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ABSTRACT

Context. The [C11] 158 wm fine-structure line is one of the dominant coolants of the neutral interstellar medium. It is hence one of the
brightest far-infrared (FIR) emission lines and can be observed not only in star-forming regions throughout the Galaxy, but also in the
diffuse interstellar medium and in distant galaxies. [C I1] line emission has been suggested to be a powerful tracer of star formation.
Aims. We aim to understand the origin of [C 1I] emission and its relation to other tracers of interstellar gas and dust. This includes a
study of the heating efficiency of interstellar gas as traced by the [C 11] line to test models of gas heating.

Methods. We made use of a one-square-degree map of velocity-resolved [C1I] line emission toward the Orion Nebula complex,
including M 43 and NGC 1977. We employed Herschel FIR photometric images to determine dust properties. Moreover, we compared
with He emission from the ionized gas, Spitzer mid-infrared photometry to trace hot dust and large polycyclic aromatic hydrocarbons
(PAHs), and velocity-resolved IRAM 30m CO(2-1) observations of the molecular gas.

Results. The [C11] intensity is tightly correlated with PAH emission in the IRAC 8 um band and FIR emission from warm dust.
However, the [C 11] intensity depends less than linearly on the 8 wm and FIR intensity, while 8 pm and FIR intensities are approximately
linearly correlated. The correlation between [C 11] and CO(2-1) does not show a clear trend and is affected by the detailed geometry of
the region. We find particularly low [C 11]-over-FIR intensity ratios toward large columns of (warm and cold) dust, which suggest the
interpretation of the “[C 11] deficit” in terms of a “FIR excess”.

Conclusions. In terms of the [C11] deficit, we find clear evidence in our data for the importance of [O1] 63 um emission in the
photodissociation regions (PDRs) associated with the Huygens region. A smaller contribution is made by a decreased heating efficiency
in regions of high UV irradiation. FIR emission from deeply embedded protostars leads to palpably deficient [CII]/FIR intensity
ratios. The [C11] directly associated with the M 42, M 43, and NGC 1977 regions underestimates the star formation rate derived
from extragalactic scaling relations. We ascribe this to the importance of [C11] emission from low surface brightness PDR surfaces
of molecular clouds which are not included in our survey. Future studies of more active regions of massive star formation will be
instrumental in validating the general applicability of these conclusions.

Key words. ISM: individual objects: M 42, M 43, NGC 1977 — infrared: ISM — ISM: structure

1. Introduction

The [C11] 158 um fine-structure line dominates the far-infrared
(FIR) spectrum of the Milky Way, carrying up to 1% of the total
luminosity (Bennett et al. 1994). Given the small energy sep-
aration of the two fine structure-levels (AE =91.2 K), the low
critical density (several 10° cm™ for collisions with hydrogen
atoms; e.g., Goldsmith et al. 2012), and the high abundance
of carbon, this transition is the dominant cooling line of dif-
fuse atomic gas (Dalgarno & McCray 1972), the so-called cold
neutral medium phase of the interstellar medium (ISM). In the
surfaces of molecular clouds, the CO molecule is photodissoci-
ated and carbon is singly ionized (ionization potential of 11.3 eV)
by the interstellar radiation field. This so-called CO-dark (atomic
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and) molecular gas (Grenier et al. 2005; Wolfire et al. 2010)
also radiates substantially in the [C1I] line (e.g., Langer et al.
2010). Also in regions of massive star formation, the strong UV
field photodissociates molecules, ionizes atoms, and heats the
gas. These dense photodissociation regions (PDRs) emit bright
atomic fine-structure lines. In particular, the [C 11] 158 pm line
and the [O1] 63 and 145 um lines (at high gas densities) are
the main gas coolants (Hollenbach & Tielens 1999). Finally, the
[C 1] line can also arise from low-density regions of ionized gas,
such as the warm ionized medium (Heiles 1994). Observational
studies have demonstrated that each of these ISM components
contributes to the [C I1] emission of the Milky Way (e.g., Stacey
et al. 1991; Shibai et al. 1991; Bennett et al. 1994; Bock et al.
1993; Abdullah & Tielens 2020). In particular, the pencil-beam
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Herschel/HIFI GOTC+ [C11] survey suggests that much of the
observed [CII] emission in our Galaxy emerges from dense
PDRs (~47%), with smaller contributions from CO-dark molec-
ular gas (~28%), cold atomic gas (~21%), and ionized gas (~4%;
Pineda et al. 2013).

Irrespective of its origin, the [C II] emission is linked to the
presence of stellar far-ultraviolet (FUV) photons (E < 13.6eV).
As FUV photons are tied to the presence of massive O and
B stars that have short lifetimes, the [C1I] 158 um line is also
a star formation rate (SFR) indicator. Indeed, ISO, Herschel
and SOFIA observations have demonstrated the good correla-
tion between the [C1I] luminosity and the SFR in the Milky
Way and in regions of massive star formation in other galaxies
(e.g., Kramer et al. 2013, 2020; Pineda et al. 2014, 2018; Herrera-
Camus et al. 2015, 2018; De Looze et al. 2011). With ALMA and
NOEMA, ground-based observations of the [C1I] 158 um line
in high redshift galaxies have come into reach and such data are
routinely used to infer SFRs (e.g., Walter et al. 2012; Venemans
et al. 2012; Knudsen et al. 2016; Bischetti et al. 2018; Khusanova
et al. 2021) based upon validations of this relationship in the
nearby Universe (Herrera-Camus et al. 2018; De Looze et al.
2011). However, it is well-understood that the intensity of the
[C11] line depends on the local physical conditions (Hollenbach
& Tielens 1999). Observationally, the presence of the so-called
[C 11]-deficit — a decreased ratio of [C1I] 158 um luminosity to
FIR dust continuum with an increasing dust color temperature
and also with FIR luminosity — is well established (Malhotra
et al. 2001; Diaz-Santos et al. 2013; Magdis et al. 2014; Smith
et al. 2017). This deficit is particularly pronounced in (local)
ultraluminous infrared galaxies (ULIRGs), very dusty galax-
ies characterized by vigorous embedded star formation (e.g.,
Luhman et al. 2003; Abel et al. 2009; Gracid-Carpio et al. 2011).
This deficit, however, does not necessarily hold in the early Uni-
verse at high redshift (e.g., Stacey et al. 2010; Brisbin et al. 2015;
Capak et al. 2015). Some studies have indicated that not only
[C11] emission is deficient in some sources, but other FIR cool-
ing lines ([O 1], [O 111], [N 11]), as well (e.g., Gracid-Carpio et al.
2011; Herrera-Camus et al. 2018). These deficits must be linked
to the global ISM properties and star-formation characteristics in
these galaxies.

As these FIR cooling lines and FIR dust continuum emission
are often the brightest signature from the ISM of distant star-
forming galaxies, their luminosities should allow us to determine
galaxy-averaged gas physical conditions, SFRs, and ultimately
distinguish the dominant star-forming modes and galaxy evolu-
tionary stages (e.g., starbursts, mergers). Before exploiting such
a powerful diagnostic tool box of star-formation across cosmic
time, it is mandatory to fully understand the origin of the FIR
fine-structure line emission, its link with the SFR, and how does
it relate to other proxies of the SFR (dust, Ha, PAH, and molec-
ular gas emission). Here we try to answer these questions with
square-degree [C I1] 158 wm mapping observations of the proto-
typical star-forming cloud in the disk of the Milky Way, Orion A
(Pabst et al. 2019). Our study is relevant in the extragalactic con-
text because, thanks to Herschel and now much more efficiently
with SOFIA, we have access to velocity-resolved wide-field (spa-
tial scales of several parsec) maps of the [C11] 158 um emission
over nearby, spatially-resolved regions of massive star formation
(Goicoechea et al. 2015b; Pabst et al. 2019, 2020; Schneider et al.
2020). This means that any variation of the surface brightness
spatial distribution of these observables can be directly linked
to the characteristics of each line-of-sight, its local physical and
FUV-illumination conditions, and its SFR surface density. Map-
ping large spatial scales of star-forming regions in the Milky
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Way is mandatory to properly compare with the extragalactic
emission. As we show here, the [C 11]-to-infrared dust intensity
ratio over the mapped areas in Orion A varies by about two
orders of magnitude, showing the same range of intensity ratios
displayed by galaxies hosting very different physical conditions
and SFRs (e.g., Stacey et al. 2010). This similarity suggests that
Orion A is a good local template to understand the origin of the
[C11] 158 um emission and its connection to the SFR in galaxies
(see also the discussion by Goicoechea et al. 2015b; Rybak et al.
2020a). In order to expand our study and include regions of low
[C11] 158 um surface brightness into the analysis (i.e., low FUV
illumination), and to investigate the role of different environment
and stellar content (at solar metallicities), we also compare with
the [C 1I] emission seen around the Horsehead Nebula (in Orion
B, about 3° north of Orion A; Pabst et al. 2017; Bally et al. 2018)
and also with the [C1I] emission imaged over the entire nearby
spiral galaxy M 51 (Pineda et al. 2018), both mapped by SOFIA.

The [C11] line is the dominant cooling line of low-to-
moderate density PDRs illuminated by moderate FUV radiation
fields (Hollenbach & Tielens 1999). The incident FUV photons
are efficiently converted into heating of the gas through photo-
electrons from PAHs and very small grains (Bakes & Tielens
1994). This photoelectric effect is also the main heating agent
for diffuse HI clouds in the Milky Way and is responsible for
the two-phase structure of the ISM and the physical conditions
therein (Wolfire et al. 1995). Observational studies of the [C11]
emission from PDRs thus provide insight in the dominant heat-
ing process of largely neutral gas (Pabst et al. 2017; Andrews
et al. 2018; Salas et al. 2019).

This study is organized into a series of two papers. In this
paper (Paper 1), we examine the relationship between the [CI1]
emission and other observational tracers of star formation, as
well as the implications for the [C 11] deficit, using the square-
degree observations of Orion carried out with SOFIA/upGREAT
(for details see Pabst et al. 2019, 2020). In a second paper
(Paper II), we investigate the correlations in more detail, relate
them to small-scale emission features and PDR physics, and
compare with detailed PDR models. This paper is organized as
follows: In Sect. 2, we briefly describe the observations used
in this study. Section 3 discusses the global morphology of the
[C11] line emission and presents the correlations we find of the
[C11] emission with other tracers of gas and dust in the Orion
Nebula complex. In Sect. 4, we discuss the implications of the
results of Sect. 3 and the relation between [CII] emission and
the star-formation rate. We summarize our results in Sect. 5.

2. Observations

2.1. The M42, M43, and NGC 1977 regions of massive star
formation in Orion

In this study we make use of observations toward the Orion A
molecular cloud. We briefly describe the region in this section.
The Orion A molecular cloud toward the Orion Nebula (NGC
1976 or M 42) is the closest site of ongoing massive-star forma-
tion, and thus a perfect template to resolve the spatial distribution
of the [C11] emission. At a distance of 414 + 7pc from the Earth
(Menten et al. 2007), it covers about one square degree on the
sky. To the north of the Orion Nebula lies De Mairan’s Nebula
(NGC 1982 or M 43) and the Running-Man Nebula with NGC
1973, 1975, and 1977, where NGC 1977 is the dominant source.
The Orion Nebula itself is illuminated by the massive stars in the
Trapezium cluster, the dominant star being the O7V star 6' Ori
C at only ~0.3 pc from the molecular cloud. According to the
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blister model (Zuckerman 1973; Balick et al. 1974), the envi-
roning H1I region, the so-called Huygens Region, is located in
front of the background Orion A molecular cloud. This very
central part of the cloud includes the Orion Molecular Core 1
(OMC1) that hosts the embedded massive-star forming clumps
Orion BN/KL and Orion S (e.g., Genzel & Stutzki 1989). OMC1
also hosts the famous Orion Bar, a FUV-illuminated edge of the
molecular cloud, and an archetypical example of a strongly irra-
diated PDR (G =~ 10*) that has been subject of many detailed
studies (e.g., Tielens et al. 1993; Goicoechea et al. 2016). The
H 11 regions of M 43 and NGC 1977 are ionized by the B0.5V star
NU Ori and the B1V star 42 Ori, respectively. All these regions
are subject to ongoing dynamical evolution. M 42 is surrounded
by a stellar-wind driven shell expanding at 13kms~! (Pabst et al.
2019), filled with a photo-ionized medium (O’Dell & Harris
2010) and an X-ray emitting hot plasma (Gtidel et al. 2008). Both
M43 and NGC 1973, 1975, and 1977 are surrounded by shells
that expand under the influence of the contained over-pressurized
ionized gas (Pabst et al. 2020).

2.2. [Cl] observations

We use the same velocity-resolved [C1I] line observations as
Pabst et al. (2019, 2020). Details of the observing strategy and
data reduction are provided by Higgins et al. (2021). The [C11]
158 um line observations toward the Orion Nebula complex,
covering M42, M43 and NGC 1973, 1975, and 1977, were
obtained during 13 flights in November 2016 and February 2017
using the 14-pixel high-spectral-resolution heterodyne array of
the German Receiver for Astronomy at Terahertz Frequencies
(upGREAT!, Risacher et al. 2016) onboard the Stratospheric
Observatory for Infrared Astronomy (SOFIA). We obtained a
fully-sampled map of a 1.2 square-degree-sized area at an angu-
lar resolution of 16” using the array on-the-fly (OTF) mode?.
The resulting root-mean-square noise per pixel at a spectral res-
olution of 0.3kms™! resulted in Ty =~ 1.14 K after re-binning
the original data with a native spectral resolution of 0.04 kms~'.
For the baseline removal, a catalogue of splines was produced
from spectra not containing an astronomical signal and those
were scaled to the astronomical data (see Higgins et al. 2021 for
a detailed description of the adopted approach). The repeatabil-
ity between flights is 7% (Higgins et al. 2021), and we take this
as an estimate of the intensity uncertainty.

2.3. CO(2—1) observations

We also make use of '2CO J=2-1 (230.5GHz) and '3CO
J=2-1 (220.4GHz) line maps taken with the IRAM30m
radiotelescope (Pico Veleta, Spain). The central region
(1° % 0.8°) around OMC1 was originally mapped in 2008 with
the HERA receiver array, and the mapping and data reduc-
tion strategies were presented by Berné et al. (2014). These CO
maps with a native angular resolution of 10.7” were enlarged
using the new EMIR receiver and FFTS backends. The fully-
sampled maps are part of the Large Program “Dynamic and
Radiative Feedback of Massive Stars”. Goicoechea et al. (2020)
give details on how the old HERA and new EMIR CO maps
were merged and on the conversion from antenna temperature
to main-beam temperature. The typical root-mean-square noise

! upGREAT is a development by the MPI fiir Radioastronomie and

KOSMA/Universitit zu Kéln, in cooperation with the DLR Institut fiir
Optische Sensorsysteme.
2 The native resolution, before gridding, is 14.1”.

in the CO(2—-1) map is Tp, =~ 0.16 K at a spectral resolution of
0.4kms~!. The IRAM Large Program is an ongoing survey and
we use the data as available in March 2020. Specifically, cover-
age in NGC 1977 is not complete and the newly observed data
will be the subject of a future paper.

2.4. Dust SEDs

We use the dust SEDs in the Orion Nebula complex described
in Pabst et al. (2020). They use the Herschel/PACS and SPIRE
photometric images of the dust FIR continuum to determine the
effective dust temperature and the dust optical depth, and fit a
modified blackbody,

1 B
Li=BLTy) [1 _exp [—Tleo( 601”’“) ]] 1

with dust emissivity index 8 =2 to the three PACS 70, 100, and
160 um bands, and three SPIRE 250, 350, and 500 um bands,
convolved and re-gridded to the resolution of the SPIRE 500 um
band with 36" angular resolution and a pixel size of 14”’. The
brightest regions around the star-forming cores are saturated in
the Herschel bands and hence excluded from our analysis.

The SED fits are biased toward the warm dust emission, and
thus tend to underestimate the dust optical depth where colder
dust is mixed in the line of sight. Moreover, the dust optical
depth and dust temperature depend crucially on the exact value
of . This is examined in more detail in Paper II. Summariz-
ing, for instance, changing 8 to 1.5 in the SED fits reduces the
dust optical depth by 50%. The integrated FIR intensity is less
sensitive: it varies by less than 20%. We choose =2 in accor-
dance with dust models of Li & Draine (2001), which we use to
calculate dust and gas masses. The general behavior of the corre-
lations identified in this study is not affected. It is worth noting in
this context, however, that the flux calibration uncertainty in the
PACS bands, that dominate our SED fits, is less than 7% (Balog
et al. 2014). We obtain the total FIR intensity by integrating the
obtained SEDs in the range 40-500 pum.

The SED fits mainly serve to determine the properties of
large dust grains in radiative equilibrium. Stochastically heated
UV-irradiated small dust grains might affect our dust SEDs at
the shortest FIR wavelenghts, leading to an overestimation of the
temperature. To estimate the contribution of very small grains
(VSGs) to the PACS 70 pm band we compute the intensity ratio
of this band with the Spifzer/Multi-band Imaging Photometer
for Spitzer (MIPS) 24 um band. At the moderate temperatures
over most of the region, a high 24 um/70 um ratio indicates a
large contribution by VSGs. Dust inside H1I regions is heated
by trapped Lya radiation and emits predominantly at 24 pm
(Salgado et al. 2016) and thus has a high 24 um/70 pm ratio. We
conclude that the contribution of VSGs is small in the line of
sight toward the extended shell of the Orion Nebula. Only in the
Veil bubble interior, that is filled with the hot plasma generated
by the stellar wind from 6' Ori C (Giidel et al. 2008), contribu-
tion by VSGs might be significant. We surmise that emission
from this region is dominated by dust collisionally heated by
hot electrons and cooled through IR emission (Dwek & Arendt
1992). We stress that, examining the optical depth and tempera-
ture maps, the FIR emission in these sight lines is dominated by
the colder material in the molecular cloud in the background.

2.5. Ancillary photometric data

We make use of Ha observations obtained by the Wide Field
Imager (WFI) on the European Southern Observatory (ESO)
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Fig. 1. [C1I] line-integrated intensity (v sg =—10-20kms™!) from
Orion A (16" resolution). The red circles delineate the three distinct
shells of M 42, M43, and NGC 1977. The stars indicate the most mas-
sive stars within each region: 6' Ori C (yellow) in M 42, NU Ori (pink)
in M 43, and 42 Orionis (purple) in NGC 1977. Arrows indicate the posi-
tions of the four molecular cores OMC1-4 along the Integral-Shaped
Filament.

telescope at La Silla (Da Rio et al. 2009) and the ESO/Digitized
Sky Survey 2 (DSS-2) red-band image. We use the Ha image
obtained with the Very Large Telescope (VLT)/Multi Unit
Spectroscopic Explorer (MUSE) toward the Huygens Region
(Weilbacher et al. 2015) to calibrate the WFI and DSS-2 images.
Following the prescription in Pabst et al. (2020), the DSS-2
image is converted into Ha intensity in units of MJysr~! by
dividing by 81.3. The DSS-2 image is saturated in the inner EON,
but that region is well covered by the WFI image.

Moreover, we employ the Spitzer/Infrared Array Camera
(IRAC) 8 um image of the Orion Nebula Complex (described in
Megeath et al. 2012) to trace emission from polycyclic aromatic
hydrocarbons (PAHs). The 8 um band contains predominantly
emission from ionized PAH species (Allamandola et al. 1999;
Peeters et al. 2002). We apply the surface brightness correc-
tion factor, described in the IRAC handbook, of 0.74 to the
archival image. This induces a calibration uncertainty of about
10%, according to the IRAC handbook.

3. Analysis

For the analysis, we convolve and re-grid all images to the res-
olution of the FIR intensity image, that is the poorest resolution
with a beam size of 36" and a pixel size of 14”.

3.1. Global morphology of the emission

Figure 1 shows the [C1I] line-integrated intensity from Orion
A. The [C11]-mapped area in Orion A comprises three distinct
regions. The most massive stars in the Orion Nebula complex,
the Trapezium stars, are found close to the surface of OMCI.
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Here, they create a heavily irradiated PDR at the surface of the
molecular cloud, that radiates bright [C1I] emission. Also the
Veil Shell, the expanding shell that is created by the stellar wind
of the O7V star 6! Ori C (the most massive of the Trapezium
stars), radiates (limb-brightened) [CII] emission. In M 43, we
observe a limb-brightened [C 11]-emitting shell structure, as well,
in addition to the strongly irradiated PDR on the background
molecular cloud. The shell surrounding NGC 1973, 1975, and
1977 also emits substantially in the [C I1] line, the brightest part,
however, being the PDR at the surface of OMC3.

In this paper, we first focus on the global correlations of the
[C 1] emission with other star-formation tracers. In Paper IT we
will study the correlations in more detail by dividing them into
several subregions. Figure 2 shows the distribution of various
gas and dust tracers (FIR, 8 um, CO(2-1), 7169, Ha intensi-
ties, [CII]/FIR ratio) in the Orion Nebula complex with the
[C 1] line-integrated intensity in contours. While the morphol-
ogy of the FIR, 8 um and [CII] emission is very similar, the
CO(2-1) intensity and the dust optical depth 7169 exhibit a dif-
ferent morphology, tracing the dense gas in the star-forming
filament (the Integral-Shaped Filament, ISF). Ha emission traces
the ionized gas and is concentrated inside the limb-brightened
edges that light up in FIR, 8 um and [CII] emission. The
[C)/FIR ratio traces the gas heating efficiency and generally
increases away from the luminous [CII] sources close to the
central stars. Dense filamentary structures, such as the ISF, also
possess low [C11]/FIR ratios, as the FIR emission is dominated
by large columns of cool dust.

3.2. Correlation plots of gas and dust tracers

Figure 3 shows the point-by-point correlation between the dif-
ferent gas and dust tracers as density plots. Table 1 summarizes
the power-law fits we find for each correlation, using the ordi-
nary least-squares (OLS) bisector method (Isobe et al. 1990)
on the logarithmic scale. We have included all points that lie
above the 30c ~ 8 K kms™ ~ 5x 105 ergs™' cm 2 sr™! thresh-
old of the [C11] line-integrated intensity (after convolution). We
do not apply this threshold to the FIR-8 um correlation, but we
restrict both maps to the coverage of the [C 1] map. We subtract
an offset of 2 x 10 erg s~ cm™2 sr™! from the IRAC 8 pum data.
However, at low intensities we find 70 um and FIR emission
that does not correspond to [CII] emission. We fit this regime
(170 um < 5x 10° My sr™! and Ipr < 3% 102 ergs™ em™2sr7!,
respectively) separately. We point out that this low-intensity
regime is problematic because of calibration uncertainties in the
PACS bands, hence we refrain from a detailed analysis thereof.
The same holds for the IRAC 8 um map, where we cannot
exclude that the offset we subtract has a physical reason. We
caution that this has to be taken into account when estimating
the [C11] intensity from the IRAC 8 um intensity at low surface
brightness.

The [C11] intensity is tightly correlated with the intensity in
the PACS 70 um band (Fig. 3a), the FIR intensity (Fig. 3b), and
with the intensity in the IRAC 8 um band (Fig. 3c). The FIR
intensity is also tightly correlated with the intensity in the IRAC
8 um band (Fig. 3d). The Pearson correlation coefficients (p) in
panels a to d are about 0.9, while the scatter around the correla-
tions is of the order 0.1-0.2 dex. Most important to note is that
the correlation of the [C 11] intensity with each of the 70 pm, FIR
(in the high-intensity regime), and 8 pm intensity is not linear,
but scales with those intensities to a power of less than unity.
The FIR-8 um correlation deviates only slightly from linearity.
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Table 1. Summary of the point-density correlation plots in Fig. 3.

X y a b p  rms[dex]
70um  [CH] 0574031@ —510+1.02 090  0.I3
FIR [Ci]  0.60+028% —261+£029 090 0.2
8 um [Ci] 0654030 -1.83+0.64 093  0.10
8 um FIR  1.16+037 1434077 094 0.6
CO2-1) [Cu] 096+063 239+389 053 037
€OC-D [CH 4711060 124+285 034 029
FIR  FIR

Notes. The regression fitted to the data in a weighted least-square fit
is log,,y=alog,, x + b. Fit in Iicyy > 300 = 5x 10 ergs™ em ™2 sr7!
Loym > 5X10°Mlysr!, Igym > 3x1073 ergs™ cm™2sr™!, and/or
Irr > 3x 1072 ergs™' ecm™2 st p is the Pearson correlation coefficient,
rms is the root-mean-square of the residual of the fit. @For I, um <
5% 10> MJysr~' we obtain @ ~ 1.10+0.68 and b ~ —6.45 + 1.61 with
p =~ 0.67 and rms =~ 0.18. ®PFor Ipg < 3x102ergs™ ecm™2sr! we
obtain ¢ ~ 1.15+0.76 and b =~ —-1.72+1.37 with p ~ 0.71 and
rms =~ 0.17.

s

At low FIR intensity, the [C 1I] intensity and the 8 um intensity
are largely independent of the FIR intensity.

The [C11]-CO(2-1) correlations are more complex and
require a more thorough analysis, which we will return to and
follow up in Paper II. The [C11]-low-J CO relationship, either
as absolute intensities or normalized to the FIR intensity, is

frequently used to infer physical conditions in Galactic and extra-
galactic star-forming regions (Wolfire et al. 1989; Stacey et al.
1991; Herrmann et al. 1997), which is why we include it here.
Collectively, the [C 11]-CO(2-1) correlations in Orion A (Figs. 3e
and f) do not follow a simple power-law trend.

To estimate the FUV radiation field, we discuss briefly
the FIR intensity as function of the distance from the mas-
sive stars’. Figure 4 shows the dependence of the FIR inten-
sity on distance from the central star #' Ori C in M42. We
find a decline of the FIR intensity in accordance with geo-
metric dilution, that is decreasing with the distance squared.
The FIR intensity scales directly with the incident FUV radi-
ation field, given as Gy in units of the Habing field, typi-
cally Gy ~ Ipr/2/1.3 % 1074 erg sl em™2 sr™!, where the factor
1/2 accounts for the absorption of visible photons by dust
(Hollenbach & Tielens 1999). However, geometry and line-of-
sight effects are important, most of the sight lines being toward
limb-brightened cloud edges. The true FUV field may be found
by the lower intensities in the correlation of Fig. 4, as those cor-
respond to the face-on background cloud and are not affected
by limb brightening. This yields Gy ~ 500 at a distance of
1 pc. Also following the prescription of Meixner et al. (1992),
Go =~ Lpr/(4nS)/2/1.3x 10 *ergs™' cm™2 sr™!, where S is the

3 We assume a distance of 414 pc to the Orion Nebula (Menten et al.
2007) to be consistent with Pabst et al. (2019, 2020). More recent obser-
vations suggest a slightly lower value (Kounkel et al. 2017; Grof3schedl
et al. 2018).
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Fig. 3. Correlations of all map points as point-density plots: (a) [C 11]-70 um, (b) [C 11]-FIR, (¢) [C 11]-8 um, (d) FIR-8 um, (e) [C 11]-CO(2-1), ()
[C I]J/FIR-CO(2-1)/FIR. The regression curve with parameters of Table 1 is drawn in the respective panels (solid lines; dashed lines in panels a

and b are the regression curves in the low-intensity regime).

surface that is exposed to the FUV radiation field, we obtain
Go =~ 500 at a distance of 1pc from the FIR luminosity of
the edge-on eastern shell*. From the total FIR luminosity of
M42, 1.5x10° L, excluding the BN/KL and Orion S region,
we estimate Gy ~ 1500 at a distance of 1 pc. While, in princi-
ple, the incident radiation field can be estimated from the stellar
luminosity and the (true) distance from the illuminating source,
oftentimes only the projected distance is known. In the case of

4 We sum over an area of 3’ X 3’ in the limb-brightened eastern edge,
obtaining Lgr =~ 1.8 X 10° Ly. At a distance of 414 pc, 3’ =~ 0.36 pc. The
column exposed to the FUV radiation field has an approximate length
of r/2 =~ 1.3 pc, where r =~ 2.5pc is the radius of the shell structure.
Hence, S ~ 0.36 pc x 1.3 pc.
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the Orion Nebula, the detailed geometry of the irradiated gas
and dust is complex and also the incident angle of the FUV
radiation field with respect to the surface normal has to be taken
into account (cf. Fig. 13 in O’Dell & Harris 2010). Moreover, the
FUV radiation field in the Veil Shell may be attenuated by dust
in the H 11 region and possibly in gas layers between the Trapez-
ium stars and the Veil Shell (cf. Van der Werf et al. 2013; Abel
et al. 2019).

4. Discussion

In this section, we first compare our correlation results with
those obtained from the [CI1] survey of the L1630 associated
with the Orion B molecular cloud to establish the more general
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applicability of the square degree survey results (Sect. 4.1). We
then consider the broader implications of our survey. First, we
examine the [CII]-FIR relation in our data and examine this in
connection to the [C I1]-deficit present in the data for ULIRGS
(Sect. 4.2). On a large scale, the [C1I] 158 um line is the dom-
inant cooling line of the Orion PDRs. Hence, the Orion square
degree survey can also be analyzed in terms of the heating effi-
ciency of PDRs (Sect. 4.3). On a galactic scale, many different
types of regions can contribute to the observed [C II] emission.
In Sect. 4.4, we analyze which components dominate the [CII]
emission in our survey. Extragalactic observations have estab-
lished the [C 11] luminosity as a tracer of the star formation rate
in galaxies. In Sect. 4.5, we consider this relation — on a local
scale — for Orion.

4.1. Comparison with Orion B

An early spatial correlation study of the central OMC1/Huygens
region (~85arcmin?) was carried out by Goicoechea et al.
(2015b) using Herschel/HIFI. This region is very bright
in the FIR and shows very low [CI]/FIR intensity ratios
(approaching 10™*) reminiscent of the “[C1I] deficit” seen in
local ULIRGs. These authors concluded that the low luminos-
ity ratios in this particular region are produced by the very large
column density of warm dust throughout the star-forming core.
Here, we expand this correlation study to much larger spatial
scales, encompassing a much wider range of physical conditions,
dust column densities, and FUV radiation illumination. In order
to include regions of very low [C 11] surface brightness into the
analysis, and to study the role of different environment/stellar-
illumination conditions, we also incorporate the [C II] emission
mapped by SOFIA around the Horsehead Nebula and adjacent
IC 434 H11 region (located in Orion B, about 3° north of Orion
A; Pabst et al. 2017; Bally et al. 2018). This region in Orion B
is illuminated by the multiple star system o Ori, dominated by
a massive star of spectral type 09.5V and located ~3 pc (in pro-
jection) from the Horsehead, producing Gy =~ 100 at the surface
of the molecular cloud (e.g., Abergel et al. 2003).

Figure 5 compares the correlations of the [CII] intensity
with the 70 um, FIR, and 8 um intensity, and the FIR-8 um
correlation in Orion A and B. For Orion A, we plot the data
in M42 only (with /¢ > 2x 10 ergs™' cm™2 sr™!). Data of
Orion B are taken from Pabst et al. (2017) and plotted for /jc ) >

Table 2. Summary of the density correlation plots in Fig. 5.

X y a b Jol rms [dex]
70um [Cu] 0.50+0.13 —-4.85+0.39 0.93 0.11
FIR [Co] 056+0.15 -2.65+0.20 0.94 0.11
um [Cn] 0.70+0.18 -1.79+0.40 0.95 0.10
8um  FIR 1.19+0.17 1.39+043 093 0.20

Notes. The regression fitted to the data is log,, y = alog,, x + b. Fit in
Iicny > 30 of the Orion B data. p is the Pearson correlation coefficient,
rms is the root-mean-square of the residual of the fit.

30 =~ 6x 102 ergs™! cm 2 sr™!. The correlations we find from

the combined data sets, summarized in Table 2, are very simi-
lar to those found from the Orion A data only (cf. Table 1). The
Orion A data form a continuation of the earlier study of [C 1]
emission in Orion B, allowing us to extend the correlations over
more than two orders of magnitude in [C IT] intensity.

While Orion A is a region shaped by the stellar feedback
from the locally formed massive stars, L.1630 in Orion B is
shaped by a chance encounter of a massive star with a molec-
ular cloud. The O9.5V star o Ori in Orion B is approaching the
cloud and photoevaporating the gas from its surface (Ochsendorf
et al. 2014). On the other hand, the shell structures that emit most
of the [C11] luminosities in Orion A are created by the stars in
their respective centers. Regardless of the formation history of
the emitting gas structures, the [CII] intensity is determined by
PDR physics, as the tight correlations with the FIR and 8 um
intensity, respectively, reveal.

4.2. The [C 1] deficit

Multiple studies of galaxies report that the [C 11]/FIR ratio drops
with increasing FIR luminosity and increasing FIR color tem-
perature (e.g., Malhotra et al. 2001; Luhman et al. 2003). This
is referred to as “[C11] deficit’. Usually, other FIR lines are
affected, as well (e.g., Herrera-Camus et al. 2018). For the [C IT]
158 wm line, in particular, emission may be suppressed and cool-
ing could come out in, for example, the [O 1] 63 um line (critical
density of several 10°cm™) in dense PDRs, the photoelectric
heating rate depends non-linearly on the incident FUV radiation
field as small dust grains and PAHs get charged at high radi-
ation field, the relative contribution from different components
of the ISM to the [C11] emission varies, and/or the FIR con-
tinuum emission has a large contribution from non-PDR dust. In
(U)LIRGs, the [C 11] deficit has been attributed to the importance
of [O1] cooling at high UV fields and densities as well as the
importance of heating sources of dust other than stellar radiation
(e.g., AGN activity; Malhotra et al. 2001; Luhman et al. 2003;
Croxall et al. 2012; Pineda et al. 2018; Rybak et al. 2020b). In
more distant high-mass star-forming regions and in distant galax-
ies, some of the low [C IT]/FIR ratios may be explained by [CII]
absorption by foreground diffuse gas, for example diffuse clouds
in the spiral arms (Gerin et al. 2015). Nearby, well-resolved
regions of massive star formation provide an ideal opportunity
to study some of these effects in detail as any “deficit” can be
linked to the characteristics of the source and the local physical
conditions. The large-scale [C 11] map of the Orion Nebula com-
plex allows us to address some of the issues that may influence
the [C 11]/FIR ratio.

Figure 1 in Herrera-Camus et al. (2018) illustrates the
[C1] deficit in a local sample of archetypical galaxies. The
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authors note that the threshold value in FIR surface luminosity,
above which the [C 11]/FIR ratio decreases, marks galaxies with
LFIR/MgaS > 50 Ly/Mg. Values of LFIR/Mgas ~ 50-80 Ly M(;l
have been suggested to characterize galaxies with enhanced star
formation (e.g., Genzel et al. 2010). In the Orion Nebula com-
plex, high values of Lpr/Mgas (computed from the dust SEDs
and using standard dust properties of Weingartner & Draine
2001) are found toward OMCI1 and close to the central stars of
M43 and NGC 1977 (see Fig. 6). In fact, we can express the ratio
as

500 pum B
L 160 L
PR L x4 x 1072 f B(A, Td)( ”m) == 2
gas Mg
40 um
500 pm
with Lgr =47AT60 f B(A, Tg)(160 um/A)Y* dA (in the opti-
40 wm

cally thin limit) and Mg =6Xx 10% cm’z,umHATmo, where A
is the surface area, u=1.4 the mean atomic weight, and

B(A, Td)(lé‘);m f is the modified blackbody function (cf.

Eq. (1)). In a second step, we approximate the integral over FIR

wavelengths by the infinite integral f B(A, Tg)(160 pm/2) dA ~

0
4.17x 1078 ergs™  em 2 sr™! K™® T'§ for 8 =2, and obtain

o Tq \®
zleoz(—)
10K

Lpr
M, gas

Lo
M@ '

3)
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This is very similar to what has been observed in other mas-
sive star forming regions (Santa-Maria et al. 2021). The analytic
relation is accurate for optically thin dust FIR emission and
10K < T4 < 35K. For T4 =40K, the finite integral is overes-
timated by 10%, and by 25% for T4 = 50 K. Below T4 = 10 K, the
dust blackbody emission rapidly shifts toward millimeter wave-
lengths and the infinite integral is not a good approximation for
the FIR emission either’.

Expressed in this way, the ratio Lgr /Mg, is independent of
the gas column and depends solely on the effective dust tem-
perature. Naturally, the effective dust temperature in Orion A is
highest toward the ionized gas, that is close to the central heating
source. We show a map of the dust temperature in Paper II. In our
SED fits, the molecular ridge with the BN/KL region and Orion
S is excluded (for detailed SED fitting of this region, see Chuss
et al. 2019). Lpr/Mg,s assumes peak values of 80 Lg Mgl in
M42, 60 L, M3' in M43, and 20 Lo, M' in NGC 1977 (with the
exception of 40 Lo M' toward NGC 1973). These highest val-
ues are concentrated in the HII regions of M 43 and NGC 1977,
like in OMCI1. From SED fits of Chuss et al. (2019), we learn
that exceedingly high values, Lpr /Mgas ~ 10° L, Mgl, are found
in a small region around the BN/KL core with Ty ~ 95 K. The
global Lgr /Mg, ratio for M 42 amounts to 14 Lo Mg ! while in
M43 itis 26 Lo M3', and 7 Lo, M in NGC 1977. Thus, globally,
the Orion Nebula is characterized by rather low Lgr/Mg,s and

3 1If the FIR intensity includes the wavelength range 500—1000 pm, the
infinite integral is accurate down to Ty ~ SK.
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probably not representative of environments that dominate the
FIR emission in ULIRGS, that may comprise large amounts of
embedded star-forming cores like BN/KL. As we discuss below,
those embedded sources show a FIR excess in the continuum
emission compared to the line emission.

In conclusion, in particularly dense HII regions (such as
the Huygens Region and M 43) exhibit high Lgr /M, ratios in
their centers. Lrr /Mg, is expected to be proportional to the H 11
ionization parameter U = Q(H)/4nR?/c/n, (Abel et al. 2009).
Indeed, U is similar in M43 and NGC 1977 (U =~ 107%), but
higher in the Huygens Region (U =~ 1072). The LR /Mgy, ratio
in Orion is dominated by the FIR emission from the dust col-
umn of the limb-brightened edges and the background molecular
cloud (in M 42 and M 43) or the enveloping expanding shell (in
NGC 1977) and does not trace the ionized gas directly. Yet, the
properties of a PDR are closely related to the properties of the
central H1I region (Young Owl et al. 2002; Abel et al. 2005; Seo
et al. 2019) and discussed further in Paper II.

We now turn to discuss the [C11] line deficit in spatially
resolved samples, Orion A and M 51. Figure 2 of Pineda et al.
(2018) shows the [CII]/TIR versus TIR correlation and the
[C u)/TIR versus 70 pm/160 um correlation in the spiral galaxy
M 51 (with a spatial resolution of 16" corresponding to 660 pc).
Following Pineda et al. (2018), we compute the total infrared
(TIR, integrated between 3 and 1000 um; Croxall et al. 2012)
intensity by

ITIR = 0.951/11,‘8 pm + 1.15\/1\,’24 pm + VIV’70 pm + VIV,IGO pm- (4)

Since the MIPS 24 um image is saturated toward OMCI, we
approximate 24 um = 0.11,,70 um, Which is valid for most of the
bright, edge-on structures in the Orion Nebula (see Paper II).
With this, we find ITir/Ipr = 2 toward the Orion Nebula. As
extragalactic observations of regions of massive star formation
are generally beam diluted, it is better to compare the relation
between the [CII]/FIR and the 70-160 um color temperature.

This latter ratio is a measure for the dust temperature. We show
both correlations in Fig. 7, where for Orion we plot only points
associated with M 42 and M 43. Points in NGC 1977 follow the
same trend, but cover only the low-TIR end of the correlation.
The trend of Pineda et al. (2018) is very similar to the trend
observed in the Orion Nebula complex. The M 51 relationship is
slightly offset from the Orion data to lower 70 um/160 pm ratios
and/or lower [C 11]/FIR. We ascribe this to a contribution of dif-
fuse neutral HI clouds in the interstellar medium of M 51 which
is characterized by cooler dust.

In Orion, the [C1I]/FIR ratio drops particularly for regions
that are close to the illuminating star. These are regions
with Gy > 10* and n > 4x10*cm™. For these regions
cooling by [OI] 63um is known to be important with
Ionesum/Iicuyissum = 5—10 (Herrmann et al. 1997). Follow-
ing Luhman et al. (2003) and Croxall et al. (2012), we attribute
the drop in the [CII])/FIR relation with increasing FIR or
70 um/160 pm color temperature to a shift of the gas cooling
to [O1] 63 pm line. Implicitly, this assumes that the heating effi-
ciency does not depend strongly on the physical conditions in
the emitting region. Variations in the heating efficiency are gen-
erally ascribed to variations in the ionization balance, which is
controlled by the PDR ionization parameter y = GoT'/?/n. (cf.
Sect. 4.3; Bakes & Tielens 1994). The observed relation between
Gy and the thermal pressure py, =nkgT (see Paper II) translates
this into a very weak dependence of the ionization parameter on
physical conditions. We note that the [C 11] optical depth of the
bright [C 11]-emitting structures in Orion A is usually of the order
Ticm = 1-3, both in the edge-on shells and in the very bright
core OMCI (see Paper II; Goicoechea et al. 2015b), which may
affect the correlations slightly, but we deem the effect too small
to correct for the [C11] deficit. When estimating star-formation
rates of galaxies, however, the [C 11] optical depth has to be taken
into account, as Okada et al. (2019) point out.

Besides close to the central heating sources, where [OT1]
cooling is dominant, low [C II]/FIR ratios (/ic/Irr = 2 X 1073)
are found along the dense spine of the ISF (cf. Fig. 2f). Con-
sidering the low temperature of these structures, we do not
expect [O1] emission to contribute significantly. Rather, we
interpret these ratios as a “FIR excess” from cold dust in
the dense molecular gas. Particularly deficient [CII]/FIR ratios
(em/Irr = 2% 10™*) are also found toward the active star-
forming cores in the BN/KL region and Orion S (FIR intensity
from Goicoechea et al. 2015a). Here, [O 1] cooling is dominant
(Ion63um/Iicim 158um = 20 Herrmann et al. 1997), but in addi-
tion to excitation by FUV radiation at the surface, the [O 1] lines
have a contribution from shocked gas in the interior (Goicoechea
et al. 2015a). Also the FIR emission stems from the inner lay-
ers of embedded star formation. As opposed to the FIR excess
from cold dust in the ISF, this FIR excess is produced by warm
molecular gas in the star-forming cores. The heavily irradiated
PDR on the surface of the molecular core east of the Trapezium
stars, devoid of star-forming activity, shows less deficient FIR
line ratios, (/jor) + fjcu))/Ipr = 5-10 X 1073, Large columns of
warm dust, such as in BN/KL and Orion S, lead automatically to
high Lrr /Mg, ratios, as we have shown by Eq. (2), whereas the
effective dust temperature will be lower for an irradiated surface
with a large column of cooler (not internally heated) material
behind it. Figure 8 shows that the [CII]/FIR ratio in Orion A
decreases with increasing Lgir /Mg, 1atio for Lpr /Mas 2 5. At
lower Lpr/Mg, ratios, however, the [CII]/FIR ratio tends to
increase with increasing Lrr /Mgs.

In Sect. 3.2, we have shown that the [C1I] luminosity
depends less than linearly on the FIR luminosity per pixel. While
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logm I[C]l]/IFIR = (098 + 062) logm LF]R/Mgas - (260 + 027), rms =
0.20dex, p ~ 0.53.

the regions we study have different stellar content, the [CII]-
FIR correlation is very similar in all of the regions. Moreover,
we note that the [CII]/FIR versus FIR in the L1630 region
(Pabst et al. 2017) is a good continuation of the correlation
in the central OMCI1 (Goicoechea et al. 2015b). Yet, L1630
represents the chance encounter of an O star with a molecu-
lar cloud (Ochsendorf et al. 2014) rather than emission from a
region of active massive star formation. This provides further
support for an interpretation of the [CII]/FIR relation in terms
of the physical conditions rather than the star-formation history
of the region. On the other hand, we have argued that particu-
larly low FIR line-to-continuum ratios are found toward regions
of large columns of (warm and cold) dust, which suggests the
interpretation of the FIR line “deficit” in terms of a “FIR excess”.

4.3. The photoelectric heating efficiency

The heating mechanism of the interstellar gas is of great impor-
tance for the understanding of the properties of the ISM. The
UV-illuminated gas is dominantly heated by the photoelectric
effect acting on small grains and PAHs (Bakes & Tielens 1994;
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Wolfire et al. 1995). The efficiency of this process is a crucial
parameter in models of the ISM. Assuming equilibrium of heat-
ing and cooling processes, we can estimate the photoelectric
heating efficiency by the cooling efficiency of the gas. At inter-
mediate temperatures and densities the cooling is dominated by
cooling through the [C11] line. At higher temperatures and den-
sities, like those in the Huygens Region, the [O1] 63 um line
becomes important (Hollenbach & Tielens 1999). However, in
the shell surrounding the Extended Orion Nebula, gas cooling
is most likely dominated by [C11], as the temperatures and den-
sities are rather moderate. In M43, [O1] 63 um emission will
be important, in NGC 1977 only in the densest part of the shell
abutting OMC3 (Herrmann et al. 1997; Young Owl et al. 2002).

Theoretically, the photoelectric heating efficiency depends

on the ionization parameter )/:GOT‘%],E{S2 /n. (Bakes & Tielens
1994, Eq. (43)). We equate the heating efficiency in our sample
with the [C1I] cooling efficiency I;cj/Ipr, Which is accurate
for most points in our data set. In Appendix A, we estimate y in
each pixel of the map. The correlation between the photoelec-
tric heating efficiency € and the ionization parameter y in the
Orion Nebula is shown in Fig. 9. Points in NGC 1977 overlap and
are not shown. The data reveal a similar trend with a decreased
efficiency with increased ionization parameter as the theoreti-
cal predictions of Bakes & Tielens (1994). The offset between
the two might reflect a somewhat lower abundance of PAHs and
VSGs in Orion than assumed by Bakes & Tielens (1994). Closer
to the central source, [O 1] cooling dominates. Adding the [O1]
63 pum intensity to the [C11] intensity, shifts the heating/cooling
efficiency to € =~ 7 X 1073 (outside of BN/KL) and corrects for
the steep decline in the [C1I]-TIR plot (with [joy/ficu) = 6 in
OMCI1). Nevertheless, the heating efficiency seems to slightly
decline with radiation field, from ~1072 in the distant shell to
5% 1073 in the very center. While the [C1I] deficit (and other
FIR line deficits) observed on galactic scales might reflect differ-
ent physical processes (XDRs, AGN activity), the [C11] deficit
in the Orion Nebula reflects PDR physics with [O1] cooling
correcting for the majority of the [C1I] deficit and a slightly
decreased heating efficiency at higher radiation field causing the
slight decline.

4.4. The origin of [C 1I] emission

Table 3 gives the luminosities and masses of M 42, M43, and
NGC 1977, total and for the respective brightest region and the
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Table 3. Luminosities and masses of M 42, M 43, and NGC 1977.

Region A Lrr Lew  Licm/Ler Mo Leoeny®  Mco®@  Logyum® L@
[pc?] [Lo] [Lo] [Mo] [Lo] [Mo] [Lo] [Lo]
M42 All 45 1.8x10°" 510 2.8x1073 10000 1.1 8800 4700 3500
OMCl1 04 82x10*" 53 6.5%107* 640 8.9% 1072 720 - 1500
shell 10.0 5.2x10* 209 4.0x1073 3000 3.2x107! 2500 2000 850
M43 All 0.74 1.4x10* 38 2.7x1073 530 3.0x 1072 240 740 190
background, Ht  0.13 3.1x10° 890 28x107? 53 4.6x1073 37 100 99
shell 0.31 8.2x10° 19 2.3%x1073 250 1.4x 1072 110 410 63
NGC 1977 All 17 1.8x10* 160 8.9%x1073 2600 1.2x 107! 950 1000 63
OMC3 2.6 5.8x10° 34 5.9%x1073 1200 8.9x 1072 720 190 8.6
shell 6.2 54x%x10° 69 1.3x1072 670 1.6x 1072 130 100 7.9

Notes. “@Gas mass derived from dust mass, using Ny =~ 6 X 10** cm™ 7,4y (Weingartner & Draine 2001). > The CO(2-1) map does not cover the
entire NGC 1977 region (cf. Fig. 2). “Molecular gas mass from CO(2-1) intensity, using X(CO) ~ 2 x 10?° cm™2 (Kkms~")~! (Bolatto et al. 2013).
@The MIPS 24 um image is saturated toward the Huygens/OMCI region. Y The Ha surface brightness in the EON is largely due to scattered light
from the bright Huygens Region (O’Dell & Harris 2010). Also Ha emission in M 43 has to be corrected for a contribution of scattered light from
the Huygens Region (Simén-Diaz et al. 2011). YBN/KL and Orion S contribute with Lgr =~ 3 x 10* L.

extended shell structure. Paper II discusses the origin of the [C 11]
emission in greater detail.

Most of the [C11] emission stems from the limb-brightened
shell edges in M 42, M43, and NGC 1977 (30-50%), but a sig-
nificant contribution also comes from the more diffuse emission
(25-45%), that is faint emission from extended surfaces. Even
though the regions close to the central stars are very bright, their
area is small and the contribution to the total [C1I] emission
minor (10-20%) compared to the large shells. For FIR emission,
20-30% stem from the shells, 20-30% from the regions close to
the central stars of M 43 and NGC 1977, but 45% from OMC1 in
M 42, and 10-20% from diffuse emission.

In Galactic samples, Pineda et al. (2013) note that most of
the [C 11] emission arises in moderately FUV-illuminated regions
(Gp ~ 2-50 in Habing units), that is large faint surfaces rather
than small extreme regions. Our observations toward the Orion
Nebula are reminiscent of this, the bright inner OMC1 region

being a minor contributor to the total [C 11] luminosity. The [C 11]
observations toward 1.1630, comprising the Horsehead Nebula,
predominantly highlight the PDR surfaces illuminated by o Ori,
where 95% of the total [C 11] emission in the mapped area arise.
Yet, regions that are bright in [C1I] trace only 8% of the gas
mass, while 85% of the mass is associated with strong CO emis-
sion (Pabst et al. 2017). In the Orion Nebula complex, we find
that 70% of the [C1I] emission arises in bright PDR surfaces
with Gy 2 100. The [C 11]-emitting regions contain 64% of the
gas mass (traced by dust). A portion of that gas mass, about 30—
50%, is likely associated with the molecular background rather
than the PDR surface. Hence, bright [C IT] emission, that traces
the H/H, transition in a PDR, traces about 30% of the total gas
mass in the Orion Nebula complex.

We conclude that [C 1I] emission from PDRs with Gy = 100
is the main origin of [C 11] emission from the Orion Nebula com-
plex, with about 70%. The [C1I] emission from ionized gas is a
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Table 4. Star-formation rates from different tracers.

Tracer SFR(Mg yr™1)

Reference

FIR 4.5x 10 L(FIR)(ergs™))

Ha,24pum 5.3 x 10742 (L(H@)gps + 0.0031 L(24 pm))(ergs™)

24 um 1.27 x 10738 [L(24 pm)(erg s~')]0-8850

Ha, TR 5.5% 107 [L(Ha)obs +0.0024 L(TIR)](ergs™")
[C11](1) 5.0x10737 [L([C 11])(erg S—l)]0A89

[Cul(2) 2.286 x 107 [I([C 1])(erg s~1)]"03*

Dense gas  1.5X 107% Mense(Mo)

Kennicutt (1998)

Calzetti et al. (2007)
Calzetti et al. (2007)
Kennicutt et al. (2009)
Pineda et al. (2014)
Herrera-Camus et al. (2015)
Lada et al. (2012)

Table 5. Star-formation rates in Mg, yr~' in M 42, M 43 and NGC 1977 predicted by several tracers using the correlations presented in Table 4.

Region FIR Ha, 24 uym 24 um Ha, TIR@ [C11](1) [C1r](2)  dense gas ®) YSOs
All 301070 7.7x107°  1.6x107° 1.0x10™* 13x10™* 1.1x10° 15x10* 75x10™
M42 24%x107°  7.1x107° 12x107° 92x107° 99x10° 7.6x10°% 13x10* 55x107™*
M43 24%x107° 39x10°° 23x10°° 54x10° 99x10° 52x107 3.6x10° -
NGC 1977 3.1x10° 13x10° 3.0x10° 3.1x10° 3.5%x10° 23x10° 14x10° 15x10™*

Notes. TIR luminosity approximated by twice the FIR luminosity. ®’Dense gas taken as CO-traced mass.

minor contributor, less than 5% in M 42 and NGC 1977, but 15%
in M 43. From the remainder, we estimate that less irradiated
gas that is not captured in bright PDR surfaces, contributes with
about 20% within the mapped area. These percentages elucidate
the importance of observations toward fainter extended regions,
for those can carry a significant amount of [CII] luminosity
(Abdullah & Tielens 2020).

4.5. Tracers of the star-formation rate

Observations with COBE revealed that the [C11] line is the
brightest emission line in the FIR spectrum of the Milky Way
(Bennett et al. 1994). As this line originates from gas illuminated
by FUV photons emitted by OB stars, it was quickly recognized
that this line might provide an excellent probe of the star forma-
tion rate in distant galaxies. Indeed, one of the main drivers of
the design of ALMA was the requirement to be able to detect
this line in Milky Way type galaxies at redshifts of z ~ 3. Since
then, various Herschel-based studies have calibrated the [C1I]
line as a star-formation rate indicator. We discuss the relations
compiled in Table 4 in the context of our observations toward
the Orion Nebula complex®. Table 5 summarizes the values we
calculate with these formulae for the star-formation rate from
observations, both total and divided into the three regions M 42,
M43 and NGC 1977.

Perusing Table 5, we conclude that the different tracers
of star-formation predict significantly different values at our
mapped spatial scales. Specifically, the two SFR estimates from
the [C 11] luminosity differ from each other by an order of magni-
tude. Overall, the relation derived by Herrera-Camus et al. (2015)
predicts lower values than expected from other traces such as
FIR, Ha and 24 um emission. Only in NGC 1977, the relation by
Pineda et al. (2014) overpredicts the SFR compared to the other
traces (besides CO-traced mass).

6 Since these are empirical relations, we do not correct for [C IT] optical
depth.
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In general, our correlations show that the [CII] intensity
depends not linearly on the FIR intensity, but by a power law:
it increases less steeply than the FIR intensity (Sect. 4.1). This
reflects the decreased heating efficiency at higher radiation field
(Sect. 4.3). This means that the galactic relations of FIR and
[C11] emission are compatible with each other only within a
limited range of conditions. The predictive power of the [C1I]
line in galactic context depends on the dominant source of [CIT]
line emission. Anderson et al. (2019) conclude, after compar-
ison of the S253 region with extragalactic observations, that
[C1] emission is only a good tracer of the SFR when aver-
aged over large areas. A study by Abdullah & Tielens (2020)
of the Orion-Eridanus environment on ~400 pc scale suggests
that [C1I] emission arises mostly from extended, moderately
irradiated cloud surfaces.

We note that the different measures for the star-formation
rate trace different evolutionary stages in the star-formation pro-
cess. While the dense mass mainly traces the sites of potential
future star formation, Ha traces visible sites of already exist-
ing massive stars, that are ionizing their environment. The FIR
luminosity also includes contributions from the embedded phase
of massive star formation which is missed by He and 24 pm.
For galactic sources, this phase is rather short and gets averaged
out in the beam, but that is not always the case in extragalactic
settings (e.g., ULIRGs with vigorous embedded star formation).
Moreover, locally the 24 pm intensity, tracing the warmer shell
interiors, is not correlated with the [C11], FIR and 8 pum intensi-
ties, that trace the somewhat cooler gas in PDR surfaces. Locally,
also the ionized gas emitting in He fills the space interior to the
shells.

We compare the gas-derived SFR with an actual count of the
YSOs in the Orion Nebula cluster (ONC). Megeath et al. (2016)
report 3001 YSOs in the ONC (after sample incompleteness
correction). Adopting an average mass of 0.5 M, and an average
duration of the protostellar/disk phase of 2Myr (Evans et al.
2009), gives an SFR of 7.5 x 107 M, yr~!. Da Rio et al. (2014)
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estimate a total mass of the ONC of 1000 M. Using the age
of the cluster of 2 Myr, this yields a SFR of 5x 10™* Mg yr~!.
Not surprisingly, as we are zooming in on a region of active star
formation, these values are significantly higher than suggested
by extragalactic correlations. This is illustrated by comparing
the results in Table 5 with the upper-left panel of Fig. 2 in
Pineda et al. (2018), the SFR-[C1I] correlation per unit sur-
face. The Orion Nebula complex’ lies off the upper right end
of the correlation, with logZXcy[erg s kpc’z] ~ 40.7 and
log Zsrr[Mo yr‘1 kpc‘z] ~ (0.9-1.7 from star and YSO counts or
log Xspr =~ 0.1 from He and 24 pm emission. We note, however,
that a pixel-by-pixel comparison of the SFR predicted by Ha
and 24 um emission (according to Calzetti et al. 2007) and
the [C1I] emission in the Orion Nebula, as shown in Fig. 10,
exhibits a similar spread as the SFR-[C I1] correlation of Pineda
et al. (2018; here, p ~ 0.78 and rms =~ 0.45 dex), despite the
fact that the emission tracers possess different morphologies.
In the Orion Nebula, the Ha and 24 um emission are strong in
the (ionized) shell interior, whereas [C1I] emission is arising
predominantly from the shell’s PDR surfaces.

Zooming into separate regions, we discuss the distribution
of the YSOs, as catalogued by Megeath et al. (2012), in rela-
tion with [CII] emission in somewhat more detail. Figure 11
shows the distributions of YSOs across the [C 1I]-mapped area.
We have counted the YSOs per 14” pixel and convolved the
resulting surface density to a beam of 2’. At our spatial reso-
lution, the [C11] intensity is not correlated with the YSO surface
density locally. Strikingly, while OMC2 does not exhibit bright
[C11] emission, we find many YSOs (about 120 within 1.6 pc?)
located in the line of sight toward OMC2, concentrated along
the ISF. Toward NGC 1977, we find about 300 YSOs across
17 pc?. The majority of YSOs is located in front of M 42 and
M43, about 1100 YSOs distributed over 42 pcz. Here, the YSO
surface density is 26 M pc™2, where we have used an average
mass of 0.5 My and corrected for sample incompleteness by a
factor of 2, following Megeath et al. (2016). The YSO surface
density is slightly lower in NGC 1977, 18 My pc~2, but high-
est of the three regions in OMC2 with 75 M pc~2. Generally,
high YSO surface density is found along the ISF, concentrating

7 The total [C 11] luminosity from the Orion Nebula complex is 750 L,
from an area of 62 pc?.
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Fig. 11. [C11] line-integrated intensity with YSO surface density in con-
tours (from white to gray: 20, 30, 60, 120,200 M, pc’z). Yellow stars
mark the positions of the dusty YSOs (Megeath et al. 2012).

in the molecular cores OMC1—4. The maximum surface density
is found toward OMC1. Thus, the SFR is highest in M 42 and
M 43, together 6 x 10~ My yr~!. NGC 1977 and OMC2 count
with 2x 107 My yr~! and 6x 107> Mg yr~!, respectively. We
note that the removal of some 40% of the mass from the OMC1
core by the stellar wind of ' Ori C will decrease the gravita-
tional binding of the ONC cluster. We expect that it will take
some 103 yr for the stars to respond.

From COBE observations, Abdullah & Tielens (2020) derive
a [C11] flux of 6.9%x 1077 ergs™' cm™ from a region encom-
passing the Orion Nebula and NGC 1977. This corresponds to
3.7x 10° L,. Hence, the SFR relations of Pineda et al. (2014)
and Herrera-Camus et al. (2015) predict 6 x 107 My yr~' and
6 x 107> Mg yr~!, respectively. Taking into account the contri-
bution of molecular cloud surfaces exposed to only moderate
radiation fields, averaged in the beam of COBE, thus increases
the SFR derived from extragalactic correlations. Locally, the
SFR can be much higher (like in the Orion Nebula), but on
galactic scales larger structures may contribute significantly, as
we noted that a large portion of the [C1I] luminosity from the
Orion Nebula complex stems from rather extended, low-intensity
regions (cf. Sect. 4.4).

5. Conclusion

Using a square-degree sized map of the [C1I] 158 um line
toward the Orion Nebula complex, including M43 and NGC
1977, obtained with SOFIA/upGREAT, and comparing with
Herschel/PACS and SPIRE FIR photometry, Spitzer/IRAC 8 pm
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emission and velocity-resolved IRAM 30 m CO(2-1) observa-
tions, we have obtained the following results:

1. Our comparison of the [C11] line emission with FIR emis-
sion from FUV-heated dust and PAH emission in the 8 um
band reveal tight correlations with correlation coefficients
of p 2 0.9. The [C11] line-integrated intensity depends less
than linearly on the PACS 70 um intensity, FIR (40—-500 pm)
intensity, and IRAC 8 um intensity. In particular, we find
that the [C 11] intensity scales with the 70 um, FIR intensity,
and the 8 um intensity to the power of ~0.6 each. The FIR
and PAH 8 um intensities are approximately linearly corre-
lated, the IRAC 8 um band carrying about 10% of the FIR
emission.

2. The less-than-linear dependence of the [CII] intensity on
the FIR intensity implies a decreasing [C I1]/FIR ratio with
increasing FIR intensity. This is reminiscent of the “[CII]
deficit” in ULIRGsS, that has also been observed toward extra-
galactic sources like M 51. However, including [O 1] cooling
corrects for most of the deficit in the Orion Nebula complex.
The remaining slight deficit can be attributed to a reduced
heating efficiency in the heavily irradiated PDR surfaces
close to the central stars. Some sight lines host large columns
of (warm and cold) dust that produce a “FIR excess”, leading
to particularly low [C I1]/FIR intensity ratios.

3. Most of the [C11] luminosity of the Orion Nebula complex,
33% of the total 750 L, arises in the large, moderately illu-
minated shells surrounding the Orion Nebula, M43, and
NGC 1977. Only 10% of the [C 11] luminosity in M 42, 53 L,
stem from the brightest region, OMCI. A large amount of
[C 11] luminosity, 35%, stems from extended faint surfaces.

4. The scaling relations invoked to estimate the star-formation
rate on galactic scales and in high-redshift galaxies do not
apply to our local sample of [C II]-emitting sources. In the
Orion Nebula complex, the [C11] line is dominantly excited
by FUV radiation from the most massive stars. Smaller
sources contribute to small-scale [C 11]-emitting structures,
but minor to the large-scale shells surrounding the mas-
sive stars. However, even the total [C1I] emission from the
mapped area is short of predicting the YSO content within
the field of view. We surmise that [CII] emission from
extended [CII]-faint structures contribute significantly to
[C 11] emission on galactic scales. In our sample, [C 1I] emis-
sion is dominated by larger, comparatively faint structures,
rather than the bright dense cores.

Studies of the relations of [CII] emission to other tracers of
gas and dust help to reveal “the local truth” about the origins
of the [C11] line emission. Further investigations have to show
whether the same correlations between those gas and dust tracers
hold in different environments, for instance, the starburst region
30 Doradus (with also lower metallicity) and other sources
shaped by stellar feedback. Taking into account the geometry
of the sources is crucial in understanding the details of the
correlations.

Acknowledgements. This work is based on observations made with the
NASA/DLR Stratospheric Observatory for Infrared Astronomy (SOFIA). SOFIA
is jointly operated by the Universities Space Research Association, Inc. (USRA),
under NASA contract NNA17BF53C, and the Deutsches SOFIA Institut (DSI)
under DLR contract 50 OK 0901 to the University of Stuttgart. We thank the
anonymous referee for comments that helped improve the manuscript. We thank
S. T. Megeath for helpful advice on the Spitzer/IRAC data. This work made use of
the TOPCAT software (Taylor 2005). This project has received funding from the
European Research Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (grant agreement No. 851435). J.R.G. thanks
the Spanish MCIU for funding support under grant AYA2017-85111-P. Research

Alll, page 14 of 15

on the interstellar medium at Leiden Observatory is supported through a Spinoza
award of the Dutch Science Organisation (NWO).

References

Abdullah, A., & Tielens, A. G. G. M. 2020, A&A, 639, A110

Abel, N. P, Ferland, G. J., Shaw, G., & van Hoof, P. A. M. 2005, ApJS, 161,
65

Abel, N. P, Dudley, C., Fischer, J., Satyapal, S., & van Hoof, P. A. M. 2009, ApJ,
701, 1147

Abel, N. P, Ferland, G. J., & O’Dell, C. R. 2019, ApJ, 881, 130

Abergel, A., Teyssier, D., Bernard, J. P, et al. 2003, A&A, 410, 577

Allamandola, L. J., Hudgins, D. M., & Sandford, S. A. 1999, ApJ, 511, L115

Anderson, L. D., Makai, Z., Luisi, M., et al. 2019, ApJ, 882, 11

Andrews, H., Peeters, E., Tielens, A. G. G. M., & Okada, Y. 2018, A&A, 619,
A170

Bakes, E. L. O., & Tielens, A. G. G. M. 1994, ApJ, 427, 822

Balick, B., Gammon, R. H., & Hjellming, R. M. 1974, PASP, 86, 616

Bally, J., Chambers, E., Guzman, V., et al. 2018, AJ, 155, 80

Balog, Z., Miiller, T., Nielbock, M., et al. 2014, Exp. Astron., 37, 129

Bennett, C. L., Fixsen, D. J., Hinshaw, G., et al. 1994, ApJ, 434, 587

Bernard-Salas, J., Habart, E., Arab, H., et al. 2012, A&A, 538, A37

Berné, O., Marcelino, N., & Cernicharo, N. 2014, Ap]J, 795, 13

Bischetti, M., Piconcelli, E., Feruglio, C., et al. 2018, A&A, 617, A82

Bock, J. J., Hristov, V. V., Kawada, M., et al. 1993, ApJ, 410, L115

Bolatto, A. D., Wolfire, M., & Leroy, A. K. 2013, ARA&A, 51, 207

Brisbin, D., Ferkinhoff, C., Nikola, T., et al. 2015, ApJ, 799, 13

Calzetti, D., Kennicutt, R. C., Engelbracht, C. W., et al. 2007, ApJ, 666, 870

Capak, P. L., Carilli, C., Jones, G., et al. 2015, Nature, 522, 455

Chuss, D. T., Andersson, B.-G., Bally, J., et al. 2019, ApJ, 872, 187

Croxall, K. V., Smith, J. D., Wolfire, M. G., et al. 2012, Ap]J, 747, 81

Da Rio, N., Robberto, M., Soderblom, D. R, et al. 2009, ApJ SS, 183, 261

Da Rio, N., Tan, J. C., & Jaehing, K. 2014, ApJ, 795, 55

Dalgarno, A., & McCray, R. A. 1972, ARA&A, 10, 375

De Looze, 1., Baes, M., Bendo, G. J., Cortese, L., & Fritz, J. 2011, MNRAS, 416,
2712

Diaz-Santos, T., Armus, L., Charmandaris, V., et al. 2013, ApJ, 774, 68

Dwek, E., & Arendt, R. G. 1992, ARA&A, 30, 11

Evans, Neal J., I, Dunham, M. M., Jgrgensen, J. K., et al. 2009, ApJS, 181,
321

Genzel, R., & Stutzki, J. 1989, ARA&A, 27, 41

Genzel, R., Tacconi, L. J., Gracia-Carpio, J., et al. 2010, MNRAS, 407,
2091

Gerin, M., Ruaud, M., Goicoechea, J. R., Gusdorf, A., & Godard, B. 2015, A&A,
573, A30

Goicoechea, J. R., Chavarria, L., Cernicharo, J., et al. 2015a, ApJ, 799, 102

Goicoechea, J. R., Teyssier, D., Etxaluze, M., Goldsmith, P. F., & Ossenkopf, V.
2015b, ApJ, 812,75

Goicoechea, J. R., Pety, J., Cuadrado, S., et al. 2016, Nature, 537, 207

Goicoechea, J. R., Pabst, C. H. M., Kabanovic, S., et al. 2020, A&A, 639, Al

Goldsmith, P. F., Langer, W. D., Pineda, J. L., & Velusamy, T. 2012, ApJS, 203,
13

Gracid-Carpio, J., Sturm, E., Hailey-Dunsheath, S., et al. 2011, ApJ, 728, L7

Grenier, I. A., Casandjian, J.-M., & Terrier, R. 2005, Science, 307, 1292

GroBschedl, J. E., Alves, J., Meingast, S., et al. 2018, A&A, 619, A106

Gry, C., Lequeux, J., & Boulanger, F. 1992, A&A, 266, 457

Giidel, M., Briggs, K. R., Montmerle, T., et al. 2008, Science, 319, 309

Heiles, C. 1994, ApJ, 436, 720

Herrera-Camus, R., Bolatto, A. D., Wolfire, M. G., et al. 2015, ApJ, 800, 1

Herrera-Camus, R., Sturm, E., Gracia-Carpio, J., et al. 2018, ApJ, 861, 95

Herrmann, F., Madden, S. C., Nikola, T., et al. 1997, ApJ, 481, 343

Higgins, R., Kabanovic, S., Pabst, C., et al. 2021, ArXiv e-prints
[arXiv:2106.15620]

Hollenbach, D. J., & Tielens, A. G. G. M. 1999, RvMP, 71, 1

Isobe, T., Feigelson, E. D., Akritas, M. G., & Babu, G. J. 1990, ApJ, 364, 104

Kennicutt, Robert C., J. 1998, ApJ, 498, 541

Kennicutt, Robert C., J., Hao, C.-N., Calzetti, D., et al. 2009, ApJ, 703,
1672

Khusanova, Y., Béthermin, M., Le Fevre, O., et al. 2021, A&A 649, A152

Knudsen, K. K., Richard, J., Kneib, J.-P., et al. 2016, MNRAS, 462, L6

Kounkel, M., Hartmann, L., Loinard, L., et al. 2017, ApJ, 834, 142

Kramer, C., Abreu-Vicente, J., Garcia-Burillo, S., et al. 2013, A&A, 553,
All4

Kramer, C., Nikola, T., Anderl, S., et al. 2020, A&A, 639, A61

Lada, C. J., Forbrich, J., Lombardi, M., & Alves, J. F. 2012, Apl, 745, 190

Langer, W. D., Velusamy, T., Pineda, J. L., et al. 2010, A&A, 521, L17

Li, A., & Draine, B. T. 2001, ApJ, 544, 778


http://linker.aanda.org/10.1051/0004-6361/202140804/1
http://linker.aanda.org/10.1051/0004-6361/202140804/2
http://linker.aanda.org/10.1051/0004-6361/202140804/2
http://linker.aanda.org/10.1051/0004-6361/202140804/3
http://linker.aanda.org/10.1051/0004-6361/202140804/3
http://linker.aanda.org/10.1051/0004-6361/202140804/4
http://linker.aanda.org/10.1051/0004-6361/202140804/5
http://linker.aanda.org/10.1051/0004-6361/202140804/6
http://linker.aanda.org/10.1051/0004-6361/202140804/7
http://linker.aanda.org/10.1051/0004-6361/202140804/8
http://linker.aanda.org/10.1051/0004-6361/202140804/8
http://linker.aanda.org/10.1051/0004-6361/202140804/9
http://linker.aanda.org/10.1051/0004-6361/202140804/10
http://linker.aanda.org/10.1051/0004-6361/202140804/11
http://linker.aanda.org/10.1051/0004-6361/202140804/12
http://linker.aanda.org/10.1051/0004-6361/202140804/13
http://linker.aanda.org/10.1051/0004-6361/202140804/14
http://linker.aanda.org/10.1051/0004-6361/202140804/15
http://linker.aanda.org/10.1051/0004-6361/202140804/16
http://linker.aanda.org/10.1051/0004-6361/202140804/17
http://linker.aanda.org/10.1051/0004-6361/202140804/18
http://linker.aanda.org/10.1051/0004-6361/202140804/19
http://linker.aanda.org/10.1051/0004-6361/202140804/20
http://linker.aanda.org/10.1051/0004-6361/202140804/21
http://linker.aanda.org/10.1051/0004-6361/202140804/22
http://linker.aanda.org/10.1051/0004-6361/202140804/23
http://linker.aanda.org/10.1051/0004-6361/202140804/24
http://linker.aanda.org/10.1051/0004-6361/202140804/25
http://linker.aanda.org/10.1051/0004-6361/202140804/26
http://linker.aanda.org/10.1051/0004-6361/202140804/27
http://linker.aanda.org/10.1051/0004-6361/202140804/27
http://linker.aanda.org/10.1051/0004-6361/202140804/28
http://linker.aanda.org/10.1051/0004-6361/202140804/29
http://linker.aanda.org/10.1051/0004-6361/202140804/30
http://linker.aanda.org/10.1051/0004-6361/202140804/30
http://linker.aanda.org/10.1051/0004-6361/202140804/31
http://linker.aanda.org/10.1051/0004-6361/202140804/32
http://linker.aanda.org/10.1051/0004-6361/202140804/32
http://linker.aanda.org/10.1051/0004-6361/202140804/33
http://linker.aanda.org/10.1051/0004-6361/202140804/33
http://linker.aanda.org/10.1051/0004-6361/202140804/34
http://linker.aanda.org/10.1051/0004-6361/202140804/35
http://linker.aanda.org/10.1051/0004-6361/202140804/36
http://linker.aanda.org/10.1051/0004-6361/202140804/37
http://linker.aanda.org/10.1051/0004-6361/202140804/38
http://linker.aanda.org/10.1051/0004-6361/202140804/38
http://linker.aanda.org/10.1051/0004-6361/202140804/39
http://linker.aanda.org/10.1051/0004-6361/202140804/40
http://linker.aanda.org/10.1051/0004-6361/202140804/41
http://linker.aanda.org/10.1051/0004-6361/202140804/42
http://linker.aanda.org/10.1051/0004-6361/202140804/43
http://linker.aanda.org/10.1051/0004-6361/202140804/44
http://linker.aanda.org/10.1051/0004-6361/202140804/45
http://linker.aanda.org/10.1051/0004-6361/202140804/46
http://linker.aanda.org/10.1051/0004-6361/202140804/47
https://arxiv.org/abs/2106.15620
http://linker.aanda.org/10.1051/0004-6361/202140804/49
http://linker.aanda.org/10.1051/0004-6361/202140804/50
http://linker.aanda.org/10.1051/0004-6361/202140804/51
http://linker.aanda.org/10.1051/0004-6361/202140804/52
http://linker.aanda.org/10.1051/0004-6361/202140804/52
http://linker.aanda.org/10.1051/0004-6361/202140804/53
http://linker.aanda.org/10.1051/0004-6361/202140804/54
http://linker.aanda.org/10.1051/0004-6361/202140804/55
http://linker.aanda.org/10.1051/0004-6361/202140804/56
http://linker.aanda.org/10.1051/0004-6361/202140804/56
http://linker.aanda.org/10.1051/0004-6361/202140804/57
http://linker.aanda.org/10.1051/0004-6361/202140804/58
http://linker.aanda.org/10.1051/0004-6361/202140804/59
http://linker.aanda.org/10.1051/0004-6361/202140804/60

C. H. M. Pabst et al.: [C11] 158 um line emission from Orion A. L.

Luhman, M. L., Satyapal, S., Fischer, J., et al. 2003, ApJ, 594, 758

Magdis, G. E., Rigopoulou, D., Hopwood, R., et al. 2014, ApJ, 796, 63

Malhotra, S., Kaufman, M. J., Hollenbach, D., et al. 2001, ApJ, 561, 766

Megeath, S. T., Gutermuth, R., Muzerolle, J., et al. 2012, AJ, 144, 192

Megeath, S. T., Gutermuth, R., Muzerolle, J., et al. 2016, AJ, 151, 5

Meixner, M., Haas, M. R., Tielens, A. G. G. M., Erickson, E. F., & Werner, M.
1992, ApJ, 390, 499

Menten, K. M., Reid, M. J., Forbrich, J., & Brunthaler, A. 2007, A&A, 474, 515

Ochsendorf, B. B., Cox, N. L. J., Krijt, S., et al. 2014, A&A, 563, A65

O’Dell, C. R., & Harris, J. A. 2010, ApJ, 140, 985

Okada, Y., Higgins, R., Ossenkopf-Okada, V., et al. 2019, A&A, 631, L12

Pabst, C. H. M., Goicoechea, J. R., Teyssier, D., et al. 2017, A&A, 606, A29

Pabst, C., Higgins, R., Goicoechea, J. R., et al. 2019, Nature, 565, 618

Pabst, C. H. M., Goicoechea, J. R., Teyssier, D., et al. 2020, A&A, 639, A2

Peeters, E., Hony, S., Van Kerckhoven, C., et al. 2002, A&A, 390, 1089

Pellegrini, E. W., Baldwin, J. A., Ferland, G. J., Shaw, G., & Heathcote, S. 2009,
ApJ, 693, 285

Pineda, J. L., Langer, W. D., Velusamy, T., & Goldsmith, P. F. 2013, A&A, 554,
A103

Pineda, J. L., Langer, W. D., & Goldsmith, P. F. 2014, A&A, 570, A121

Pineda, J. L., Fischer, C., Kapala, M., et al. 2018, ApJ, 869, L30

Risacher, C., Giisten, R., Stutzki, J., et al. 2016, A&A, 595, A34

Rybak, M., Hodge, J. A., Vegetti, S., et al. 2020a, MNRAS, 494, 5542

Rybak, M., Zavala, J. A., Hodge, J. A., Casey, C. M., & Werf, P. v. d. 2020b,
ApJ, 889, L11

Salas, P, Oonk, J. B. R., Emig, K. L., et al. 2019, A&A, 626, A70

Appendix A: Calculation of the ionization
parameter y

We use the ionization parameter y:GoTéész /ne in Sect. 4.3 to
semi-empirically determine the heating curve of the interstellar
gas. Here, we elaborate the procedure by which we estimate y
throughout the [C 1] map.

To obtain the kinetic temperature of the gas we use the peak
temperature Tp of the [C 1] line:

TCX
1 — Tex/91.2Klog(1 + ner/n)

Tgas = (A1)

where the critical density depends on the [C1I] optical depth
Ticup Mer = Ner0B(Tic ), and nero = 2.7 X 103 em=3. The function
B(7) can be approximated as (1 — exp 7)/7. For simplicity, we fix
Ticny =2, as is consistent with the [3C11] line analysis where
possible (see Paper II). We note that the gas temperature is only

Salgado, F., Berné, O., Adams, J. D., et al. 2016, ApJ, 830, 118

Santa-Maria, M. G., Goicoechea, J. R., Etxaluze, M., Cernicharo, J., &
Cuadrado, S. 2021, A&A, 649, A32

Schneider, N., Simon, R., Guevara, C., et al. 2020, PASP, 132, 104301

Seo, Y. M., Goldsmith, P. F., Walker, C. K., et al. 2019, ApJ, 878, 120

Shibai, H., Okuda, H., Nakagawa, T., et al. 1991, ApJ, 374, 522

Simén-Diaz, S., Garcia-Rojas, J., Esteban, C., et al. 2011, A&A, 530, A57

Smith, J. D. T., Croxall, K., Draine, B., et al. 2017, ApJ, 834, 5

Stacey, G. J., Geis, N., Genzel, R., et al. 1991, AplJ, 373, 423

Stacey, G. J., Hailey-Dunsheath, S., Ferkinhoff, C., et al. 2010, ApJ, 724, 957

Taylor, M. B. 2005, ASP Conf. Ser., 347, 29

Tielens, A. G. G. M., Meixner, M. M., van der Werf, P. P., et al. 1993, Science,
262, 86

van Dishoeck, E. F., & Black, J. H. 1986, ApJS, 62, 109

Van der Werf, P. P., Goss, W. M., & O’Dell, C. R. 2013, ApJ, 762, 101

Venemans, B. P., McMahon, R. G., Walter, F., et al. 2012, ApJ, 751, L25

Walter, F., Decarli, R., Carilli, C., et al. 2012, ApJ, 752, 93

Weilbacher, P. M., Monreal-Ibero, A., Kollatschny, W., et al. 2015, A&A, 582,
All4

Weingartner, J. C., & Draine, B. T. 2001, ApJ, 548, 296

Wolfire, M. G., Hollenbach, D., & Tielens, A. G. G. M. 1989, Apl, 344, 770

Wolfire, M. G., Hollenbach, D., McKee, C. F., Tielens, A. G. G. M., & Bakes,
E. L. O. 1995, ApJ, 443, 152

Wolfire, M. G., Hollenbach, D., & McKee, C. F. 2010, ApJ, 716, 1191

Young Owl, R. C., Meixner, M. M., Fong, D., et al. 2002, ApJ, 578, 885

Zuckerman, B. 1973, ApJ, 183, 863

weakly dependent on the exact value of 7cy;. We estimate the
excitation temperature T, assuming optically thick emission:

T 91.2K
7 log(O1.2K/(Tp + J(Ta)) + 1)’

)

We approximate the gas density by the gas column den-
sity estimated from the dust opacity, assuming a line of sight
of ~r/2 = 1.4pc, ie. n ~ 6x10%* cm™2740/1.4 pc in the Veil
shell; in the OMCI1 region, we take n ~ 10° cm™2, in accordance
with studies of the Orion Bar (Pellegrini et al. 2009; Bernard-
Salas et al. 2012; Goicoechea et al. 2015b). We assume that all
electrons stem from carbon ionization and that carbon is fully
ionized. For the radiation field in the Orion Nebula, we assume
Go =~ 500(1 pc/(d + 0.1 pc)?, as obtained from the FIR-d relation
in Sect. 3.2. We note that for points close to ' Ori C, the estimate
of the radiation field using the projected distance is not accurate
and we add the vertical offset of 0.1 pc.
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