 km s™"); the receiver setup and detailed reduction and anal-
ysis for other lines in Band 6 including '*CO(2-1), C'*0(2-1),
SiO(5-4), HyCO(303-302, 320-32.1, 32.1-320), 2CS(5—4) will
be presented in Chen et al. (in prep.). The ACA observations
do not include total power ALMA data as the APEX CO(2-1)
mosaic is available for the short spacing information. The ACA
and APEX CO(2-1) data were combined using the feather task
under CASA.

2.3.2. The total infrared map

The map of the Total InfraRed (TIR; 3—1000 pm) power in our
region was computed from its spatially resolved spectral energy
distribution (SED). The dust parameter maps derived from this
SED modeling are presented by Belloir et al. (in preparation)
using the Spitzer Infrared Array Camera (IRAC) and Multi-
band Imaging Photometer for Spitzer (MIPS) maps at 1=3.6,
4.5, 5.8, 8.0, 24 and 70 um from the SAGE project (Meixner
et al. 2006) and the Herschel/PACS and the Spectral and Pho-
tometric Imaging Receiver (SPIRE) maps 4=100, 160, 250 um
from the HERITAGE project (Meixner et al. 2013). The angu-
lar resolutions of these maps were homogenized to 18" using
the convolution kernels of Aniano et al. (2011) and re-projected
onto the SOFIA [C11] pixel grid. The noise uncertainties of the
original maps were propagated through the homogenization pro-
cess using a bootstrapping method (Press et al. 2007). At the
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Fig. 3. Map of TIR power in the molecular ridge. Regions for the
analyses in Section 4 are outlined, corresponding, respectively, to the
SFRs, N159 (green), N160 (dotted red), N158 (blue), an extended, less
active region in [O 111] (yellow), and three CO-bright filaments (dashed
brown). They are also shown in Fig. 2, and used in the plots in Figs. 5,
4, and 6.

end of this process a spectral cube (RA, Dec, 1) and its corre-
sponding noise cube were obtained. The homogenized spectral
cube was then fit using the hierarchical Bayesian code, HerBIE
(Galliano 2018). The model set-up was identical to that used by
Galliano et al. (2021): a dust mixture, with the properties of
the THEMIS dust model (Jones et al. 2017), illuminated by a
range of starlight intensities, U, following a power-law distribu-
tion and a stellar continuum, approximated as the Rayleigh-Jeans
tail of a black body. HerBIE accounts for the fact that calibration
uncertainties are spatially fully correlated and spectrally partially
correlated. The hierarchical Bayesian approach of this model
provides a regularization of the pixels with poor signal-to-noise
ratios. The most relevant inferred parameters, for each pixel, are
(see Galliano 2018; Galliano et al. 2021):

— the total dust mass, Mqy;

— the fraction of small amorphous carbon grains, carrying the

mid-IR aromatic features, gaf;
— the mean starlight intensity, (U);
— the TIR luminosity, Ltir (Figure 3).

2.3.3. Spitzer MIPS and MCELS Ha

The Spitzer/MIPS 24 um data for the molecular ridge were
available on the IRSA Infrared Science Archive®. The Ha
data were from the Magellanic Cloud Emission-line Survey
(MCELS, Points et al. 2024) available at the NOIRLab Astro

6 https://irsa.ipac.caltech.edu/data/SPITZER/SAGE/

A273, page 7 of 15


https://irsa.ipac.caltech.edu/data/SPITZER/SAGE/

Fischer, C., et al.: A&A, 702, A273 (2025)

Data Archive’. They are used as tracers of exposed (Ha) and
embedded (24 um) star formation in comparison with the [O I11]
data to investigate the distribution of the dust and gas densi-
ties, the role of the excitation sources and radiation field and the
porosity.

3. Results
3.1. [C11] emission

[C11] is detected with S/N > 3 almost everywhere in the mapped
region (Fig. 1). The highest fluxes are observed toward the
three bright SFRs, but there is also significant diffuse emis-
sion throughout the mapped region, especially compared to L,
which drops off steeply beyond the SFRs (Fig. 3). The good
correlation of [C11] with the 8 pm continuum observed toward
the bright SFRs by Okada et al. (2019a) is also obvious in our
map and holds as well for the extended structures shown by the
black 8 um contours in Fig. 1. The spatial correlation between
the [C11] emission and 8 wm emission is seen even for the low
[C11] fluxes (values < 3 x 1077 W m~2 sr™!), except in the north-
ern and western parts of the map, where [C 1] emission is more
extended than the 8 pm emission. Comparison of the [C I1] map
to the distribution of CO(2-1), shows that the SFRs are bright in
both tracers, as expected (and in [O 111], as well). In the more dif-
fuse regions, well beyond the star-forming sites, however, there is
no recognizable correlation spatially between [C11] and CO(2—
1). Fig. 2 also shows how diffuse the [C 11] emission compares
to the filamentary structure of the CO(2—1) emission.

3.2. [O11] emission

While [C 11] emission is well detected almost everywhere in the
mapped region, [O111] is more challenging to detect. This is
mainly due to the higher noise level of the [OIII] map caused
by the smaller integration time per beam of the blue channel.
To analyze the data, we smoothed the map to the same resolu-
tion as [C11] in the three bright star formation regions (15.3").
However, to increase the S/N per beam everywhere else in the
map, the map was re-binned to 24" with a 48" aperture for
the line fits (Fig. 1) there. The resulting map shows that the
[O 111] emission, which traces ionized gas, is more localized and
compact compared to the [C 1] emission. The brightest [O11I]
emission is concentrated toward the three major SFRs, dropping
off rapidly beyond the star-forming sites. Yet, [O I1I] emission
is still detected in large areas of the map even outside of the
bright regions. This is consistent with the detections of [O1I1]
by AKARI in the molecular ridge region Kawada et al. (2011).
Where [O111] is detected, it is typically brighter than [C1I] (see
Fig. 5). The bright [O 111] emission spatially correlates with the
24 pum emission and with the Ltg which are usually attributed
to dust heating by young, massive stars and serve as a good trac-
ers of ongoing dust-obscured star formation (e.g., Gratier et al.
2012; Corbelli et al. 2017; Kim et al. 2021). Notably, there is
an extended region directly north of N158 (marked in yellow in
Figs. 2 and 3), which has extended clear detections of [O111],
although not particularly bright in [C 11] or Lyg.

4. Discussion

In this section, we investigate the relationship between [C 1] and
[O 111], and other tracers to characterize the physical properties of

7 https://astroarchive.noirlab.edu/portal/results/
collection/DeMCELS/
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Fig. 4. Licy/Lrir versus Lk in the molecular ridge in 12"x 12" pixels.
Yellow, blue, red, green, and brown colors refer to the regions outlined
in Figs. 2 and 3. Gray points represent the pixels in the ridge outside
of these regions. Data for 30 Doradus from Chevance et al. (2020) is
added. The gray line represents the average minimum detectable [C 11]
line flux for S/N = 3. The large circles represent the ratio values for
the whole ridge (cyan) and the three bright SFRs (N158: blue; N160:
red; N159:green), relative to the mean Lrr. The areas with filled colors
represent observations from: Orion A (Pabst et al. 2021); M51 (Pineda
et al. 2018); N11B (Lebouteiller et al. 2012).

the region. Due to the ionization potential of carbon being close
to but smaller than that of hydrogen, [C1I] can trace gas from
H Il regions as well as PDRs. Studies have shown that the ionized
phase often contributes negligibly to its emission (e.g., Pineda
et al. 2013; Tarantino et al. 2021). In particular, in low-Z envi-
ronments [CII] originates predominantly from PDRs rather than
from H II regions (Cormier et al. 2019; Lebouteiller et al. 2019;
Ramambason et al. 2022). In general, any [C 11] arising from the
ionized gas decreases as the radiation field increases. Toward
30 Doradus, one of the most massive SFRs in the LMC, it has
been shown that at least 90% of the [C1I] emission originates
in PDRs (Chevance et al. 2016). To aid in the interpretation of
the ratio plots, we highlight several regions, which are shown in
the three-color image in Fig. 2 and the Lyig image of Fig. 3. The
three bright SFRs, N158 (blue), N160 (red), and N159 (green),
were delineated by hand based on the Lyg emission (Fig. 3) at a
level of ~1000 L,;/pc?. Some regions based on bright CO(2-1)
emission relative to Lyr are outlined in brown and a region of
relatively bright diffuse [O IIT] emission, located north of N158,
is outlined in yellow. These regions are noted in these colors in
the plots of Figs. 4, 5 and 6.

4.1. [Cu] compared to TIR

In conditions of thermal equilibrium within PDRs, the heat-
ing due to the radiation from young stars should be balanced
by the cooling through line emission. Dust absorbs UV radi-
ation emitted by stars, and primarily cools by re-emitting in
the infrared. Small grains and polycyclic aromatic hydrocar-
bons (PAHs), when heated by stellar radiation, release electrons
that heat the surrounding gas, via the process of photoelectric
heating — the dominant heating mechanism in PDRs (see e.g.,
review by Wollfire et al. 2022). The fraction of energy in the dust
heating that is transferred to the gas heating is measured with
the photoelectric heating efficiency, which is the ratio of gas
heating to dust heating. Since [C IT] emission is the main cooling
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versus Licop/Lrr in 12”7 pixels. CO(1-0) was estimated from CO(2-1) assuming a ratio of CO(2-1)/CO(1-0) of 0.6 (e.g., den Brok et al. 2021;
Maeda et al. 2022). The average ratio (no fit) of Licm/Lco(i-0) from the molecular ridge is indicated with the cyan line. The large circles represent
the ratios based on the fluxes for the whole regions, in cyan for the whole molecular ridge and in matching colors for the three star formation
regions. The area filled in red represents the data range for dwarf galaxies from Madden et al. (2020) using a L to Lgr ratio of 0.6.

10-° —
x ridge ke
a  ridge upper limts (S/N < 5) e
— LMCfit
——- LMC fit 95%
— |
T
L 1076 -
b 0
o~
I
—
= 10774
e
A aa
10—8 3 alha L

10! 102 103

MIPS 24um [M]y sr™1]

1073

x  ridge
a  ridge upper limts (S/N < 5)

[omu] [W m=2sr=1]

1078 —=

106 10-5

Hy [W m~2sr~1]

Fig. 6. [O 111] emission versus 24 um continuum emission (left) and versus Ha (right) in the three star formation regions in 12" X 12" pixels and at
48" resolution (in 24” x 24" pixels) for the rest of molecular ridge map with a detection more than 50 in both. Yellow, blue, red and green colors
refer to the regions outlined in Figs. 2 and 3. Gray points represent the pixels in the ridge outside of these identified regions. For the diffuse regions
shown in gray and yellow, fit results with a S/N below 5 are shown as upper limits. The black lines in the left plot show the fit linear relation and
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channel in diffuse PDRs, and Ltr accounts for all contribu-
tions from the dust emission, the Lic/Lyr ratio has been used
as a tracer of the photoelectric heating efficiency (e.g., Diaz-
Santos et al. 2013; Cormier et al. 2015). Several studies (e.g.,
Malhotra et al. 1997; Gracid-Carpio et al. 2011; Diaz-Santos et al.
2017; Herrera-Camus et al. 2018) have shown that the Lc m/Ltir
ratio decreases with the increase in Lyg for emission integrated
over full galaxies. This “[C11]-deficit” affects the reliability of
[C11] as a tracer of star formation. Herrera-Camus et al. (2018)
investigated the [C 11]-deficit in a sample of unresolved galaxies
using toy models as well as Cloudy simulations. Their find-
ings suggest that the observed decrease in Licm/Lpr can be
explained by an increase in the ionization parameter with Lgg.
The models indicate that as the ionization parameter increases,
the far-infrared emission increases, but the photoelectric heating
efficiency declines, leading to a reduction in Ljcm/Lrr. Several

recent studies using higher spatial resolution data from Herschel
and SOFIA resolving parts of galaxies or fully mapping them
(e.g., Lutz et al. 2016; Smith et al. 2017; Pineda et al. 2018; Bigiel
et al. 2020; Sutter & Fadda 2022b) have shown that the [C1I]
deficit is not driven by global properties of galaxies but rather by
local physical properties. These studies find that the Ljc 1y to Ltr
ratio continuously declines with increasing Lrjr. A similar trend
was also shown within the Milky Way with a large-scale [C11]
map in Orion A by Pabst et al. (2021), confirming this behavior.

Figure 4 shows the Lijciy/Ltr ratio as a function of Lrr
(Belloir et al., in preparation) for the molecular ridge as well
as 30 Doradus (Chevance et al. 2020). The L;cm/Ltr ratio for
the entire molecular ridge is about 0.7% and the three bright
SFRs with around 0.3% fall well within the range for entire
galaxies in the DGS sample (0.04%-0.8%) from Cormier et al.
(2015). The values throughout the molecular ridge span about
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three orders of magnitude in Lyg and about two orders of mag-
nitude in the Licy/Lrr ratio, with a clear trend of decreasing
Licm/Lir as Ltir increases. The ridge regions extended beyond
the main SFRs (gray points in Fig. 4) are located in the upper left
of the plot, exhibiting the highest L;c/Lr ratios and lowest
Lyr values, followed by the regions with bright CO(2-1) emis-
sion (brown) and regions with relatively bright diffuse [O 111]
emission (yellow) located outside the main SFRs, north of N158.
Next in the sequence are the data of the SFRs of the ridge, which
in parts are bright in Lyg and overlap with the 30 Doradus data
points, that show very low Ljc/Lir with high Lrig.

Throughout the molecular ridge, Ljc;j/Lr maintains a clear
trend, with less scatter than in 30 Doradus, varying by no more
than ~0.5 orders of magnitude from a straight trend. At lower
Lyr, the trend is potentially affected by the noise limit of the
[C 1] map, but remains clear, as [C1I] is detected in the large
majority of the mapping area. The three brightest SFRs exhibit
a pronounced decline in Ljc/Lr in their brightest regions,
compared to the overall trend. In these dense regions, [O 1] line
emission likely contributes significantly to the cooling (as seen
in N11 in Lebouteiller et al. 2012). However, the clear and con-
tinuous drop in Licy relative to Lyr throughout the dynamic
range strongly suggests a correlated decrease in the photoelectric
heating efficiency with increasing Lrr.

For the bright SFRs, Lyr spans a similar range to that in
the 30 Doradus map. The L;cy/Lr ratio falls into the same
range as in 30 Doradus. However, for most of the data points
of 30 Doradus, the Ljci/Lir ratio is lower than in any part of
the molecular ridge. The ionizing sources in 30 Doradus, which
are more energetic than those of N158, N159, and N160, lead
to increased ionization of carbon ions, reducing [C IT] emission
relative to Ltr (Chevance et al. 2016).

At lower spatial resolution, Israel et al. (1996) observed
enhanced [CII] emission relative to infrared emission around
N159, attributing it to deep UV penetration due to low dust-to-
gas ratio. Similarly, Madden et al. (1997) encountered elevated
Licm/Ltir in some more diffuse regions of the low-Z galaxy
IC10, suggesting that the high ratio indicates the presence of
low UV fields and deep UV penetration caused by the low dust-
to-gas ratio. This also is thought to result in a large fraction of
CO-dark molecular gas in those regions where [C IT] presumably
is tracing significant amounts of molecular hydrogen. The trend
also agrees with the findings in M33 by Kramer et al. (2020),
where a different Ltig definition was used, preventing a precise
comparison.

Figure 4 also displays the range of values from N11B
(Lebouteiller et al. 2012) in the LMC, as well as large regions
mapped in Orion A (Pabst et al. 2021), and M51 (Pineda et al.
2018). The spread of values altogether show good agreement,
following the sequence the ridge observations, across different
environments and scales, revealing a consistent trend: Ljc j/Ltr
increases at lower Lyr values, with a tight correlation. This sug-
gests a strong link between the [C 11]-deficit and local physical
conditions. A more detailed analysis of the Ljc/Lyr ratio and
possible origins of the high values found in the diffuse parts of
the ridge is presented in Belloir et al. (in preparation).

4.2. [O11] compared to [C11]

The ratio of L[O III]/L[C 1 over LTIR is shown in Fig. 5 left. For
comparison, data for 30 Doradus from Chevance et al. (2020)
are shown as well. In the diffuse regions, we display pixels with
S/N > 5 for both emission lines, while pixels with lower S/N
are also included but marked with different symbols. The range
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of ratios observed closely matches the range of ratios integrated
over the low-Z dwarf galaxies from the DGS sample (Cormier
et al. 2015). While [O 111] line flux is on average 13 times that of
[C 11] in the 30 Doradus map, the values are significantly lower in
the SFRs along the molecular ridge. The Lo mm/Licm ratio is on
average 3.2 for N158 and 2.3 for N160 and 2.2 for N159 — consis-
tent with these regions being less energetic than 30 Doradus. The
three bright SFRs exhibit a wide range of Ljonr/Licy ratios. In
some areas, the ratio is particularly low because the [O I11] emis-
sion declines sharply beyond the H II regions, where the ionizing
radiation is less energetic and conditions are less favorable for
producing [O 111] emission, due to its relatively high ionization
potential of ~35 eV.

The remaining points, corresponding to more diffuse
emission (yellow, brown, and gray), generally exhibit higher
Liomy/Licmy ratios, with a trend of increasing ratios at lower
Ltk values. Due to the limited area where [O1I1I] has been
detected, this does not show a general trend but rather the exis-
tence of areas in the diffuse parts of the molecular ridge with
relatively high Liomm/Licm compared to the bright star forma-
tion regions. The [O 111] emission of these areas is, on average,
4.1 times stronger than the [CII] emission. Lower ratios are
expected in the regions without clear detections as shown by the
ratios based on the upper limits for [O 111]. Similar to 30 Doradus
(Chevance et al. 2020), the existence of relatively strong [O I11]
detections compared to [C1I] in the extended, diffuse regions
of the molecular ridge, indicates the high porosity of the low-Z
environment, where high energy photons can travel significant
distances before interacting with the ISM. The Lo irj/Lic i ratio
is higher in the more diffuse regions, where Lici/Ltr is ele-
vated as well, also suggesting the presence of a diffuse UV field
permeating a porous, clumpy ISM. This is further supported by
the small-scale clumpy structure observed in the CO(2-1) map
(Section 4.3). This conclusion is in agreement with those of
Poglitsch et al. (1995) and Chevance et al. (2016) for 30 Doradus
and Lebouteiller et al. (2012) for N11B.

4.3. [C11] compared to CO

The Licm/Lco(i-o0) ratio has been used as a tracer of global star
formation activity in galaxies (e.g., Stacey et al. 1991). In normal
star-forming galaxies this ratio typically ranges from ~1000 to
4000, with higher values observed in more active starburst galax-
ies (e.g., Stacey et al. 1991; Stacey et al. 2010; Hailey-Dunsheath
et al. 2010). In contrast, dwarf galaxies show ratios as high as
80 000 (Madden et al. 2020).

Figure 5 right shows the [C1I] luminosity versus the CO
luminosity (where both [C11] and CO(2-1) have been detected)
normalized by Ltr. To estimate the CO(1-0) luminosity we used
the CO(2-1) ALMA data from Tarantino et al. (in preparation)
and Chen et al. (in preparation) and assumed a CO(2-1)/CO(1-
0) ratio of 0.6 in K/(km/s) (e.g., den Brok et al. 2021; Maeda et al.
2022). [C11] is much more extended and diffuse than CO, which
leads to a large range of Ljc/Lcoci-0) across the map, from 300
to over 100 000. While both [C11I] and CO peak locally on the
Lyr peaks, CO exhibits filamentary structures not associated
with either [C1I] or Ltr emission and [CII] is present where
no CO exists, as well. Some of these regions, framed in brown
in Fig. 2, show large variations in Lico)/Ltr and Licm/Lcoci-o)
(30025 000) ratio as well as the highest L;c oj/Ltir and the low-
est Licm/Lcoci-0) values. Even within the three bright SFRs,
the Licim/Lcoqi-0) ratios vary significantly, from about 1000
up to over 100 000. The average ratios of the SFRs, N158
(17 000), N160 (12 000), and N159 (8000) closely match the
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overall molecular ridge average value of 11 000. When computed
pixel by pixel, the average ratio is even higher (25 500), with a
tendency toward higher ratios in the more diffuse areas.

While the Lici/Leogi-oy ratios in the molecular ridge (300
to 100000) are lower compared to those found in 30 Doradus
(50 000-200 0000 (Chevance et al. 2016)), they are very high
compared to normal star-forming galaxies(1000—4000). Both the
molecular ridge overall, as well as the three SFRs, exhibit values
of L[C II]/LCO(I—O) ( as well as L[C II]/LTIR and L[C O]/LTIR) typical
of the ratios integrated over the low-Z galaxies from the DGS
sample (Cormier et al. 2015; Madden et al. 2020; Ramambason
et al. 2024). The extreme range of Lcm/Lcoci—o) ratios in the
molecular ridge reflects significant variations in CO emission.
The Ljcoj/Ltir ratios span more than two orders of magnitude,
the spread being driven, for the most part, by variations in CO,
rather than variations in Ltr. Across the map, Licm/Lcoci-o)
values vary by three orders of magnitude, with higher ratios in
regions with low Lc¢g, holding important implications for CO-
dark gas as well as the multiphase nature of [C11I]. This will be
explored further in an upcoming paper.

4.4. [O11] compared to 24 um continuum emission

Lambert-Huyghe et al. (2022) demonstrated a correlation
between [O I11] emission and 24 pwm continuum emission using
spatially resolved Herschel/PACS [O 111] maps of SFRs through-
out the LMC. While Lambert-Huyghe et al. (2022) include
N158, N159, and N160 in their study, the [OII1] observations
were limited strictly to the bright star formation sites, not going
beyond. Their study also included the unresolved galaxy-wide
low-Z DGS galaxies. While [O111] traces the ionized gas, the
~24 pm continuum emission is emitted, for the most part, by the
warm dust and is considered to be one of the most reliable trac-
ers of the star formation rate in galaxies (e.g., Kennicutt et al.
2009, Whitcomb et al. 2023, Belfiore et al. 2023). With the new
data presented in this paper, we extend the analysis of Lambert-
Huyghe et al. (2022) to the surrounding medium beyond the
previously targeted SFRs only, investigating the behavior of the
24 um warm dust and the [O 111] in the more extended, diffuse,
low-Z environments.

Figure 6 shows that the [O I11] line emission and the 24 um
continuum emission correlate well within the three bright SFRs,
beyond the small areas of peak [OIII] emission mapped with
Herschel/PACS, and, in general, follow the correlation shown
by Lambert-Huyghe et al. (2022) and also seen in some LMC
regions detected by AKARI (Kawada et al. 2011)%. However, in
the more extended, diffuse regions (gray and yellow markers),
where the 24 pm emission has fallen off and [OII1] remains
well-detected, we find a deviation from the rather tight corre-
lation of [O 111] and 24 pm toward the bright star formation sites.
The [O11] — 24 wm relation has a tendency to flatten further
from the star-formation sites. [O III] emission can exist, where
the hot dust emission arising from 24 um does not reach. The
dust and the highly excited [O 111] seem to be well mixed around
the SFRs, but less so outside these regions.

Related to this, we do see a correlation between [O 11I] and
Ha (Fig. 6) for the brighter SFRs as well. For lower values
of He, [O111] is also relatively more prominent, pointing to a
flattening out of the correlation seen for higher values of Ha,
similar to [O11] versus 24 pm. Overall, the individual SFRs

8 They compare [O111] to the 88 pwm continuum, which they demon-
strate exhibits a strong correlation with the 24 um continuum.

and the extended regions have different behaviors in [O I11] ver-
sus 24 pm and [O 11] versus H « (and [O 111] versus [C1I]; see
Section 4.2). This will be the subject of a follow-up study to
investigate the roles of the excitation sources and radiation field,
the distribution of dust and gas densities, and porosity in the
observations.

5. Conclusions

The SOFIA Legacy Project, LMC*, has mapped a 610pc x 260pc
region in the molecular ridge in the LMC in [C11] and [O 111] at
2.5 pc resolution, using FIFI-LS. This paper presents the first
results from these observations, including the line flux maps,
details of the observational strategy and the data reduction pro-
cedures, for which some new techniques have been developed.
Both the [C11]A158 pm and [O11]4A88 pwm lines are detected
widespread throughout the region. This first analysis compares
the LMC™* observations with maps of other tracers, including
CO(2-1) from ALMA (Tarantino et al., in preparation; Chen
et al., in preparation), Spitzer 24 pm, and Lyr (Belloir et al.,
in preparation). We summarize our findings here:

— While the [C11] emission peaks toward the three prominent
star-forming sites, N158, N159, and N 160, it is detected well
beyond these concentrations, throughout the LMC* map.
The importance of [C1I] as a cooling line relative to Ltr
increases with decreasing Lrg. Across a wide variety of
environments and different size scales, we see a consistent,
tight correlation between Licy/Ltir and Lyir over three
orders of magnitude of Ly, with increasingly high values
of Licm/Ltir for lower values of Ltr. This trend points to
a strong link between the [C 11]-deficit and the local physical
conditions instead of global properties.

— We find extended bright [OTII] emission throughout the
region, even beyond the three bright star formation regions.
Where [O111] is detected, it is almost always brighter than
[C11]. The Liom/Licm ratio reaches 10 in the extended,
more diffuse regions, indicating the presence of a diffuse
UV field within a porous and clumpy ISM. However, the
ridge values of Liomy/Lici do not reach the extreme ratios
of ~100 found in 30 Doradus (Chevance et al. 2020).

— We find the Lic/Lco(i-o) ratio to be extremely high in most
of the molecular ridge as well to display a large variation
of over three orders of magnitude with high Licm/Lcoci-o
preferring regions with low L¢o, possibly holding important
implications for CO-dark gas.

— We confirm the correlation between [O 111] and 24 pm found
by Lambert-Huyghe et al. (2022) who targeted only the
bright SFRs. Where we detect [O I1T] emission outside of the
brightest regions, it is not correlated with 24 pm, but remains
high as the 24 um emission decreases, another indication of
the high porosity of the ISM in this environment.

This paper presents the first results of the LMC* project, with
the aim of characterizing the physical conditions and thermal
processes across the different phases of the ISM. By zooming
into our nearest low-Z galaxy, an ideal laboratory for such stud-
ies, we can understand how local ISM properties influence star
formation on parsec scales. Future papers will provide detailed
modeling and analyses to further explore these goals.

Data availability

Line flux maps of [CII] and [O111] are available at
the CDS via https://cdsarc.cds.unistra. fr/viz-bin/
cat/J/A+A/702/A273.
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Appendix A: Sample spectra from the [C 11] and
[O 1] maps

In this section we show sample spectra for both [C 11] and [O 111]
at a total of seven locations throughout the map. The locations
are marked and labeled in both plots of Fig. 1 and represent
the dynamic range of fluxes detected in both lines. For [C1I]
and [OT1II] in the three bright star formation regions, fluxes
are extracted and fit in 15.3"”apertures. For [O111] at the four
locations in the diffuse parts the fluxes are extracted and fit in
48" apertures. The fit results are shown by the dashed black lines.
For [O111] in addition to the overall fit result the baseline com-
ponent is shown by a red line to aid the visual separation of the
astronomical line from the baseline. Details of the line fitting are
described in chapter 2.1.3.
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Fig. A.1: Spectra from location N158 indicated by the crosses
in Fig. 1 averaged in apertures drawn around the location with a
15”” diameter. The measured spectra are shown by the connected
black stars. The dashed black line shows the fit signal. For the
[O 11] spectra the fit baseline is additionally shown as a red line.
Details of the line fit can be found in section 2.1.3. Top: [C11],
Bottom: [O111].
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Fig. A.2: Same as figure A.1, but Top 2: N160; Bottom 2: N159.
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Fig. A.3: Same as figure A.1, but with aperture diameters of 48" for [O 111]. From top to bottom: difl, dif2, dif3, dif4.
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Appendix B: Cross calibration with Herschel/PACS

This appendix reports the flux measurements performed in
20 different apertures observed by both SOFIA/FIFI-LS and
Herschel/PACS.

Table B.1: PACS versus FIFI-LS cross-correlation

line R.A. Dec. radius  line flux FIFI-LS  line flux PACS  (Frirr — Fpacs)/Fracs
J2000) (J2000) (arcsec) (107“W m™?) (107“W m™?) (%)
[O11] 05h39m13.46s -69d30m37.84s 18 5.5+0.6 5.21+£0.02 5.6
[O11] 05h39m13.62s -69d29m52.35s 18 3.0+£0.5 3.05+0.04 -1.6
[O11]  05h39m44.40s  -69d38m42.68s 18 16.2+1.1 16.29+0.09 -0.6
[O11] 05h39m35.57s  -69d39m17.57s 18 5.1+0.8 4.93+0.04 3.4
[O11]  05h39m37.90s -69d45m23.00s 18 1.8+0.4 1.90+0.01 -5.2
[O11]  05h39m39.98s  -69d46m21.13s 18 7.0+0.8 7.29+0.04 -4.0
[O11] 05h39m53.61s  -69d45m19.57s 18 7.6+0.6 6.97+0.04 9.0
[O11]  05h40m07.77s  -69d44m58.83s 18 9.6+0.6 8.96+0.04 71
mean deviation: 4.6%
[Cii]  05h39ml16.31s  -69d30m39.67s 18 1.8+0.2 1.78+0.02 1.1
[Ci] 05h39m15.49s -69d29m58.11s 18 1.53+0.04 1.53+0.02 0
[C]  05h39m38.55s -69d39m10.41s 18 2.0+0.1 2.09+0.02 -4.3
[Cii] 05h39m45.71s  -69d38m38.42s 18 2.46+0.07 2.46+0.02 0
[Cr]  05h39m37.96s -69d46m11.78s 18 2.02+0.09 2.08+0.02 -2.9
[C]  05h39m37.26s -69d45m27.63s 18 1.62+0.03 1.66+0.02 2.4
[Cii] 05h39m56.75s  -69d45m29.81s 18 1.37+0.03 1.36+0.01 0.7
[Cr]  05h39m52.13s  -69d45m02.63s 18 1.54+0.09 1.51+0.01 2.0
[Ci] 05h39m46.52s -69d44m42.04s 18 1.7 0.1 1.75+0.01 -2.9
[Cii] 05h40m04.85s -69d44m37.70s 18 2.18+0.04 2.18+0.02 0
[Cr]  05h40mO01.53s  -69d50m21.80s 18 0.21+0.02 0.211+0.002 -0.5
[C] 05h39m55.28s  -69d50m17.63s 18 0.14+0.03 0.172+0.002 -18.6
mean deviation: 3%
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