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ABSTRACT

Context. The [C11] 158 pm fine-structure line is the dominant cooling line of moderate-density photodissociation regions
(PDRs) illuminated by moderately bright far-ultraviolet (FUV) radiation fields. This makes this line a prime diagnostic
for extended regions illuminated by massive stars.

Aims. We aim to understand the origin of [C11] emission and its relation to other tracers of gas and dust in PDRs. One
focus is a study of the heating efficiency of interstellar gas as traced by the [C11] line to test models of the photoelectric
heating of neutral gas by polycyclic aromatic hydrocarbon (PAH) molecules and very small grains.

Methods. We make use of a one-square-degree map of velocity-resolved [C11] line emission toward the Orion Nebula
complex, and split this out into the individual spatial components, the expanding Veil Shell, the surface of OMC4,
and the PDRs associated with the compact H11 region of M43 and the reflection nebula NGC 1977. We employed
Herschel far-infrared photometric images to determine dust properties. Moreover, we compared with Spitzer mid-
infrared photometry to trace hot dust and large molecules, 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 far-infrared emission
from warm dust, with small variations between the four studied subregions (Veil Shell, OMC4, M43, and NGC 1977).
The correlation between [C11] and CO(2-1) is very different in the four subregions and is very sensitive to the detailed
geometry of the respective regions. Constant-density PDR models are able to reproduce the observed [C11], CO(2-1),
and integrated far-infrared (FIR) intensities. The physical conditions in the Veil Shell of the Orion Nebula, M43, and
NGC 1977 reveal a constant ratio of thermal pressure pyn over incident FUV radiation field measured by Go. We observe
strong variations in the photoelectric heating efficiency in the Veil Shell behind the Orion Bar and these variations are
seemingly not related to the spectral properties of the PAHs.

Conclusions. The [C11] emission from the Orion Nebula complex stems mainly from moderately illuminated PDR
surfaces. The correlations of the different tracers (|C11], FIR, CO, 70 um, and 8 um emission) show small variations
that are not yet understood. Future observations with the James Webb Space Telescope can shine light on the PAH
properties that may be linked to these variations.

©ESO 2021

1. Introduction

The [C11] 158 pm fine-structure line is the dominant cool-
ing line of neutral atomic gas at moderate densities (ng <
10* cm—?) and temperatures (T} < 300 K; |[Dalgarno & Mc-
Cray||1972)). This includes diffuse clouds in the general in-
terstellar medium (ISM) of galaxies as well as regions il-
luminated by nearby, newly formed, massive stars (Hollen-
bach & Tielens||1999). In these regions carbon atoms are
rapidly ionized by penetrating far-ultraviolet (FUV) pho-
tons F < 13.6eV) and molecules such as CO are quickly
photodissociated. Hence, most of the gaseous carbon is in
the form of C* ions. The ground state of C* has two fine
structure levels separated by AE/kp = 91.2 K. This transi-

tion has a critical density of (2-6) x 103 cm™3 for collisions
with atomic or molecular hydrogen. Since the upper fine-
structure level 2 P; /2 is easy to excite collisionally at typical
ISM densities and as the interstellar carbon abundance is
high, the [C11] 158 um line dominates the cooling of the
neutral ISM.

Extreme ultraviolet (EUV) radiation E > 13.6eV) from
massive stars ionize hydrogen atoms and create an H1I re-
gion in their environment. This ionized gas is separated
from the surrounding nascent molecular cloud by a pho-
todissociation region (PDR) where penetrating FUV pho-
tons dissociate molecules and ionize low ionization potential
atoms. These FUV photons ultimately heat the PDR gas
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to temperatures of 200-1000 K. The neutral gas (i.e., hy-
drogen in neutral form) couples to the FUV photon field
through the photoelectric effect on large polycyclic aro-
matic hydrocarbon molecules (PAHs) and very small grains
(VSGs; Bakes & Tielens|[1994). This same process heats
the gas in diffuse interstellar clouds (Wolfire et al. |1995).
Dense PDRs in star-forming regions are bright in the far-
infrared (FIR) atomic cooling lines, e.g. the [C1I] 158 pm
line at moderate densities and warmish temperatures (Tie-
lens & Hollenbach!|{1985; [Hollenbach et al.|[1991)), as well
as the PAH emission features (Tielens|[2008, and references
therein), fluorescent ro-vibrational lines (e.g., Sellgren| 1986}
Field et al.|1998} [Kaplan et al.[2017)), pure rotational Hsy
lines (e.g., Sheffer & Wolfire2013; |Habart et al.[2011; |Allers
et al.[2005), warm dust (e.g.,[Berné et al.|2007} |Arab et al.
2012)), and a plethora of molecular radicals and reactive
ions (e.g., Pety et al[[2005} [Fuente et al.|2003; Nagy et al.
2013} |Goicoechea et al.[2017)). Their high surface bright-
ness and compact size make dense PDRs very appropriate
targets for observational studies on the interaction of mas-
sive stars with their interstellar environment. This allows
detailed studies of the physics and chemistry relevant to
radiative feedback by massive stars. In particular, observa-
tions of the dominant atomic fine structure lines, through
the energy balance, provide a direct probe of the heating
processes of interstellar neutral atomic gas (e.g., [Tielens
2008} |Okada et al.[2013; [Pabst et al.[2017;|Salas et al.[2019).

The [C11] 158 um line is the brightest FIR line in the
spectrum of the Milky Way and, in general, of star-forming
galaxies, typically radiating about 0.3% of the IR dust con-
tinuum emission (e.g., Crawford et al.|1985; Bennett et al.
1994; Malhotra et al.|2001; Luhman et al.|2003;[Stacey et al.
2010; [Diaz-Santos et al.[[2013]). As ionization of carbon re-
quires FUV photons with energies in excess of 11.2 eV, and
such photons are only emitted by short-lived massive stars,
the [C11] emission line is also considered a tracer of the star
formation rate (SFR; e.g., |Pineda et al|[2014; |De Looze
et al.[[2011} Herrera-Camus et al.[[2015] 2018). With ALMA
and NOEMA, the use of the [C11| line as a SFR tracer has
now been extended to the high redshift universe (e.g., |[Wal-
ter et al.|2012; [Venemans et al[2012; [Knudsen et al.|2016}
Bischetti et al.|[2018; [Khusanova et al.[2020). The use of
the [C11| 158 um line as a SFR indicator requires a reliable
conversion factor and extensive observational studies have
focused on determining this factor through detailed studies
of the [C11] line in samples of nearby star forming galaxies
(e.g., Malhotra et al.[2001; Herrera-Camus et al.[2015||2018;
Chevance et al|2016} [Pineda et al./2018)). These observa-
tional studies have revealed a so-called CT-deficit issue: the
[C11]/FIR luminosity ratio is systematically lower in regions
characterized by warm dust, possibly due to the onset of
other cooling processes of neutral dense gas (e.g., the [O1]
63 um line), changes in the coupling between the neutral
atomic gas and the FUV photons, reduced gas-heating effi-
ciency when the strong FIR field leads to positively charged
PAHs and small grains making it more difficult for photo-
electrons to escape and heat the gas, or the presence of en-
ergy sources other than FUV photons (e.g., AGNs or deeply
embedded star formation; [Luhman et al|2003; [Abel et al.
2009; |Gracia-Carpio et al.|2011)). Aside from the photoelec-
tric effect heating the gas Ho formation heating and col-
lisional de-excitation of vibrationally excited Hy may play
a role (e.g., Rollig et al.|[2006). Besides this observational
validation of the use of the [C11] line as a SFR indicator,
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we also need to develop a deep understanding of the under-
lying physics involved in the heating and cooling of neutral
atomic gas if we want to confidently extrapolate the local
results over cosmological relevant timescales.

The recent rapid development of receiver technology has
allowed the construction of multi-element heterodyne ar-
rays at FIR frequencies. In particular, the upGREAT in-
strument has been specifically designed to map the [C11]
158 um line (Risacher et al.|[2016). This sensitive instru-
ment coupled with the nimble telescope of the Stratospheric
Observatory For Infrared Astronomy (SOFIA) allows for
the first time wide-field [C11] observations of regions of
massive star formation at sub-kms~! spectral resolution
(Pabst et al.|2017; Bally et al.|2018)). The C+SQUAD
SOFIA Large Program has surveyed one square degree of
the molecular cloud cores in Orion in the [C11] 158 pm line
to probe the radiative and mechanical energy feedback of
massive stars with their environment. The results revealed
the presence of a ~ 2pc radius massive (~ 1500 M) shell
of neutral atomic gas expanding at 13kms~! (Pabst et al.
2019)). The rapid expansion of this bubble is driven by the
hot plasma generated by the stellar wind from the O7V
star ' Ori C (Giidel et al.|[2008) as envisioned by Weaver!
et al.| (1977). The data also revealed bubbles of neutral gas
expanding at a slower pace around the Bl stars powering
the H 11 regions M43 and NGC 1977 (Pabst et al.|2020)). In
this case, expansion is driven by the overpressure of the ion-
ized gas, a so-called Spitzer expansion. While these studies
focused on the kinematics of the region and the mechani-
cal feedback by massive stars, this data also allows an in
depth study of the radiative interaction of massive stars
with neutral atomic gas on unprecedented spatial scales.

In Paper I (Pabst et al.[2021)), we used the C+SQUAD
results to study the global characteristics of the [C11] emis-
sion in Orion as a template to understand the use of the
[C11] emission as a SFR indicator and to investigate the
[C1] deficit. In this paper, we separate the surveyed re-
gion in its spatial components, compare the observations
with specific PDR models, and examine the radiative in-
teraction of the powering stars with their environment in
detail. This paper is organized as follows: In Section 2, we
summarize 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
(M42), M43, and NGC 1977, separately. In Section 4, we
compare the observations to PDR models, discuss the im-
plications thereof, and examine the heating efficiency of the
[C11]-emitting gas. We summarize our results in Section 5.

2. Observations

We make use of velocity-resolved [C11] line observations to-
ward Orion A, obtained by upGREAT onboard SOFIA,
IRAM 30m velocity-resolved 2CO J=2-1 (230.5GHz)
and 13CO J=2-1 (220.4 GHz) line observations, Herschel
dust continuum photometry, Spitzer observations in the
Multi-band Imaging Photometer for Spitzer (MIPS) 24 ym
band and the Infrared Array Camera (IRAC) 8 um band,
ESO/Wide Field Imager (WFI) Ha observations, and Dig-
itized Sky Survey 2 (DSS-2) red-band observations con-
verted to Ha intensity (by dividing by 81.3). The observa-
tions are described in Paper I. We convolve all images to the
same angular resolution of 36” with a pixel size of 14”. In
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Fig. 1. Dust temperature (color scale) and optical depth at
160 pm (contours, from black to white: 3 X 1073, 5 x 1073, 1 x
1072, 3 x 1072, 5 x 1072) from SED fit (3 = 2).

the analysis of the [C11] data we include only points above
the 30 threshold, that is Ijcy) > 5 ¥ 10 %ergs ' ecm2sr!
at 36" angular resolutiorﬂll

From the dust continuum photometry, we determine the
dust effective temperature and the dust optical depth by
fitting a modified blackbody with dust emissivity index 5 =

2
< (160um>ﬁ>1
1 —exp | —T160 3 ,

to the PACS 70 ym, 100 pm, and 160 yum bands, and the
SPIRE 250 pm, 350 pm, and 500 um bands (cf. Paper T and
Pabst et al.| (2019) for details). Where the coverage of the
PACS 100 pm band is not sufficient, we complete the SED
output maps with an SED fit of the remaining five PACS
and SPIRE bands, which we use for illustrative purposes
only. The dust temperature in the five-band fit is slightly
higher than in the six-band fit (by about 0.3-0.5K), and
the dust optical depth is somewhat lower, but negligibly so.
The differences are largest in the low-intensity regions. The
brightest regions in the BN/KL region and Orion S, the
star-forming cores close to the massive Trapezium stars,
are saturated in the Herschel images and hence excluded
from our analysis. By integrating Eq. [1| from A = 40 pm to
500 pm, we obtain the integrated far-infrared (FIR) inten-
sity.

Figure [I] shows the dust temperature and dust optical
depth resulting from the SED fits (8 = 2). The dust optical

9

I, = B()\,Td) (]_)

! The conversion factor from line-integrated bright-
ness temperature (W  [Kkms™']) to surface bright-
ness (I ierg sT'em™2sr™']) is  2kpr®/c®.  This s

I(ergs™'em™Zsr™t) 7.0 x 107 W (Kkms™') for the
[C11] line, and T(ergs™ cm™2sr™!) ~ 1.3 x 1073 W(Kkms™')
for the CO(2-1) lines.
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Fig. 2. [C11] line-integrated intensity (vLsg = —10-4+20km sfl)
from Orion A (at a resolution of 16”) with CO(2-1) line-
integrated intensity (vLsg = —10- + 20km sfl, coverage not
complete, cf. Paper I) in contours (from black to light gray:
1,2,3,4 x 10 %ergs™ em™?sr™'). The red circles delineate the
three distinct shells of M42, M43, and NGC 1977. The stars indi-
cate the most massive stars within each region: ' Ori C (yellow)
in M42, NU Ori (pink) in M43, and 42 Orionis (purple) in NGC
1977. Arrows indicate the positions of the four molecular cores
OMC1-4 along the Integral-Shaped Filament.

depth and dust temperature depend sensitively on the exact
value of A. In Appendix [A] and [B] we compare the SED
fits used here with the SED fits of Lombardi et al. (2014),
who employ 8 ~ 1.6, and to SED fits, where we let 5 be
a free parameter. The general behavior of the correlations
identified in this study is not affected.

3. Analysis
3.1. Global morphology and channel maps

Figure [2[ shows the line-integrated [C11] intensity from the
Orion Nebula complex in the Orion A molecular cloud. The
mapped area comprises three distinct regions: M42, M43,
and NGC 1977. The most massive stars in the Orion Nebula
complex, the Trapezium stars, are found close to the surface
of OMCI1. The heavily irradiated PDR at the surface of
the molecular cloud radiates bright [C 11] emission. Also the
Veil Shell, the expanding shell that is created by the stellar
wind of the O7V star 8! Ori C (the most massive of the
Trapezium stars), is readily observed in [C11] emission. The
H 11 region of M43 is encircled by a [C11]-emitting shell, as
well. In the background of the B0.5V star NU Ori, M43
is bounded by the molecular cloud with a [C11]-emitting
PDR at its surface. The shell surrounding the H1I regions
NGC 1973, 1975, and 1977 also emits substantially in the
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Fig. 3. [C1] intensity per 1km s~! channel in the range vpsgr = —9-19km s™!. The intensities in the last two channels (vLsr =

17-19kms™") contain ["*C11] F = 2-1 emission and are multiplied by 5.

[C11] lindﬂ The brightest part associated with NGC 1977
and irradiated by the B1V star 42 Orionis, however, is the
PDR at the surface of the molecular core OMC3. The three
shells associated with M42, M43, and NGC 1977 are subject
to ongoing dynamical evolution due to over-pressurized hot
plasma (M42) and ionized gas (M43 and NGC 1977) created
by the central stars (Pabst et al.|[2019, 2020).

Figure [3| shows the [C11] intensity of the Orion Neb-
ula complex per 1kms~! channel in the range vrggr =
—9-19kms~!. Channel maps of velocity-resolved obser-
vations allow to disentangle spatially distinct structures
within the line of sight and thus to obtain insight into
the global morphology of a region. We can distinguish sev-
eral components: For vpgg < —2kms™!, we observe [C11]
emission that fills the space within the shell filaments of
the Orion Nebula. This emission is associated with the ex-
panding Veil Shell, that is moving toward us (Pabst et al.
2019). The edge-on shell filaments form a coherent struc-
ture and are most distinctly visible in the velocity range
vLsr = 0-9kms™!. In the vgr = 8-12kms~! range, the

2 We refer to the region encompassing the three reflection neb-
ulae NGC 1973, 1975, and 1977 as NGC 1977 for short. These
regions are also collectively known as Sharpless 279 (Sh2-279).
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bright OMC1/Huygens Region reveals its structure, stud-
ied in detail by |Goicoechea et al.| (2015). M43 also becomes
apparent in this velocity range. In vpgg = 12-15kms™!, a
structure that seems to be an extension of the Orion Bar
becomes visible, that was also noted in optical observations
(Henney et al.|2007). Emission contributed by the [**C11]
F' = 2-1 hyperfine Componentrﬂ can be discerned in the last
two channels, vpsg = 17-19kms™!, toward the brightest
part of the map, that is OMC1 and the bright eastern arm
of the Veil Shell, the Eastern Rim. The northern part of the
map with NGC 1973, 1975, and 1977, is visible in the range
vLsr = 10-14kms™!, offset by ~ 2kms~! from the emis-
sion peak of the OMCI region. Many small-scale structures
also possess distinct dynamic morphology, that can be ob-
served in the channel maps, but this is outside the scope of
this study.

3 The [**Cu| line splits into three hyperfine components
(the frequency of the [">C11] line is 1900.537 GHz and Aw is
given with respect to this frequency, |Ossenkopf et al.| (2013)):

component v [GHz| Av [kms™']  rel. intensity
F=1-0 1900.950 -65.2 0.250
F=21 1900.466 +11.2 0.625
F=1-1 1900.136 +63.3 0.125
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Figure [] shows the PACS 70 um, PACS 160 ym and
SPIRE 250 pym photometric images. We observe that colder
structures become more prominent in wavelengths long-
wards of 160 um. At submillimeter wavelengths, the dust
emission is dominated by the so-called integral-shaped fila-
ment (ISF, Johnstone & Bally|1999). The ISF is a cold and
dense structure that runs through the entire Orion Nebula
complex and has fragmented into molecular cores, OMCI,
2, 3, and 4, that are sites of active star formation.

On large scales (~ 25pc) along the Orion molecular
cloud, a global north-south velocity gradient was deter-
mined from observations of the molecular gas
11987). In the region observed in [C11], we cannot distinguish
a significant global velocity gradient. Rather, the velocity
gradient is dominated by the separation of structures that
move at distinct velocities, the M42 Veil Shell in the south
and the northern bubble of NGC 1977. The local veloc-
ity gradient between OMC1 and OMCS3 is also observed in
molecular observations of Hacar et al.| (2017). This abrupt
velocity change, as noted by Bally et al. (1987), is larger
than the global velocity gradient (~ 0.5kms~!pc~!) from
molecular observations would suggest.

3.2. Definition of regions

In Paper I, we have discussed the global correlations. In this
paper, we study the correlations in more detail by dividing
them into subregions. Figure 3 of Paper I shows the correla-
tion plots disregarding individual (sub)regions, including all
areas that fall outside of the later-defined regions, as point-
density plots. Table 1 of Paper I summarizes the power-law
fits we find for each correlation, using the ordinary least-
squares (OLS) bisector method (Isobe et al.[[1990]).
Because some of the spread in the correlation plots may
stem from differences in the characteristics of the sources
and their individual components, we have subdivided the
survey area into four regions, that are further subdivided

30/
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Fig. 5. Regions in correlations plots discussed in Sectionsto

[3:8 on IRAC 8 um emission convolved to an angular resolution

of 36”.

by their emission components. Figure [5| gives an overview
of the regions we define in order to study the correlations
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in the following plot in greater detail. We have divided the
Orion Nebula into two regions, the region that is viewed
edge on, which comprises the Eastern Rim, the edge-on
Veil Shell and the rim separating M42 from M43, and the
region that presumably has face-on geometry, that is the
surface of the ISF in the region of OMC4. We have de-
fined the latter as regions situated inside the Veil Shell with
T160 > 8 X 1073, which includes areas close to OMC1 (pur-
ple hatched areas in Fig. . Those latter areas are defined
by Irir > 2 x 107 ergs~Tem=2sr~t. Anticipating the dis-
cussion on the [C11]-FIR correlation in section we have
subdivided them into two subregions, OMC1s and OMClw.
Points in OMCl1s lie above the regression curve computed
from all OMC4 points, points in OMC1lw lie below this av-
erage regression curve. We encircle the points in OMClw
with black circles in the correlation plots. In the panels
showing the OMC4 correlation, we include the points lying
inside the OMCI1 region in gray scale.

We have divided M43 into four subregions: The inte-
rior H1I region with the molecular background and fore-
ground expanding shell (Iy, > 4 x 103MJysr—1), the
bright rim around it, that is the shell, a region where
[C 11] emission is faint (Ijcy < 1.4x10 % ergs™  em™2sr™ 1)
but CO(2-1) emission is still bright (Ico.1y > 1.5 x
107 %ergs™!' em™2sr™!), and a region where both |[C11] and
CO(2-1) emission are faint. NGC 1977 is divided into four
subregions, as well: The H 11 region with the expanding shell
(I > 150 MJysr—1), the shell surrounding it, the region
of OMC3, defined by Tig0 > 6 x 1073 and Ico1y/Irr >
3 x 107°, and the outward areas with faint Ha emission
(It < 90 MJysr—1).

3.3. FIR versus distance

Figure@shows the dependence of the FIR intensity on (pro-
jected) distance from the respective central star in M42,
M43 and NGC 1977. The FIR intensity scales with the in-
cident FUV radiation field. However, geometry and line-of-
sight effects are important. While, in principle, the incident
radiation field can be estimated from the stellar luminos-
ity and the (true) distance from the illuminating source,
oftentimes only the projected distance is known.

We find that both in the limb-brightened edge of the
Veil Shell and in OMC4 at d < 1pc the FIR intensity
scales with d—2 approximately. The incident radiation field
at a distance of 1pc is Gy ~ 500, derived from the pre-
sumed face-on geometry of the ISF in the OMC4 region
using Go ~ Irr/2/1.3 x 1074 ergs™ L em=2sr=! (Hollen-
bach & Tielens|[1999). This is a third of the value derived
from the total FIR luminosity from the Orion Nebula (cf.
Paper I) and reflects the geometry of the region. In fact,
this discrepancy corresponds to an angle of 70° between
the incident radiation and the surface normal. At d > 1pc,
the FIR intensity in OMC4 scales with an exponent some-
what smaller than 2. This region is characterized by large
columns of cold dust that produce a FIR excess (cf. Paper

I).

In M43 and NGC 1977, we do not find a strong depen-
dence of the FIR intensity on distance. We attribute this to
the geometry of these regions. M43 is a half-spherical shell
situated in front of a dense background cloud close to the
ISF. NGC 1977 is an expanding H1I region (Pabst et al.
2020)), whose limb-brightened shell is readily observed in
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surface tracers. Considering only points in the NGC 1977
shell with d > 1.5pc, the FIR intensity drops with d—2
approximately. However, this fit also describes points with
d < 1.5pc to a certain extent.

Table 1. Summary of FIR-distance correlation in Fig. @

Region a b p  rms|dex]
Veil Shell |0.32£0.07 —2.08+0.31 —0.94 0.19
OMC4 0.17£0.04 —-1.65+£0.27 —0.88 0.19
M43 - - —0.41 0.27
NGC 1977 1 0.07+ 0.0 —2.04+1.3 —0.68 0.13

Notes. Irr = a(d/1 pc)b. In NGC 1977 fit only for d > 1.5 pc.
p is the Pearson correlation coefficient, rms is the root-mean-
square of the residual of the least-squares fit.

In summary, we observe geometric dilution of the radi-
ation field in M42, but not in M43 and in NGC 1977 only
partly. Table [I] summarizes the FIR-distance correlations
discussed above. The Veil Shell and OMC4 exhibit a strong
correlation, measured by the correlation coefficient p, while
this is less pronounced in M43 and NGC 1977. The spread in
the correlations is non-negligible, with 0.19 dex in the Orion
Nebula being the smallest (p = —0.69, rms = 0.44 dex for
the entire of NGC 1977). The scatter around the fits can
be due to geometry effects and the deviation of the real
distance from the projected distance.

The intensity of the incident radiation field, Gy in
Habing units, can be expressed as

Ly 1pc 2

1x104L (d) ’ @
o]

where x = Lryv /Ly (cf. eq. 5.43 in|Tielens|2010)). For early
B stars and late O stars (Tog ~ 2.5-4.0 x 10*°K), x ~ 0.5
(Spaans et al.|[1994). We estimate the central star’s lumi-
nosity assuming it is re-radiated in dust continuum emis-
sion. In M42, we have Lpig ~ 1.5 x 10° L, hence theory
predicts Gy ~ 1.5 x 103(1 pc/d)?. From the data associ-
ated with OMC4, we estimate Gy ~ 500(1pc/d)? (Fig. [6]
and Table . As we have shown in Paper I, from the data
for the edge-on PDR in the Eastern Rim we also estimate
Go ~ 500(1pc/d)?. This discrepancy between the theoret-
ical and observed relations is likely caused by the geom-
etry of the Orion Nebula. The close adherence to a d—2
law illustrates that the continuum emission is due to dust
predominately heated by the central massive stars.

In M43, we obtain Lpig ~ 1.4x10* L, hence we expect
Go ~ 1.0-1.5 x 10% in the shell at d ~ 0.3-0.4 pc from NU
Ori. In NCG 1977, Lpr ~ 1.8 x 10* L. For OMC3 at a
distance of d ~ 0.4 pc from 42 Orionis, we compute Gy =~
1.1 x 103. In the shell at a distance of d ~ 1.0-1.5 pc, we
estimate G ~ 100-300.

3.4. [C11] versus 70 pm

The observed [C11] intensity is compared to the 70 pm in-
tensity in Fig. [7] All four regions show a tight correlation
of these two quantities. These correlations are summarized
in Table

As observed in Paper I, the correlations exhibit two
regimes, with decreasing slope from low to high 70 pm in-
tensity. We fit and discuss only the regime with I7g,m >
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Table 2. Summary of [C11]-70 um correlation in Fig. Iﬂ

Region a b p  rms|dex]
Veil Shell | 0.57+0.23 —5.07+£0.76 0.94 0.10
OMC4 0.60£0.17 —5.27+£0.61 0.91 0.13
M43 0.60£0.19 —5.24£0.77 0.94 0.06
NGC 1977 | 0.60+£0.62 —5.10+1.86 0.77 0.10
Notes. log,; Ijcuy) = aloggI70um + b. Fit for Izoum > 5 X

102 MJysr~'. p is the Pearson correlation coefficient, rms is the
root-mean-square of the residual of the least-squares fit.

5x 102 MJy sr~!, since the low-intensity regime is problem-
atic because of calibration uncertainties in the PACS bands.
The [C11] intensity scales with the 70 um intensity with a
power of 0.57-0.60 (for I7pum > 5 x 10*MJysr—!). The
largest scatter about the regression curve (and the lowest
correlation coefficient) is observed in NGC1977. Also, the
spread is higher in OMC4 as compared to the Veil Shell. The
[C11] intensity tends to turn off the regression curve toward
lower values at the high-intensity end. As bright-emission
regions tend to be optically thick in the [C11] line (while
cooling mainly through the front side viewed edge-on), and
[O1] 63 pm and 145 pm line cooling becomes significant, we
expect less [C11] emission as compared to the intensity in
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Fig. 6. FIR intensity versus (projected) distance from respective central stars in M42 (top left: Veil Shell, bottom left: OMC4),
M43 (top right) and NGC 1977 (bottom right). The division of M43 and NGC 1977 into the regions given in the legend is described
in Section The blue solid lines are the fits summarized in Table The blue dashed lines indicate a FIR intensity scaling with
a2

the 70 pm band. In M43, the high-intensity points (toward
the shell and the H1rI region and background cloud) also
tend to follow a slightly shallower slope, likely because of
the same effect.

3.5. [C1] versus FIR

The observed [C11] intensity is compared to the FIR inten-
sityEl in Fig. |8} All four regions show a tight correlation of
these two quantities. These correlations are summarized in
Table

Similar to the [C11]-70 um correlation, the [C11]-FIR
correlation exhibits two regimes, but we fit only the regime
with Iprr > 3 x 107 2ergs ' em™2sr™!. In this regime,
the [C11| intensity depends less than linear on the FIR
intensity, the exponent lying in the range 0.53-0.88 (for
Ipmr > 3 x 1072 ergs™ ' em™2 sr’l). The correlation coef-
ficient in M42 and M43 is larger than 0.9, in NGC 1977 it
is significantly lower (0.79).

The dust temperature in OMClw is somewhat lower
than in the region to the southeast of the Orion Bar. The
dust optical depth at 160 um lies between 8 x 1072 and
1 x 1072. Thus, although this region is associated with
OMC1, it is included in our OMC4 correlation. Points in

4 Again, we exclude the very bright (in FIR emission) regions of
the BN/KL and Orion S cores, that are saturated in our SEDs.
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The blue solid lines are the fits summarized in Table 2

Table 3. Summary of [C11]-FIR correlation in Fig.

Region a b p  rms[dex]
Veil Shell | 0.60+0.27 —2.56+0.26 0.94 0.09
OMC4 0.88£0.33 —2.59+£0.29 0.92 0.17
M43 0.61 £0.21 —2.63+£0.06 0.92 0.07
NGC 1977 | 0.53 £0.39 —2.624+0.48 0.79 0.08
Notes. log,,I[cy = alogyyIrr + b. Fit for Irir > 3 X

1072 ergs ' cm ™ 2srt. p is the Pearson correlation coefficient,
rms is the root-mean-square of the residual of the least-squares
fit.

the region south of OMCI1 and north of OMC4, OMCls, are
also included in the OMC4 correlation. Those points have
higher [C11] intensity at the same FIR intensity as points
in OMClw.

Most scatter about the regression curve is observed in
OMC4, which also possesses a larger average slope. Also the
bright-CO and faint-[C 11] regions in M43, lying close to the
spine of the ISF, deviate from the regression curve, which
might be due to the FIR emission stemming from the colder
molecular background. The same is true for OMC3, as part
of the ISF. As the FIR intensity is dominated by the PACS
70 pm band, the [C11]-FIR correlation is very similar to the
[C11]-70 pm correlation. The low-intensity regime (Ipig <
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3 x 107 2ergs~tem~2sr7!) is again fitted with exponents

larger than unity, but with large standard errors of the fit
parameters and lower correlation coefficients (p ~ 0.8).
The points in the cavity to the west of the molecular
ridge of Orion S/BN-KL, that is in OMClw, lie below the
average regression of the OMC4 correlation. This region is
just to the north of the extension of the Orion Bar and is
characterized by a higher [C11] centroid velocity as com-
pared to the average molecular background velocity. This
region is subject to large-scale shocks identified by

et al (2007).

3.6. [C11] versus 8 um

The [C11] intensity is compared to the 8 ym intensity in Fig.
[0 As this figure demonstrates, these intensities are tightly
correlated. Table {4 summarizes the [CII]-8 ym correlation
in the four regions.

The overall [C11]-8 yum relation is similar in all four re-
gions. The [C11] intensity depends less than linear on the
8 pm intensity, with an exponent of 0.56-0.87. The corre-
lation coefficient for each region is larger than 0.9, and
the scatter around the regression is usually small (rms <
0.11 dex). The [C11] intensity tends to turn off the regres-
sion curve toward lower values at the high-intensity end.
In the correlation plot of OMC4, points in OMClw have
lower [C11] intensity at the same 8 yum intensity compared
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Table 4. Summary of [C11]-8 um correlation in Fig. El

Region a b p  rms|[dex]
Veil Shell | 0.67 £0.27 —1.744+0.42 0.97 0.09
OMCH4 0.56 £0.10 —1.96£0.29 0.98 0.09
M43 0.68+£0.20 —1.85+£0.28 0.93 0.06
NGC 1977 | 0.87 £0.45 —1.31+1.18 0.92 0.11
Notes. log,yljcy = alogqlgum + b. Fit for Is,m > 3 X
107 ergs ' cm™2sr!. p is the Pearson correlation coefficient,

3.7. FIR versus 8 um

The FIR intensity is compared to the 8 um intensity in Fig.
[0l As this figure shows, these intensities are tightly cor-
related. Table [f] summarizes the FIR-8 um correlations in
the four regions. We consider only the high-intensity regime
(Irrr >3 x 107 2ergs L em=2sr7 1),

Table 5. Summary of FIR-8 um correlation in Fig.

rms is the root-mean-square of the residual of the least-squares
fit.

to points in OMC1s. Points within OMC1 continue the gen-
eral [C11]-8 pm trend.

One difficulty in the interpretation of the correlation is
the unknown additive intensity offset in the IRAC 8 ym
band, a known IRAC calibration issue for extended emis-
sion (IRAC Instrument Handbood Sec. 8.2). We estimated
the offset at 2x 10 3 ergs™ ' em ™2 sr!, but it might also be
half as large. This does not affect the regression greatly if
we restrict ourselves to the high-intensity end. It will affect,
however, the estimate of the [C11] intensity from the 8 um
intensity at low intensities.

Region a b p  rms[dex]
Veil Shell | 1.06 £0.44 1.26+0.92 0.95 0.14
OMC4 0.70+£0.24 0.84+£0.56 0.95 0.15
M43 1.08+£0.36 1.25+0.51 0.92 0.11
NGC 1977 | 1.00£0.50 1.00+1.12 0.83 0.15

Notes. log,, Irir =

10 %ergs™!

alogygIsym + b. Fit for Irir > 3 X
cm~2sr71. p is the Pearson correlation coefficient,

rms is the root-mean-square of the residual of the least-squares
fit.

While both the [C11]-FIR and the [C11]-8 pm relations
are far from linear, the 8 um-FIR relation is approximately
linear. The correlation coefficient is larger than 0.9 in M42
and M43, and 0.83 in NGC 1977. Scatter about the re-
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gression curve is significant, though, with 0.11-0.15 dex. In
OMC(H4, the FIR-8 um relation differs slightly from the rela-
tions found in the other regions, with a power-law exponent
smaller than unity. Points in OMC1lw have higher FIR in-
tensity than others with the same 8 ym intensity. Points
inside OMC1 continue the trend of those high-FIR points.

As the FIR measures the incident (FUV) radiation field,
the good correlation between the 8 um and FIR intensities
implies that the PAH flux is proportional to the incident
FUV field. Given that the IRAC 8 ym band measures the
emission by PAH cations (Peeters et al.[|2002)), this implies
that there is little variation in the PAH ionization balance
within each of these regions and between the regions. Con-
versely, this implies that the observed 8 ym intensity is a
good measure of the incident FUV field. Overall, we find
that IFIR/IS#m ~ 10.

3.8. [C11] versus CO(2-1)

The [C11] intensity is compared to the CO (J=2-1) intensity
in Fig. While for the Veil Shell and OMC4, there are
clear trends — albeit with large scatter — there is little cor-
relation for M43 and NGC 1977. Specifically, for M43, the
correlation coefficient is only 0.37. The global correlation
coefficient for NGC 1977 is only 0.01. Limiting ourselves
to the OMC 3 region in this source results in a much bet-
ter correlation coefficient (p = 0.67). toward OMC4, [C11]

Article number, page 10 of 36

and CO(2-1) intensities also exhibit a correlation, with less
scatter than in the Veil Shell (p = 0.93). Despite the fact
that the Veil Shell is a PDR viewed edge-on and we expect
a spatial offset between the [C11]- and the CO-emitting gas
layers, [C11] and CO(2-1) intensities show a correlation, al-
beit with large scatter (p = 0.79). The Veil Shell itself is
mostly CO-dark, however containing several CO-emitting
globules (Goicoechea et al.|2020). CO emission is mostly
stemming from the background molecular cloud and not the
shell itself. Only in the Eastern Rim there is corresponding
CO(2-1) emission at a small spatial offset.

In the center of M43, CO(2-1) emission stems mainly
from the molecular cloud behind the H 1I region, but has an
additional broad, weak component of yet undetermined ori-
gin (Pabst et al.2020)). The [C11]-bright edge is also bright
in CO(2-1), albeit with a slight spatial separation. The shell
of NGC 1977 has nearly constant [C11| intensity, but the
CO(2-1) varies by a factor of about 30. In contrast, the
CO(2-1) intensity is toward the OMC3 region varies little,
while [C11] varies by two orders of magnitude.

The [C11]/FIR-CO(2-1)/FIR correlations, shown in Fig.
exhibit somewhat different behavior than the [C11]-
CO(2-1) correlations. The normalized intensities are gen-
erally less correlated than the absolute intensities (p = 0.53
in the Veil Shell, p = 0.77 in OMC4, p = 0.22 in M43, but
p=0.17 in NGC 1977 and p = 0.67 in OMC3 only). If one
were to fit regression curves to the data (both absolute and
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lines are the fits summarized in Table

normalized intensities), no consistent picture would emerge,
the exponents of the power laws differing widely. This is re-
flected in the global correlations discussed in Paper I.

3.9. Summary of the correlation studies

In summary, the correlations of the [C11] intensity with the
70 um, FIR, and 8 ym intensity, respectively, are tight. The
four regions, the M42 Veil Shell, OMC4, M43, and NGC
1977, behave in a similar manner, and the spread we ob-
serve is minor. The spread may be due to the dependency
of the gas heating efficiency on the physical conditions and
possibly subtle variations of the abundance of PAHs and
VSGs through the regions. Most important to note is that
the correlation of the [C11] intensity with each of the 70 pm,
FIR, and 8 um intensity is not linear, but scales with those
intensities to a power of less than unity. The FIR-8 um cor-
relation deviates only slightly from linearity. In contrast,
the [C11]-CO(2-1) correlations reveal a more complex be-
havior. This requires a more in-depth study which we pur-
sue in section 4.

4. Discussion
4.1. Edge-on PDR models

We complement the correlations of the [C11] emission with
gas and dust tracers in the following with new PDR model
runs that are based on the models of [Tielens & Hollenbachl
(1985) with updates of [Wolfire et al.| (2010) and Hollenbach|
let al.| (2012). [Pabst et al. (2017)) describe the procedure by
which the emission from an edge-on PDR of a given line-
of-sight depth (Av 10s) is computed from the output of a
1D face-on PDR model. Compared to those earlier models,
we have updated the collisional excitation rates and chem-
ical rates in the models. In particular, we adopt the [O1]
collisional rates with H and Hy from [Lique et al. (2018])
(and F. Lique priv. comm.). Updates to chemical rates are
noted in Neufeld & Wolfire| (2016)). More recently, we up-
dated the photorates to those from Heays et al.|(2017) and
adopted the exponential integral formalism for the depth
dependence due to dust. Additional changes to the chem-
ical rates include oxygen chemistry rates from
let al| (2018) and [Tran et al (2018)), and carbon chemistry
rates from Dagdigian| (2019). In order to compute synthetic
line emission intensities we assume a Doppler line width of
Av=15kms™ .

We compute models for several FUV intensities, gas
densities, and line-of-sight visual extinctions Ay 105 appro-
priate for different regions in the Orion Nebula, M43 and
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of the background PDR toward the center of M43.

NGC 1977 (cf. Section . In Fig. we present the
results of the constant-density PDR models for incident
FUV intensities of Gy = 100,500, and 1000, appropriate
for selected regions in the Orion Nebula, versus physical
scale. The z-axes share the same range of visual extinc-
tion, Ay = 0-10 mag normal to the PDR surface.The three
models in Fig. qualitatively produce similar results: A
warm surface gas layer cools through the [C1I] and [O1]
lines. The FIR dust emission also peaks at the surface. The
colder gas deeper in the cloud emits mainly in low-J CO
lines. Deep in the cloud, CO and water molecules freeze
out, while cosmic ray ionization enhances the abundance of
atomic carbon. The line-of-sight depth of the cloud slightly
affects the ratios of FIR, [C11]-, and CO-line intensities. The
[O1] 145 pm intensity is significantly increased compared to
face-on models, while [O1] 63 um is optically thick in both
geometries. For higher radiation field and density, the con-
tribution of the [O1] lines to the cooling overtakes that of
the [C11] line.

4.2. Comparison of PDR models with observations

For each region, we estimated the input parameters of our
PDR models — the gas density n, the incident radiation
field Gy, and the line-of-sight depth Ay jos — from the SED
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results and the [C11] and CO data. For the Eastern Rim
of the Orion Nebula, [Pabst et al.| (2020]) report a gas den-
sity, as estimated from the spatial separation of peak [C11]
and CO(2-1) emission, of n ~ 1 x 10*cm~2, while the
density drops to n ~ 2 x 103cm™2 in the southern Veil
Shell, estimated from the dust optical depth using the syn-
thetic extinction curves of Weingartner & Draine| (2001)
with Ry = 5.5. In the rim of M43, [Pabst et al.| (2020]) find
n~1x 10*cm™3 from the [C11] and CO peak separation,
as well. In NGC 1977, the dust optical depth indicates a
density of n ~ 2-5 x 102 cm~3, using a line-of-sight length
of 1 pc. The radiation field in the Orion Nebula is estimated
from the FIR-distance relation, that is G ~ 500(1 pc/d)?
(cf. Fig[6). The FIR emission toward the molecular back-
ground of M43 suggests Gy ~ 2000. In case of NGC 1977,
we have used the stellar parameters of 42 Orionis to esti-
mate the radiation field. In most of the shell, Go ~ 100-200,
in concordance with Kim et al.| (2016). The radiation field
in OMC3 may be slightly higher, Gy ~ 400-1000;
estimate Gy ~ 360.

The depth of the edge-on PDR along the line of sight has
been estimated from the dust optical depth. In the Eastern
Rim, 7160 ~ 1 x 1072, which corresponds to Avios =~ 30
using Ay ~ Ng/2 x 10*! cm~2. In the southern part of
the Eastern Rim, 7160 5 x 1073, hence Ay jos ~ 15.

~
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Fig. 12. [C11|/FIR versus CO(2-1)/FIR in M42 (top left: Veil Shell, bottom left: OMC4 with OMC1 (in gray scale; black-edged
red points lie to the west of Orion S)), M43 (top right) and NGC 1977 (bottom right). The color scale in M42 indicates the distance
from 6 Ori C. The division of M43 and NGC 1977 into the regions given in the legend is described in Section Dashed lines
are edge-on model outputs with the parameters (Go, n, Av ios) given in the legend. Dashed dotted lines in the OMC4 and the M43
panels are face-on model outputs for the densities given in the legend. gray points in M43 correspond to the estimated intensities

of the background PDR toward the center of M43.

In the Southern Shell, we find 7160 ~ 1 x 1073, that is
Av 1os =~ 3. In the east of the M43 shell, 7160 ~ 1 x 1072,
and in the western NGC 1977 shell 7160 ~ 3 x 1073, that
is Ay os =~ 10. We produce PDR models for the parame-
ters estimated here, but let them vary around those values.
This way we are able to reject some combinations of input
parameters. In the correlation plots, we plot the edge-on
model outputs only for = > 0.07 pc, which corresponds to
the spatial resolution (36”) of the data.

We observe that the edge-on PDR models with the es-
timated parameters generally match the observations very
well. As suggested by the geometry of an edge-on shell,
the models require a larger column density than face-
on models would provide. Regions in the Veil Shell with
d < 1.0 pe tend to emit stronger in [C11] than accounted for
by the models with Gy = 500-700, n = 1 x 10* cm ™3, and
Av 10s = 30. In the region of OMC4 and the ISF in the back-
ground of the Orion Nebula, the deviation of the expected
[C 11] emission from face-on models from the observations is
even larger. While the face-on PDR models do not exceed
an intensity of 1 x 1073 ergs™! cm™2?sr !, the observations
emit as much as 4 x 1073 ergs ™! cm ™2 sr~! outside the Huy-
gens Region/OMC1 and up to 6 x 10 3ergs™!cm=2sr!
toward the background PDR in OMCI1. Perhaps in OMC1
and OMC4, edge-on models would be more appropriate. In

summary, the edge-on models agree well with the observa-
tions if we allow the edge-on column to vary between 3 and
30 times that of the face-on column.

The [C11] emission toward the center of M43 consists
of three components: the blue-shifted expanding shell, the
H 11 region, and the PDR on the surface of the background
molecular cloud. According to the velocity profile in
Fig. 21), only 30% of [C11] emission toward the
center of M43 stem from the background cloud, with 65%
arising in the H1I region and 5% from the foreground shell.
The gray points in Fig. [8c show to the emission from the
background PDR, where we have assumed 50% of the FIR
emission to stem from the background PDR. This emission
from the M43 PDR background can be fitted by a face-on
PDR model with n ~ 1 x 104 cm™3.

The shell of M43 emits slightly more [C 11] intensity than
predicted by the edge-on models with Gy = 1000, n = 1 X
10*em =3, and Ay 105 = 10. A larger column, that is higher
Av 10s, mainly increases the FIR intensity, as the [C11] line
is already optically thick. The [C1I] may be matched by
models with lower radiation field, but larger column, that
is Go = 500 and Ay 1os = 20-30. The lower-G models with
higher Ay 105 reproduce the [C11] versus CO(2-1) correlation
in the shell more accurately.

Article number, page 13 of 36



A&A proofs: manuscript no. Orion_paperIl

Gy =100 Gy =500 Gy =1000
Ay [mag] Ay [mag] Ay [mag]
10 8 6 4 2 010 8 6 4 2 010 8 6 4 2 0
300 : ‘ ' ' 1F ' ‘ ‘ ‘ 1 f ' ' ‘ ' 1
Lo 00— T 4t 1t ]
100 \_/ ; i ]
0= : : ; : : 1 : : : : :
[ — IF]R 1T
10— ey 10°
Tiom/Irr |
1()_2 L - I[()I](iil/uu s 10_2
= L= Jjon145m _—
7 [ — lco-y
710 10 g
g S
ol =
I O
& 1070 1070~
-
10_8 1[]—8
1071” 10710
Wi — ¢
w 10=5 —C
< 07—
107} — co
0 0795 20 15 10 05 00 06 05 04 03 02 01 00 06 05 04 03 02 01 00
x [pc] z [pe] x [pe]

Fig. 13. Results of our edge-on models described in Section for incident FUV intensities of Go = 100, 500, and 1000 on
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are Av 10s = 3,10, 10. We note that I[CH]/IFIR is a unitless ratio, whose value is given by the y-axis.

The NGC 1977 shell seems to be characterized by
Av 10s = 3-10, while the PDR model output is less sen-
sitive to the exact density and radiation field. Also the
correlations of the [C1I] intensity with CO(2-1) intensity
in the shell can be described by edge-on models with
Go = 100-200 and n = 1-5x 10% cm~3. The PDR associated
with OMC3 will be analyzed in more detail by Kabanovic
et al. (in prep.).

The edge-on PDR models with the same parameter as
in the [C1]-FIR correlation seem to be able to explain the
[C11]/FIR-CO(2-1)/FIR correlation (Fig. in the Veil
Shell. However, the behavior of the [C11]-CO(2-1) correla-
tion (Fig. reflects the presence of uncorrelated emission,
as we discuss below. The points in OMC4 lie close to the
face-on model with n = 1 x 10*cm ™ and varying radia-
tion field (Gy ~ 200-2000). Points in OMC1 continue the
trend toward lower CO(2-1)/FIR ratio, but seem to devi-
ate toward lower-density models. The neutral gas density in
OMCT1 is expected to be higher, however, n ~ 1 x 10° cm 3.
Compared to uniform face-on models with adequate inci-
dent radiation field (G ~ 2 x 10*), OMC1 emits too much
[C1] intensity. Invoking a clumpy PDR structure gener-
ally increases the amount of [C11] emission from the models
(e.g.,|Cubick et al.|2008). For M43, all edge-on models pro-
duce similar [C11|/FIR ratios at similar CO(2-1)/FIR ra-
tios, while the background PDR intensities scatter around
the face-on model prediction, indicating either varying den-
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for a cloud slab of constant dust temperature (Goicoechea et al.

2015)), running through the median values of [C11]/FIR and Ti60.

sity or varying geometry. Points in NGC 1977 neatly follow
the edge-on model predictions.

Figure[[4]shows the global dependence of the [C11]/FIR
ratio on the dust optical depth 7160. As opposed to points
lying in OMC1, studied in (Goicoechea et al.[2015] Fig. 15),
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we do not observe a linear reciprocal trend in the [C11]/FIR
ratio with 7169 on larger scales. |Goicoechea et al.| (2015)
expect logyg Ijc )/ Irir ~ —log;o Ti60 + C for a cloud slab
of constant dust temperature viewed in face-on geometry.
The fact that we do not observe this behavior globally in-
dicates that, unlike for OMCI1, the temperature varies on
large scales. However, there seems to be a decreasing trend
of [C11]/FIR with increasing 7149. Low [C11]/FIR ratios are
found toward the OMC4/ISF region, where 740 is large due
to a large column of cooler dust. This cool dust likely em-
anates from deeper layers in the cloud that are not exposed
to FUV radiation.

We follow up this discussion with a closer look at the
spectra in these high-[C11| intensity regions. Fig. |15 shows
a map of the positions toward which the spectra are taken
are indicated. The [C11] spectra along with CO(2-1) spec-
tra are shown in Fig. We conclude that all but one
spectra exhibit multiple components, which may explain
the enhanced [C11] emission from these high-intensity re-
gions. toward OMClw (spectrum 4 in Fig. [L6]), that has
relatively less [C11] intensity, we observe a single line com-
ponent. A detailed discussion of these spectra can be found
in Appendix [D] We remark here that the analysis of the
[*¥C11] F = 2-1 line, where possible, indicates that only
about 20-35% of the gas column estimated from the dust
optical depth is traced by [C11] (a more thorough analysis
of the [**C11] emission from Orion A will be done by Ka-
banovic et al., in prep.) and that the power-law behavior
of the [C11]-FIR and [C11]-8 pm correlations does not seem
to be caused by increasing optical depth with increasing
intensity. In addition, in some regions we see the effects of
local sources on the gas kinematics.

Figure [17) shows [C11] and CO(2-1) spectra toward re-
gions of different geometry. In OMC1, [C11] and CO(2-1)
are slightly shifted from each other. Spectra 3, 4 and 6
show the velocity shift between [C11] and CO(2-1) emis-
sion toward regions where [C11| emission is arising in an
edge-on geometry. This indicates that the [C11] and CO(2-
1) emission arise in different regions of the cloud. In con-
trast, spectra taken toward the molecular background in
face-on geometry, such as spectra 2 and 5, exhibit little
systematic velocity shift. However, even spectra 2 and 5
show substructure that deviates from a Gaussian spectral
form. Comparing the line widths of the [C11] and CO spec-
tra would yield insight into the turbulent motions of the
respective gas layers, but this is outside the scope of this
study and will be subject of a follow-up study.

In general, the PDR models also reproduce the [C11]-
CO relationship, but the scatter in those correlations is
generally large. From examination of the spectra, the re-
lation of [C11] with CO(2-1) emission is not immediately
clear. In most cases we find a velocity offset between the
[C11] and the CO(2-1) lines. Also the global morphology
is very different. While [C1I] emission traces the edge-on
shells and illuminated face-on PDR surfaces, CO(2-1) emis-
sion traces the deeper molecular layers of a PDR and the
background molecular cloud, that might not be co-located
with the shell. In case of face-on PDRs, low-J CO emis-
sion arises predominantly in deeper layers of the PDR, and
the velocity difference is generally less than toward edge-on
structures.

In M43, models with Gy = 2000, n = 1 x 10*cm—3, and
Av 10s = 10 clearly produce too much FIR emission. The
observations agree better with models with Gy = 700-1000,
however [C11] emission is somewhat enhanced compared to
the model predictions. As in the shell of M42, spectra to-
ward the edge of M43 consists of at least two components,
shown in Fig. [I8 Again, a detailed description and discus-
sion of the spectra is provided in Appendix @ The [C11]
column, computed from the [13C11] F' = 2-1 line, where pos-
sible, traces only a fraction (30-60%) of the total gas column
estimated from the dust optical depth. It is evident, how-
ever, that the C* column (with Ay ~ 15) is substantially
larger than expected for a face-on PDR with similar condi-
tions. The edge-on geometry of the M43 rim becomes very
pronounced. The face-on model with n = 1 x 10* cm™3 also
reproduces the [C11] and FIR emission from the background
molecular cloud, that is after subtraction of the contribu-
tion from the foreground shell (gray points).

The [C11] and CO(2-1) spectra toward OMC3 and the
NGC 1977 shell are shown in Fig. FIR line emission
toward OMC3 at the edge of NGC 1977 has been subject
to modeling efforts previously. [Howe et al.| (1991)) conclude
that the spatial distribution of [C1I] emission can be ex-
plained by a clumpy medium. Spectrum 1 toward OMC3
can be fitted better by an emitting and a (strong) absorbing
component than by two emitting components. The [*C11]
line is slightly asymmetric, as well, but this is hard to
quantify due to noise. It seems to peak between the two
emission peaks of the [*2C11|] component, which signifies
self-absorption (Kabanovic et al. in prep.). In a clumpy
medium, the strong emission and absorption may be eas-
ily explained by temperature gradients between the clump
and inter-clump medium. While the [C 11] spectrum may be
fitted by one emitting and one absorbing component, both
the 12CO and the ¥CO spectrum comprise two emitting
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Fig. 16. Spectra toward high-intensity regions in M42, indicated
by green circles with radius 40" in Fig. Blue: [C11], yellow:
12Cogz-l), brown: *CO(2-1) (multiplied by 3). Additionally,
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Fig. 18. Spectra toward the M43 shell, indicated by blue circles
with radius 20" in Fig. Blue: [C11], yellow: 2CO(2-1), brown:
13C0O(2-1) (multiplied by 3). Additionally, the [**Cu] F = 2-1
hyperfine component is plotted (gray) in its systemic velocity
(multiplied by 20).

components. It is unclear how the CO components are re-
lated to the [C11] components. As in other spectra, we find
a significant velocity offset.

While CO emission in OMC3 is strong, in the rest
of the shell that is covered by the CO observations it is
very weak. 3CO is detected, but at low temperatures the
12CO0 line in FUV-illuminated gas can still be optically thin
with enhanced '*CO emission due to chemical fractiona-
tion (e.g., |Goicoechea et al.|2020)). In the case of optically
thick '2CO emission, the excitation temperature is very low
(Tex ~ 4-5K). Possibly CO emission stems from a molecular
background, that is not associated with the [C 11]-emitting
shell, and that is only faintly illuminated. Another possibil-
ity is that the CO-emitting gas originates from two slightly
velocity-shifted parts of the expanding gas around the NGC
1977 H11 region.

Summarizing, the spectra shed light on why [C11] emis-
sion may be underestimated by the standard PDR models
we employ. First of all, virtually all spectra consist of more
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Fig. 19. Spectra toward the NGC 1977 shell, indicated by red
circles with radius 40" in Fig. Blue: [C11], yellow: 2CO(2-
1), brown: *CO(2-1) (multiplied by the factor indicated in the
respective panel). Additionally, the [**C1] F = 2-1 hyperfine
component is plotted (gray) in its systemic velocity (multiplied
by 20) in spectrum 1.

than one component. One needs geometrically more accu-
rate and multi-component models to understand the precise
emission characteristics of both edge-on and face-on geome-
tries. Edge-on models should incorporate temperature gra-
dients, that can lead to self-absorption (Kabanovic et al. in
prep.). In some cases, clumpy PDR models might be a good
choice. Also dynamics of the gas should be taken into ac-
count. Those can lead to pressure variations within the gas
by shear or compression. Furthermore, as we see velocity
shifts in the [C11] and CO(2-1) line emission, photoevapora-
tion may be important and this can alter the emission from
a PDR (Bertoldi [1989; |Storzer & Hollenbach|1998; Bron
et al.||2018]). Most of our discussed lines can be fitted by
Gaussians, but the spatial relationship of the emission com-
ponents is often unclear. We notice that in regions where we
attribute the emission to edge-on PDRs, the velocity of the
CO-emitting gas is generally offset from the velocity of the
[C 11]-emitting gas. Either, this means that the gas is sub-
ject to shear, or that [C11] and CO trace different, possibly
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unrelated, layers of gas. In edge-on (half-)shells such as the
Veil Shell, CO(2-1) emission arises in the molecular back-
ground, while [C11] emission stems from the edge-on shell.
Compared to M42 and M43, NGC 1977 is evolving rather
slowly at its advanced age and tends to emit narrower lines.
This might reflect the mild stellar feedback it is experienc-
ing at this stage. At the same time, M42 and M43 are still
heavily affected by driving stellar feedback and lines tend
to be broader, hinting at increased turbulence.

4.3. The Go-pin relationship

We estimate the thermal pressure py, = nT in the PDR
surfaces from the gas density estimated above and the tem-
perature predicted by the respective PDR model at the es-
timated Gy. Fig. |20 shows the thermal pressure versus inci-
dent radiation field in a number of regions from our study
and from the literature. Our data show a clear trend of
increasing thermal pressure with increasing strength of the
radiation field. A similar trend is apparent in studies of fine-
structure line emission from PDRs (Young Owl et al.|2002)
as well as in studies of the CO ladder in PDRs (Joblin et al.
2018]), albeit that those relations are displaced somewhat.
For the study of|Young Owl et al.| (2002), this displacement
reflects an overestimate of the incident FUV field in several
of the sources. Specifically, they adopted a Gy of 5000 for
NGC 1977S (the bright region in the southwest of NGC
1977), while we derive a value of 1100. After correction,
the data for this particular source agrees, not surprisingly
as both analysis are based upon fine-structure line studies.
Likewise, the Gy value adopted for the Orion Bar by [Young
Owl et al.| (2002)) is somewhat higher than current estimates
(Salgado et al.|2016; |Joblin et al.||2018]). The results of the
studies by [Joblin et al.| (2018) and |Wu et al.| (2018]) are dis-
placed toward higher pressures. Both these studies rely on
high-J CO transitions with high critical densities. Conse-
quently, clumps or gas density enhancements dominate the
emission in these lines, whereas the fine-structure lines mea-
sure the interclump gas. The offset of these studies might be
due to the importance of self-gravity in the clumps, which
will dominate the pressure distribution. Hence, the high-J
CO lines may not be good measures of the pressure in the
[C11]-emitting PDR layers. As a corollary, we do not ex-
pect that constant-pressure PDR models will be applicable
to these environments. |Joblin et al.| (2018) note that specif-
ically the [C11] emission in their sources (bright PDRs asso-
ciated with massive star formation) predominantly comes
from lower-density interclump gas, that fills the beam.

Following|Young Owl et al.[(2002)), using the model of an
H 11 region bordering on a PDR in pressure equilibrium, [Seo
et al. (2019) derive an analytic expression for the correlation
between py, and G in the PDR:

Pryv
1051 g—1

where f = ®pyy/Pruv is the ratio of the FUV flux to
the H-ionizing flux. For relevant spectral types, this ratio is
constant to within a factor 1.5 (Young Owl et al.|2002]). This
relation is also shown in Fig. The theoretical relation
is well above the empirical relation derived from the fine-
structure lines but below the data derived from the CO
analysis.

We note that all our analysis and that of [Young Owl
et al| (2002) only measures the thermal pressure in the

pen ~ 4.6 x 10*f~1/2( )"VAGE K em ™3, (3)

PDR. The total pressure includes contributions from tur-
bulence and magnetic fields and should be balanced by
the thermal pressure from the ionized gas and radiation
pressure. For the three sources in Orion, we have com-
pared these and concluded that there is equipartition be-
tween thermal, turbulent and magnetic pressure in the PDR
and that radiation pressure is typically not very important
(Pabst et al.[2020). A similar conclusion was reached by |Pel-
legrini et al.| (2009) in their detailed analysis of the PDR
associated with the Orion Bar. Moreover, while there is
approximate pressure equilibrium between the plasma and
the ionized gas within the Veil Shell, there is a strong pres-
sure gradient from the background molecular cloud toward
us, which drives the rapid expansion of the shell. In the
PDRs of M43 and NGC 1977, the pressure of the ionized
gas exceeds the PDR pressure, indicating that magnetic or
turbulent pressure may be quite important in these regions.

In a linear fit, we find py,/Go ~ 5 x 103Kem—2 for
our data points. The data points of |Joblin et al.| (2018])
agree well with the empirical relation of [Wu et al| (2018)).
We note that the error bars of the data points are usually
large, which is mostly due to the uncertainty in the esti-
mated gas density (o ~ 0.5dex). As discussed before, the
detailed physics of the models used to infer physical condi-
tions strongly affect the resulting estimates. This applies to
our data points, as well, since we rely on the standard PDR
structure and dust properties to estimate the gas density in
M42, M43, and NGC 1977. Besides the pressure of the H 11
region acting on the PDR, the correlation between thermal
pressure or gas density and the incident radiation field may
also reflect the star-formation history of a region, as|Young
Owl et al.| (2002) comment.

Howe et al| (1991) demonstrated that [C1I] emission
from OMC3 can be modelled successfully employing a
clumpy PDR model. Considering the geometry of a source is
certainly important in modeling efforts. A slight deviation
from pure edge-on or face-on geometry results in differing
estimates of the physical conditions. Considering the de-
tailed line shape of the observed lines is equally important.
Often emission lines reveal several line components mixed
within the line of sight or foreground components by self-
absorption. Complex velocity profiles may also hint at the
presence of a clumpy medium, hydrodynamic instabilities
and/or colliding filaments and gas flows. These processes
imply a less homogeneous ISM than usually accounted for
in PDR models.

While we recognize that real PDRs might contain
clumps and gas-density enhancements (Joblin et al. [2018;
Goicoechea et al|[2016; |Cubick et al.|[2008) and that this
may influence the analysis, we want to emphasize that the
physical properties of PDRs derived from the analysis of
fine-structure lines are in good agreement with the sim-
ple theoretical model based upon the Stromgren relation in
combination with pressure equilibrium between the ionized
and PDR gas and taking equipartition of thermal, turbu-
lent, and magnetic pressures into account.

4.4. The origin of [C11] emission and its relationship to
CO-dark gas

In this section, we discuss the morphology of the emission
and the implications thereof. This was done briefly in Paper
I, but we continue with a more detailed discussion in this
paper. We explore the origin of the [C11] emission and the
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Table 6. Luminosities and masses of M42, M43 and NGC 1977 per subregion.

Region A Ly Licw) Licw/Ler Mgas®  Lcoe1)”  Mco® Loaym®  Lua®
pc?]  [Lo) [Lo] Mo [Lo] Mo]  [Leo]  [Lo]
M42  all 45 1.8x10° 510 2.8x1073 10900 1.1 8800 4700 3500
oMC1/ 0.31 82x10* 53 65x107* 1500 8.9x1072 720 - 1500
Bright Ridge’ 0.07 3.7x10* 11 29x10™* 870 28x1072 220 - 470
Eastern Rim 1.3 1.7x10* 59 35x1073% 510 9.2x1072 740 810 260
OMC4 25 1.6x10* 45 28x107% 2100 1.5x10"' 1200 640 470
Veil Shell 87 35x10* 150 4.3x107% 2500 2.3x10"' 1800 1200 590
M43  all 0.74 14x10* 38 27x107% 530 3.0x1072 240 740 190
background, H 11 0.13 3.1x10® 899 28x10~% 53 46x1073 37 100 99
faint CO, faint [C1]  0.14 8.8 x 10> 4.1  4.7x 1073 29 25x1073% 20 49 12
bright CO, faint [C1] 0.16 2.0x 10> 6.0 3.0x107% 200 9.2x1073 74 87 18
shell 0.31 82x10° 19 23x107% 250 14x1072 110 410 63
NGC  all 17 1.8x10* 160 89x1072 2600 1.2x10"' 950 1000 63
1977  Hu 29 4.7x10% 37" 79x107% 310 11x10"2 87 300 17
OMC3 26 58x10° 34 59x1073 1200 89x10"%2 720 190 8.6
faint Ho 6.9 32x10% 33 9.7x107® 730 3.0x10"% 240 280 19
shell 6.2 54x10% 69 1.3x1072 670 1.6x107%2 130 100 7.9

Notes. (¥ Gas mass derived from dust mass, using Ng =~ 6 X 10** ecm ™2 1160 (Weingartner & Draine||2001)). (®) The CO(2-1)
map does not cover the entire NGC 1977 region (cf. Fig. 2 in Paper I). (9 Gas mass from CO(2-1) intensity, using X (CO) ~
2 x 102 cm™2 (Kkms™!)™" (Bolatto et al.[2013). (4 The MIPS 24 um image is saturated toward the Huygens/OMCI region.
(©) The Hov surface brightness in the EON is largely due to scattered light from the bright Huygens Region (O’Dell & Harris|[2010).
Also Ha emission in M43 has to be corrected for a contribution of scattered light from the Huygens Region (Simon-Diaz et al.
2011). ¥ The Bright Ridge contains the BN/KL region and Orion S and is part of OMC1. Values for OMC1 include the Bright
Ridge, where we have estimated the FIR luminosity from an SED fit to the three PACS bands, that are only saturated at the

core of BN/KL. (9) 9.4 L from background PDR, 6.0 Lg from
ionized gas, 31 L from neutral shell.

amount of CO-dark gas associated with it in the following.
Table [6] compiles the luminosities and masses toward the
regions we have defined in our analysis and summarizes the
results.

As we have stated in Paper I, most of the [C11] emission
(about 50%) comes from the limb-brightened shell edges in
M42, M43, and NGC 1977, that is moderately irradiated
PDR surfaced’] but a significant contribution (25%) also
comes from the more diffuse emission from weakly irradi-
ated surfacesﬁ Although the heavily irradiated PDRs close
to the central stars emit very bright [C11] emission, their
contribution to the total [C1I] emission is minor (10-20%)
compared to the large shells.

The massive shells comprise a significant amount of CO-
dark gas, with only a few solar masses contained in dense
CO-emitting globules found in the Veil Shell (Goicoechea
et al.||2020)). If we rely on the gas mass estimated from the
dust opacity, we find that 25% of the gas mass in the Orion
Nebula is contained in the expanding shell. However, the
shell mass estimate might be contaminated by the molec-
ular background. In a conservative estimate, we attribute
only 10% of the total gas mass (i.e., 1000 M) to the shell.

® From Table |§| we add the [C11] luminosities of the shells in
M42, M43, and NGC 1977 plus the Eastern Rim in M42. This
adds up to 328 L, which is 46% of 708 L, the total [C11] lu-
minosity.

5 i.e., all emission that is not captured in Table EI in the defined
regions
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ionized gas, 0.5 Lo from foreground neutral shell. ™ 6.2 Lo from

The mass in the dense molecular core, OMC1 with BN/KL
and Orion S, is also 15% of the total gas mass within the
mapped area. Another 20% are comprised in the dense fila-
ment, the ISF. Both fractions agree with the mass fractions
traced by CO emission (8% and 14%, respectively). The
CO emission in the line of sight toward the expanding shell
likely stems from the background gas rather than the shell
itself (as judged from the velocity structure of the spectra).
While most of the CO emission in the region of the Orion
Nebula originates from the extended background cloud, Ha
emission is concentrated around OMC1, almost 50% stem-
ming from the small OMCI region.

Also 30% of the FIR emission stem from the OMC1 re-
gion, including the FIR emission of the Bright Ridge com-
prising BN/KL and Orion S in the three PACS bands, that
accounts for 15%, that is half of the FIR emission from
the OMC1 region (see Paper I for a discussion of the “[C11]
deficit” or “FIR excess”). About 25% stem from the much
larger shell. About 10% stem from the region of the OMC4,
that is not bright in surface tracers, but contributes by its
large area. The same amount arises from the bright East-
ern Rim, that has half the area of the OMC4 region. While
FIR emission from the OMCI region contributes signifi-
cantly to the total FIR emission from the Orion Nebula,
only 10% of the total [C11] emission originate in OMCI.
About 30% of the [C11] emission stem from the shell. Also
OMCH4 is a minor contributor with 10%, where we note that
most of the emission associated with OMC4 actually stems
from the regions close to OMC1, which can therefore be
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Fig. 20. Thermal pressure versus incident radiation field in sev-
eral PDRs. Red points are from [Young Owl et al.| (2002) (based
on FIR line analysis), green points are from |Joblin et al.| (2018))
(based on high-J CO line analysis), dark blue points are from
this study (M42 S is the southern Veil Shell, M42 SE is the
southeastern Veil Shell, M42 E1 and M42 E2 lie in the bright
eastern arm of the Veil Shell (cf. green circles 1 and 2 in Fig.
). The green dashed line is the fit by Wu et al.| (2018)) (based
on high-J CO line analysis). The dashed gray line is the analytic
solution of [Seo et al.| (2019)), once divided by 3 to account for
pressure equipartition.

attributed to relatively warm, heavily irradiated gas. The
bright Eastern Rim, with its four times larger area com-
pared to OMC1, contributes with 10% as well. Adding the
contributions from the defined areas, leaves 40% of [C11]
emission that stems from less pronounced features, that is
the extended background and structures lying outside the
shell, which may be excited by local sources or bubbles
spawning off the large bubble blown by 8! Ori C.

We now turn to the other two regions within the Orion
Nebula complex. In M43, 50% of [C11] emission arise in the
region we have defined as the shell. However, this emission is
likely contributed to by a significant emitting background.
About 25% stem from the inner region. Of this emission, a
spectral analysis shows that only 25% arise from the back-
ground, while 5% stem from the expanding shell and 70%
from the H1 gas filling the bubble. Faint [C1I| emission
can be observed outwards of the shell, accounting for 25%
of the total emission. The percentages in the FIR emission
are similar, slightly more (60%) stemming from the shell re-
gion. Ha emission is concentrated in the inner H1II region.
Emission at 24 pm is generally connected to either temper-
ature fluctuations in very small grains or to dust in the
ionized gas heated by, for instance, trapped Lyman « radi-
ation (Desert et al.|/1986; |Churchwell et al. 2006} |Salgado
et al|/2016). Also CO emission is dominated by the shell
region and follows its morphology. The face-on shell seen
toward the H1I region does not exhibit CO emission, hence
we conclude that the expanding shell is not very massive
and that the edge-on shell structures are sculpted within the
molecular background. In [Pabst et al.| (2020) we estimated
an expanding shell mass of only 8 My, which amounts to
1.5% of the total gas mass in M43. This compares to 5%
of [C11] emission stemming from the face-on shell. If we
adopt a shell mass of 1000 M, in M42, 10% of the gas mass
account for 25% of the [C11] emission, which is an equal
relative mass to luminosity ratio as in M43.

Most of the gas mass in NGC 1977 as traced by the dust
opacity, almost 50%, is concentrated in OMC3, a dense re-
gion where the ISF bends westward. 25% of the gas mass is
situated in the shell surrounding the H1I region. However,
we cannot exclude the possibility that not all the mass is
part of the expanding shell. As the expansion velocity is
rather low, 1.5kms™! (Pabst et al|[2020), the expansion
may have stalled in denser parts of the NGC 1977 region.
Also we find significant dust emission outside of the shell,
accounting for 25% of the total mass. In the inner part of
the shell, the enclosed H1I region, we find about 10% of the
mass, amounting to a similar mass per area ratio as in the
outward regions. Ha and 24 pym are distributed in a similar
fashion, predominantly arising from the H 11 region. The to-
tal CO emission originates almost entirely from OMC3, but
this is due to the fact that the CO observations have insuffi-
cient coverage in the less CO-bright areas. We can draw the
preliminary conclusion, however, that we find a significant
amount of CO emission besides OMC3, which may stem
from a more extended molecular background or is associ-
ated with the shell structure. The rather extended shell in
NGC 1977 dominates the total [C 11] emission in this region,
contributing 43%. The dense and bright OMC3 contributes
only about 20%. 25% originate in the [C1I|-emitting shell
toward the H1I region, with a minor contribution from the
ionzed gas (cf. |Pabst et al|2020). As before, a significant
amount of [CII| emission stems from weakly emitting sur-
faces, in NGC 1977 this is about 20% within the map cov-
erage. Only 30% of the total FIR emission stem from the
shell. In NGC 1977, the total [C11] /FIR ratio is significantly
increased compared to M42 and M43, at almost 1%, while
M42 and M43 exhibit a [C11]/FIR ratio of ~0.3%. We at-
tribute this to the lower radiation field in NGC 1977.

In summary, when considering the individual regions
(see Table [6), [C11] emission from PDRs is the main ori-
gin of [C11] emission from the Orion Nebula complex, with
about 70%. The [C11] emission from ionized gas is a mi-
nor contributor, less than 5% in M42 and NGC 1977, but
15% in M43. The remainder, CO-dark Hs gas that is not
captured in bright PDR surfaces, contributes with about
20% (cf. Table @ These percentages elucidate the impor-
tance of observations toward fainter extended regions, as
we have seen that those can carry a significant amount of
[C11] luminosity. This assessment is in agreement with the
conclusion reached in Paper I when considering the overall
[CII] emission observed in this survey.

The fraction of CO-dark molecular gas in these regions
of Orion is much less than found elsewhere in the LMC and
Milky Way. A recent study by |Lebouteiller et al.| (2019)
concerning the origin of the [C11| line emission and per-
taining to its utility as a star-formation tracer, concludes
that in the giant H1I region N11 in the LMC more than
90% of the [C11] emission arises in CO-dark Hs gas and
that most of the molecular gas is CO-dark (above 40%).
Dwarf galaxies generally have lower metallicity and pen-
etration of FUV photons, and therefore photodissociation
of CO is enhanced. The GOT C+ survey has shown that
20% of the Galactic [C11] emission arise from ionized gas
(Pineda et al[2014), while 30% stem from PDRs, and only
25% from CO-dark Hs gas. [Pineda et al.| (2013) note that
most of the [C11] emission in the Milky Way arises in mod-
erately FUV-illuminated regions (G ~ 2-50), that is large
faint surfaces rather than small dense and bright PDRs. Our
observations toward the Orion Nebula are in good agree-
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ment with this conclusion, the bright inner OMC1 region
being a minor contributor to the total [C11] luminosity. The
[C11] observations toward L1630, comprising the Horsehead
Nebula, predominantly highlight the PDR surfaces illumi-
nated by o Ori, where 95% of the total [C11I| emission in
the mapped area arise. Yet, regions that are bright in [C11]
trace only 8% of the gas mass, while 85% of the mass is
associated with strong CO emission (Pabst et al.|[2017)). In
the Orion Nebula complex, we find that about 70% of the
[C11] emission arises in PDR surfaces (i.e. massive shells
and surfaces of cores as tabulated in Table [6]). The [C11]-
emitting regions we have defined 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 [C11] emission,
that traces the H/Hjy transition in a PDR, traces about 30%
of the total gas mass in the Orion Nebula complex. On a
larger scale, the Orion molecular clouds and star-formation
regions are embedded in the Orion-Eridanus superbubble.
In the Orion-Eridanus region, an area of ~ 400 pc x 400 pc,
[C11] emission (observed with COBE) is dominated by the
emission from extended low-density, low-UV field molecular
cloud surfaces associated with the active regions of massive
star formation (Abdullah & Tielens|2020).

4.5. Photoelectric heating efficiency

In Paper I we have discussed the observed [C11| deficit,
that is the decrease in the [C11]/FIR intensity with increas-
ing FIR intensity, and related it to a decreased photoelec-
tric heating efficiency in dense PDRs, in addition to the
importance of [O1] cooling. Here, we examine the heating
efficiency of PDR material in more detail. We estimate the
photoelectric heating efficiency by the observed cooling ef-
ficiency of the gas, which we approximate by the observed
[C1]/FIR ratio. At intermediate temperatures and densi-
ties, the cooling is dominated by cooling through the [C11]
line. At higher temperatures and densities, like those in
the Huygens Region, the [O1] 63 um line becomes impor-
tant (Hollenbach & Tielens|1999)). However, in the shell sur-
rounding the Extended Orion Nebula, gas cooling is most
likely dominated by [C11], as the temperatures and densities
are rather moderate. In M43 and the densest part of NGC
1977 (in OMC3), [O1] emission will contribute significantly
(Herrmann et al.|[1997; [Young Owl et al.|[2002)).

Theoretically, the photoelectric heating efficiency de-

pends on the ionization parameter v = G’ngla/s2 /ne (Bakes
& Tielens||1994, Eq. 43). In Paper I, we estimated v in each
pixel of the map. Here, we set the gas density in OMC4
so that it varies approximately equally with distance from
OMCT as in the Veil Shell, n ~ 10*(1pc/(d + 0.1 pc)). The
radiation field varies as Gy ~ 500(1pc/(d + 0.1pc))? (cf.
Paper I). The gas density in the shell of M43 is set to
n ~ 1 x 10*cm™3 (cf. Pabst et al|2020). In NGC 1977,
we approximate the gas density, using a column of 1 pc, by
n ~ 6 x 10?4760 cm=2/1pc. We use G ~ 150(1pc/d)? in
M43 and Gg ~ 200(1pc/d)? in NGC 1977, approximated
from the total FIR luminosity of M43 and NGC 1977, re-
spectively. The correlations between the photoelectric heat-
ing efficiency € and the ionization parameter v in the Orion
Nebula (the Veil Shell and OMC4), the shell of M43, and
the shell of NGC 1977 are shown in Fig. For M42, the
data reveals a similar trend with a decreased efliciency with
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Table 7. Cooling efficiency and estimated physical parameters
to compute v in Fig. 22]

Region L[CH]/LFIR Goa nb T¢
[cm—?] [K]

M42 all 3.6x 1073 1x 103 1 x 10%200
oMC1¢ 6.5 x 107% 2 x 10* 1 x 10°300
Eastern Rim 3.5x%x 1073 500 1 x 10%100
OMC4 2.8x 1073 500 1x10*100

Veil Shell 43x1073 200 3 x 102100

M43  all 2.7x 1073 1x10% 1 x 10*120

background, Hir  |2.8 x 1073 1.5 x 1031 x 10120

faint CO, faint [C1| [4.7 x 1073 300 1 x 103100
bright CO, faint [C11]/3.0 x 1073 300 1 x 10*100
shell 23x 1073 1x10% 1 x 10120
NGC all 89x 1072 100 5 x 10% 90
1977 Hu 79x1073 200 5 x 103 90
OMC3 59x 1073 200 2 x 10*100
faint Ho 9.7%x 1072 100 1 x 10?50
shell 1.3x1072 100 5 x 103 70

Notes. (¥ Estimated from average distance to respective central
star with systematic uncertainty of +50%. () Estimated from
[C11]-CO separation in Eastern Rim and M43 shell, otherwise
Ti160, With systematic uncertainty of +50%. (©) Estimated from
[C11] excitation temperature (cf. Appendix A in Paper I). PDR
models predict up to twice as large temperature for the [C11]-
emitting layers. () [O1] 63 pm cooling contributes significantly
in OMC1. We find Lio, ~ 320Ls (Higgins et al. in prep.),
hence (L[Cn] +L[o 1])/LFIR ~ 4.5%1073. The Bright Ridge with
BN/KL and Orion S accounts for Ljo; >~ 90 L, hence including
this area yields a cooling efficiency of (Licy + Lo I])/LFIR ~
5.1 x 107 for the PDR.

increased ionization parameter as the theoretical predic-
tions of [Bakes & Tielens| (1994). The cooling efficiency is
generally lower in OMC4 compared to the Veil Shell, M43,
and NGC 1977, due to a “FIR excess” from dense gas be-
hind the [C11]-emitting layers (cf. Fig. 2f in Paper I). M43
comprises too few data points to reveal a clear trend. For
NGC 1977, the observations reveal a heating efficiency that
is largely independent of the ionization parameter, but this
is complying with the near-constant theoretical heating ef-
ficiency for low 7. However, virtually all points lie below
the theoretical heating curve. As a caveat, we note that it
is hard to constrain v observationally, which is mainly due
to the difficulty of obtaining a robust gas density estimate,
but we deem it unlikely that we overestimate the density
(or electron density, assuming all electrons stem from car-
bon ionization) systematically by an order of magnitude.
We observe this same behavior when averaging over the
regions and employing average values of .

Figure[22|shows the average cooling rate as a function of
~ averaged over the regions defined in M42, M43, and NGC
1977, together with data from the literature. The estimated
parameters for M42, M43, and NGC 1977 employed in this
figure are given in Table [7] We include [O1] 63 ym cooling
from Higgins et al. (in prep.) in OMC1. The [O1] 63 pm line
is expected to be important in the Eastern Rim and M43, as
well, with Ij0,)/Ijc ) ~ 3 (Pound & Wolfire 2008; Kaufman
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Fig. 21. Photoelectric heating efficiency €, equated as cooling efficiency [C11]/FIR, in M42 (top left: Veil Shell, bottom left: OMC4
with OMCI1 (in gray scale)), the shell of M43 (top right), and the shell of NGC 1977 (bottom right) as function of the ionization
parameter v = /n@ Colors indicate the distance from ¢~ Ori C in the Orion Nebula, from NU Ori in M43, and from 42
Orionis in NGC 1977, respectively. Contours in the upper-left and lower-right panel indicate the density levels above which 90, 70,
50, 30, and 10% of the points lie. The red curve is the theoretical prediction of Eq. 43 by |Bakes & Tielens| (1994).

2006)), but will be of little significance in the extended
shell of NGC 1977. Observations of [O1] 63 um and 145 pm

line emission in the Orion Nebula would provide the means
to establish better estimates of the gas temperature and gas
density, besides the fact that it substantially contributes to
the gas cooling.

These average heating efficiencies show the same trend
as the overall data in Fig. 21| with a decrease with increas-
ing ionization parameter but the spread is rather large. The
Orion data also agrees well with previous studies, both for
bright PDRs using fine-structure line measurements as also
for diffuse clouds from UV absorption line studies. This ear-
lier data set also shows a large spread. Comparing the data
to the theoretical results of |[Bakes & Tielens (1994), we see
a similar behavior of decreasing heating efficiency with in-
creasing 7, consistently in Orion and earlier studies, but
displaced by a factor of ~ 5 to lower €. There seems to be
an additional factor, besides the ionization parameter, that
affects the coupling of FUV photons to the neutral atomic
gas. This factor could be a variable abundance of PAHs
and VSGs in different regions within Orion (and other lines
of sight). A lower abundance of PAHs and VSGs dimin-
ishes the heating efficiency systematically, while a variable
composition of the PAH family or a varying ratio of PAHs
to VSGs can cause variation in the heating efficiency. As

shown by Berné et al. (2015) and |Croiset et al. (2016) in
the case of NGC 7023, the population of PAHs is very sen-
sitive to the physical conditions (Gy and n). Furthermore,
the recombination rates of PAHs, employed in the theoret-
ical model, are not well-constrained experimentally.

The heating efficiency describes the energy input
per FUV photon. When equating the cooling efficiency
[C1]/FIR with the heating efficiency, we assume that only
FUV photons are re-radiated in FIR energy. We note that
a fraction of energy of O stars is emitted in the EUV
and redistributed into optical photons by the surround-
ing H1I region while cooler stars emit a significant amount
of their energy in the spectrum below 6eV. These lower-
energy photons contribute to the heating of the large dust
grains and increase the FIR intensity emitted by those. Us-
ing CLOUDY (C17.02 [Ferland et al|[2017) models we find
an average factor of ~ 1.5 increase depending on the spec-
tral type. Also the energy spectrum changes with spectral
type, which induces changes in the heating efficiency as de-
rived by Bakes & Tielens| (1994) for the radiation field at
3 x 10*K. For early B stars (Tog ~ 2.5 x 10*K),
derive a ~15% lower heating efficiency. While
those two corrections might bridge the gap between the ob-
servations and predictions in NGC 1977 (except OMC3),
cooling efficiencies in regions in M42 and M43 are about
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Fig. 22. The average photoelectric heating efficiency ¢, equated
as cooling efficiency [C11|/FIR, in M42, M43, and NGC 1977,
divided into the previously defined subregions, as function of
the ionization parameter v = GoT"'/?/n.. OMCI includes [O1]
cooling, but excludes the BN/KL region and Orion S. Parame-
ters for Orion A are given in Table[7] The photoelectric heating
efficiency in PDRs and diffuse sight lines from the literature is
plotted as open blue squares (cf. Fig. 9 in Paper I). Data for the
diffuse ISM are taken from|Gry et al.|(1992)) and |van Dishoeck &
Black! (1986)), data of NGC 2023 are from |Hollenbach & Tielens
(1999), data for the Horsehead and L.1630 are from [Pabst et al.
(2017), data for IC 59 and IC 63 are from |Andrews et al.|(2018]),
data for the Orion Bar, S6, M43 west, and OMC2 are from |Her-
rmann et al.| (1997), and data for the Orion Veil are from |Salas
et al| (2019). The red curve is the theoretical prediction of Eq.
43 by Bakes & Tielens| (1994).

5 times smaller than predicted by theory at the estimated
~. Another complication in the interpretation of the ob-
served [C11]/FIR ratio is the fact that most structures are
observed in edge-on geometry. In the M42 and M43 edges,
the [C11] line tends to be optically thick toward the ob-
server. The real cooling efficiency might be higher (by a
factor of ~ 2) than observed if the shell structures cool
mainly through the (unobservable) face-on surfaces. Dust
in H1I regions can also produce low [C11|/FIR ratios. Only
OMC T lies close to the theoretical curve, but we note that
the cooling is dominated by the [O1] 63 ym linﬂ

The Orion [C11] survey also provides a way to link the
observed heating efficiency directly to the characteristics
of the local PAH family. [Rubin et al. (2011) and |Boersma
et al| (2012) have analyzed a set of Spitzer/IRS spectra
that systematically explored the behavior with distance of
PAHs in the PDR associated with the Veil Shell. As Fig.
shows, the intensity of the [C11], FIR, and PAH bands all
smoothly decrease with distance from the Orion Bar (and
hence the illuminating star). The gas heating efficiency,
however, shows a clear peak at about 10’ from the Bar.
In contrast, the ratio of the IRAC 8 um band — dominated
by the 7.7 pm PAH feature — to the IRS 11.2 yum band — a
blend of the PAH 11.0 pm and 11.25 pym features — is largely
constant over the full distance range probed. This band ra-
tio is generally thought to probe the degree of ionization
of the emitting PAHs as the former band traces emission

" The observed [C11| intensity in OMCI is higher than pre-
dicted by standard face-on PDR models (Pound & Wolfire|[2008;
Kaufman et al.|[2006)), but the [O1] 63 um intensity is predicted
accurately.
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Fig. 23. Line cut from the Orion Bar to the southwest, reach-
ing the Eastern Rim at 12’, indicated in Fig. The offset is
given with respect to ' Ori C. The IRAC 8 um filter measures
predominantly the emission in the 7.7 um PAH band. IRS has
measured the strength of the 11.2 um PAH feature. The 11.2 yum
intensities are taken from Table 1 in |Boersma et al.| (2012).

by ionized PAHs while the latter is dominated by neutral
PAHs (Peeters et al.|[2002; |Boersma et al.[2012). Given the
general relation between G and n discussed in Sec. [1.3] we
expect little variation in the ionization parameter with dis-
tance and that is borne out by the constant 8 ym/11.2 ym
band ratio. As a corollary, this again suggests that there is
another factor that affects the gas heating efficiency besides
ionization. That could be abundance of PAHs and VSGs.
However, the intensity ratio (g um+111.2 um)/Irir — & good
proxy for the PAH abundance (Tielens|2008])— is constant
along the line cut, which hints that VSGs play an important
role.

Most of the observed [C11] and FIR emission will stem
from the background PDR. The [C11|/FIR increases with
distance from the origin of the line cut, until it hits the
Eastern Rim, where it gradually decreases as the Rim piles
up along the line of sight. The decrease of the cooling effi-
ciency in the Rim may be due to increased Gy (as a result of
the geometry). Alternatively, the edge-on geometry of the
Rim increases the optical depth of the [C11| line compared
to the FIR intensity, which leads to a diminished observed
[C11]/FIR ratio. As we expect the [C11] line to be optically
thick in the Rim, the latter will certainly be an important
effect. Yet, we cannot exclude that G in the Rim is higher
than in the molecular background, as reflected in the higher
dust temperature in the Rim (cf. Fig. .

Spectra along the line cut, shown in Fig. reveal com-
plex dynamics of the gas, and potentially foreground or
self-absorption of the [C11] line, that can effect the cooling
and heating efficiency in this region. The CO(2-1) inten-
sity peaks strongly between 8 and 10 arcmin. Those are the
points (positions V1 and V2) that show deviating charac-
teristics in the study of |Boersma et al.| (2012), that is a
shift in peak position and line width. Positions V1 and V2
positions also exhibit a higher fullerene-to-PAH ratio than
other positions. CO pv diagrams reveal dynamic structures
in this region. While those structures are more manifest
in CO, spectra toward selected regions reveal weaker cor-
responding [C11] components (spectra 7 and 8 in Fig. [24).
FIR emission seems to be dominated by re-radiation of FUV
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Fig. 24. [C1] (blue), **CO(2-1) (yellow), and **CO (brown)
spectra along the line cut behind the Orion Bar in Fig. The
offset with respect to ' Ori C is given in arcminutes. In addition,
the [**Cu] F = 2-1 component is plotted (gray) in its systemic
velocity and multiplied by 20 in spectra 1, 2, and 9.

photons from #' Ori C and/or #2 Ori A, as concluded from
the persistent decline in FIR intensity.

5. Conclusion

In Paper I, we have studied the correlations of the [C11] in-
tensity with the dust continuum intensity at 70 ym, the FIR
intensity (40-500 pm), PAH 8 pm intensity, and CO(2-1) in-
tensity in the Orion Nebula complex. Here, we have focused
on these same correlations divided into several subregions
(Veil Shell, OMC4, M43, and NGC 1977, further divided
up into more subregions). Typically, the observed corre-
lations show only minor variations between these regions.
However, the [C11]-CO(2-1) correlations are very different
between the regions as they are very sensitive to the ge-
ometry. The geometric complexity of these regions is quite
apparent when examining individual spectra toward several
representative regions. We have compared the observations
with constant-density PDR models and concluded that, in
general, the edge-on PDR models are able to reproduce the
observed intensities, while face-on PDR models cannot ex-
plain the observations. The estimated physical parameters,
that serve as model inputs, correspond to a constant pt, /Go
ratio, which has been observed toward several other PDRs,
as well. We have explicated the origin of the [C11] emission
within the mapped area in greater detail than in Paper I,
focusing on the detailed PDR processes and source prop-
erties. While the bulk of [C11] emission from the mapped
area originates in PDR surfaces (only 7.5% from the bright
OMC1), about 5% each in the Veil Shell and NGC 1977 and
15% in M43 stem from H 11 gas. Furthermore, we have com-
pared the properties of PAHs in the southeast of the Orion
Bar (as measured by Spitzer) to the [C11] cooling efficiency,
but do not find a correlation between the two: While the
[C11] cooling efficiency varies with distance from the Orion
Bar, the PAH charge does not do so. Future studies may
include the [O1] 63 um and 145 pm cooling lines and alter
the picture obtained by the study of the [C11] 158 um line
alone. Moreover, the James Webb Space Telescope (JWST)
will be able to measure ISM/PAH properties with higher

accuracy, and these results may shine further light on the
observed variations in the cooling efficiency.
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Appendix A: Comparison with Lombardi SED fits

As opposed to |[Lombardi et al| (2014), we include the
shorter-wavelength PACS 70 ym and 100 gm bands, since
we do not expect them to be opaque in the extended struc-
tures we are mainly interested in. In fact, the extended
shell of the Orion Nebula has 71690 < 1072, which trans-
lates into 779 < 3 x 1072; even the densest cores along the
ISF are described by 7160 < 107!, Comparing our derived
FIR intensity, we note that it agrees with the FIR intensity
computed from the SED maps of [Lombardi et al. (2014]),
except in the bright eastern arm, the Rim, and the bubble
edge of NGC 1973, 1975, and 1977. Here, we obtain signifi-
cantly lower FIR intensity than Lombardi et al.| (2014) (cf.
Fig. . These filaments contain warmer dust that is only
captured by the shorter-wavelength bands, leading [Lom-
bardi et al.| (2014) to derive too high a dust temperature
and too low a dust optical depth. [Lombardi et al.| (2014)
obtain higher dust temperatures in the Eastern Rim, yet
significantly lower dust optical depth.

Figs. and [A22] show the ratios of the results of dif-
ferent SED fits performed on the region of the EON. Fig.
shows the ratios of the FIR intensity of our 8 = 2
SED fit, an SED fit where we let 8 a free parameter, and
the Lombardi et al.| (2014)) result. Fig. shows the ratios
of the dust temperatures from these same fits. From the
right-hand panel it becomes obvious that the fit of [Lom-
bardi et al.|(2014) yields significantly higher FIR intensity
and dust temperature in the brightest parts of the EON, es-
pecially the eastern Rim, the OMCI1 region and M43. This
might be due to the fact that [Lombardi et al.| (2014) uses
only the longer wavelength bands, that do not capture the
peak of the SED of the warmer dust in these bright re-
gions. This apparently results in an overestimation of the
dust temperature and consequentially of the FIR intensity.

Appendix B: Correlation plots from free-3 SED fit

In this section, we present the correlation plots of results
of an SED fit where we let the grain emissivity index g
be a free parameter. Fig. [B:I] shows the resulting maps of
the three SED output parameters Ty, 1169 and 3. From this
figure, we notice that there seems to be a rather tight corre-
lation between the resulting 8 and 7169, which we quantify
in Fig. B

Most of the pixels seem to be consistent with a 8 of
~ 1.5, as suggested by [Lombardi et al.| (2014)). The lat-
ter use low-resolution Planck images to constrain 3, which
amounts to 5 ~ 1.6 in the Orion Nebula complex. The me-
dian of all pixels in our SED fit is 8 of ~ 1.2, but when
including only pixels with 7169 > 5 x 10™%, which comprise
most of the visible structure, the median shifts to g of ~ 1.4.
The peak values, around which the 8 values are clustered,
is f ~ 1.6. Standard models, however, suggest 8 ~ 2 (Wein-
gartner & Draine|2001). The study of Extaluze et al.[(2013)
suggests varying /3 according to the environment (radiation
field). We note that 8 can be affected by the presence of
an additional warm dust population in the hot gas and
we determine low [ in the EON cavity. § may vary with
the grain composition, grain-size distribution, and with the
presence of ices on the grains (e.g., |Ossenkopf & Henning
1994; |Liseau et al.[2015). Extragalactic studies show sys-
tematic variations of 8 with galactocentric radius, which

may be linked to metallicity gradients (e.g., Kramer et al.
2010; | Tabatabaei et al.|2014).

In ratio plots of the dust temperature from the three
different SED fits, shown in Fig. [A72] shell structures and
interior show distinct deviations from unity, seemingly con-
firming the assumption that dust properties and, hence, g
indeed vary with environment (cf. Extaluze et al.2013).
Denser, warmer structures close to the Trapezium stars
seem to be characterized by 8 2 2, while the extended
shell has 8 ~ 1-2 and the dilute shell interior g ~ 0-1.

In histograms of the SED output parameters (Fig.
, the dust temperature lies mostly in the range of
T4 ~ 20-50 K, dust opacity can be mostly found in 749 ~
1074-1072, and the grain emissivity index varies mostly be-
tween 8 ~ 0-2, yet with a significant tail of negative values.
The latter correspond to areas with little FIR emission and
thus poor fit results.

In Fig. we clearly see that the dust temperature de-
creases with increasing distance from the presumably domi-
nant heating source #* Ori C. Points corresponding to lower
T160 tend to be more distant and scatter around the mean
dust temperature.

From Fig. [B:4] we conclude that also in a free-3 SED
fit there is no correlation between the resulting dust tem-
perature and optical depth. Independent of 759, most of
the data points scatter around the mean dust temperature
Ty ~ 31.4K with a standard deviation of o7, ~ 4.0K.

There is no correlation between Ty and 3, as can be seen
from Fig. The mean grain emissivity index is 8 ~ 1.33,
but with significant scatter around this value.

The correlation between 7159 and [ has a significant
slope (Fig. , even though there is substantial scatter,
which amounts to a correlation index of only p ~ 0.32.
Deeper structures tend to have higher 8, but this is not re-
flected in dust temperature, as discussed above. This might
be due to the fact that deeper structures also contain colder
gas along with warmer (surface) gas, which leads to a rela-
tive suppression of the long-wavelength tail, resulting in a
higher S.

Appendix C: SED fits to single points

Figure[C.I|shows SED fits with 8 = 2 toward representative
points. Fig. [C:2] shows SED fits where we let 8 vary freely
for the same selection of points.
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Fig. A.1. Ratios of FIR intensity from different SED fits (3 = 2, S free and the Lombardi et al| (2014) result).
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Fig. A.2. Ratios of the dust temperature Ty from different SED fits (8 = 2, 3 free and the [Lombardi et al|(2014) result).
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Fig. B.1. Maps of the three SED fit output parameters Ty, T160 and f.
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Fig. B.2. Histograms of the three SED fit output parameters Tu, 7160 and (. Dashed black lines indicate the median values
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Fig. B.3. Dust temperature Tq from an SED fit with 5 a free
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emissivity index 8 (p ~ 0.32). Colors code the distance from 6"
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Fig. C.1. SED fits to single pixels with § = 2.
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Appendix D: Spectral line fits
Appendix D.1: M42

Figure shows spectra toward six regions of high [CII]
intensity in M42. Table gives the fit parameters of a
multi-component Gaussian fit for each spectrum. Table[D.2]
gives the result of the [**C11] analysis, where possible.

Spectrum 1 (Eastern Rim, north) exhibits two [C11]
main components. Both can be observed in [13C11], as well.
From the fit results, we obtain two rather different results:
The 7.3kms~! yields a moderate excitation temperature,
while the 10.5kms™! component seems to arise in very
warm gas. The latter than traces only a very small col-
umn, while the former traces one third of the dust-traced
column. Despite the high temperature, the second compo-
nent displays a very narrow emission line, where the line
broadening appears to be almost thermal. The origin of
this component is unclear. In channel maps, it seems to
be connected to the OMCI core, that has a bright eastern
extension at that velocity.

The bright [C11] emission in spectrum 2 (Eastern Rim,
south) requires an incident radiation field of Go ~ 10* (from
models). The excitation temperatures we derive from the
[*3C11] line (two components) are not extreme. Both com-
ponents trace about 15% of the dust column. While the
[C11] components are relatively narrow, the high-velocity
200 and '3CO components emit rather broad lines. We
do not observe a significant broad [C1I] component that
might stem from the ionized gas, that is seen in Ha to-
ward this region. It is not certain how additional possible
sources (e.g., T Ori) affect the excitation and dynamics in
this region.

The bright [C11] emission of spectrum 3 (south of
OMC1, north of OMC4) consists of two components. De-
spite the strong main [C11| line, the ['3C11| line is very
weak. This indicates rather low optical depth, but high tem-
perature. Because of the relatively weak [*C11] line, it is
unlikely that the main [C11] line is self- or foreground ab-
sorbed. Rather, we fit two emission components. We can
only detect the brighter component in [*3C11]. This [C11]
component traces only a small fraction of the total dust
column. The high temperature is reflected in the associated
very bright CO emission (with a broad *CO line), that
traces a 4 times larger gas column than [C11] (Ay 105 =~ 40).
The other CO component, associated with the fainter [C11]
main component, seems to arise in relatively more moder-
ate conditions (narrow 3CO line) and seems to trace only
a thin (Ay 10s =~ 3) layer of gas. In addition to the strong
main line, we observe a very broad component in the [C11]
spectrum at negative velocities, that possibly stems from
ionized gas expanding toward the observer.

The brighter [C11] components require very extreme
conditions, according to the standard models of the PDR
Toolbox (Kaufman et al.[2006; |Pound & Wolfire|2008)). Also
in the central regions of the Orion Nebula, the [C11] inten-
sity is higher than expected from standard PDR models.
Constant pressure models, as opposed to constant density
models, might hold clues to the reason for this behavior.

In spectrum 4 (west of Orion S), we observe a single
bright [C11] main component, well separated from two weak
low-velocity components. Also the CO spectra reveal only
one component. In the region of spectrum 4, we observe
the lower branch of the [C1]-FIR correlation in the ISF
(although this region lies adjacent to the main spine). De-

spite the face-on geometry in this area, the [C11] emission
lies above the model predictions. We cannot exclude a tilted
surface, however. If we assume optically thick [C11] emis-
sion, we compute an excitation temperature of To, = 64 K.
The CO excitation temperature is only slightly lower and
both emissions need rather high radiation field and density
(from the models). The 3CO line is rather broad, which
hints at elevated turbulence. The CO emission traces a
large column of gas, Ay 105 =~ 20, which is 1/5 of the dust-
traced column. The dust temperature is rather moderate
(Ty = 27K), the background consisting of a large column
of cold dust. From the FIR intensity we estimate a radia-
tion field of Gy ~ 4 x 103, which is 2-3 times lower than
required for the [C11] and CO intensity according to the
models.

In spectra 5 and 6 (south of OMC4 in the ISF), we notice
that the CO excitation temperature is further decreasing
with distance from the Trapezium. The CO column density
remains constant, CO tracing a column of Ay jos =~ 10.
From comparison with the [C1I] emission, we see that Gg
is dropping, but n remains approximately constant, n ~
1-5 x 10* cm 3.

Appendix D.2: M43

Figure [18| shows six spectra toward the shell of M43. Table
gives the fit parameters of a multi-component Gaus-
sian fit for each spectrum. Table [D-4] gives the result of the
[*3C 11] analysis, where possible.

All spectra have too strong [C11] emission as to be con-
sistent with face-on geometry. The column traced by [C11]
corresponds to Ay jos = 15 in most cases. This clearly indi-
cates an edge-on illuminated gas column, given the rather
moderate radiation field in M43. Most spectra, both [C11]
and CO, consist of at least two components. Spectrum 5 is
the most enigmatic. The [C11] spectrum can be fitted only
with four components plus one component that we attribute
to [*3C11] emission (it could be a red-shifted [12C11] com-
ponent, as well). However, the ['3C11] component (if it is
such and not an additional [*2C11] component) appears to
be rather strong compared to the [12C11] component, which
yields a very high [C11] optical depth. The *2CO spectrum
clearly comprises two components, but cannot be fitted sat-
isfactorily with Gaussian profiles, while the '3CO spectrum
can. We note that spectrum 5 lies in a region where the
shell surrounding the M43 H1I region seems to be inter-
rupted, possibly allowing for ionized gas flowing out of the
cavity. Outflows may lead to irregular line shapes in the
surface layers of a molecular cloud. However, we do not ob-
serve a broad component in the [C1I] spectrum, that might
stem from the ionized gas itself. The fact that most spectra
comprise more than one emission component may indicate
that the gas layers along the line of sight experience shear
due to stellar feedback. We judge that the spectra in M43
can be explained by emitting components only, rather than
invoking additional absorbing layers.

Appendix D.3: NGC 1977

Figure [19 shows six spectra toward the shell of NGC 1977.
Table [D.5] gives the fit parameters of a multi-component
Gaussian fit for each spectrum. Table gives the result
of the ['3C11| analysis, where possible.
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The CO component at Skms~! in spectrum 2 corre-

sponds to a weak [C1I] component, that cannot be fitted
properly because it is just above the noise level. Again, it
is unlikely that 3CO is self-absorbed, hence we conclude
that there are two emitting CO components within the line
of sight.

The [C1] line in spectrum 3 is almost Gaussian, but
slightly asymmetric. In a two-component fit the [C 11| com-
ponents line up with the CO components. This might in-
dicate that the shell around NGC 1977 is indeed moving
at differential velocities and that CO emission arises within
the shell at low density. The cloud depth derived from the
13CO0 line is about Ay jos =~ 0.1-0.4.

The [C11] line in spectrum 4 is slightly asymmetric. The
line widths in a two-component fit are close to the ther-
mal line width, as in spectrum 3. We do not find a good fit
with an absorbing component instead of a second emitting
component. Since we expect the region to be in dynamic
expansion, we may expect line asymmetries, and the Gaus-
sian two-component fit may be misleading.

Also the [C11] line in spectrum 5 has a relatively (close
to thermal) line width, but an additional broad wing. Spec-
trum 5 is taken toward the [Cii]-faint region, where the
shell may be breaking open. The broad wing might be a
signature of an ionized outflow or increased turbulence in
the neutral gas due to the rupture (as in M43). The narrow
line in spectrum 5 is blue-shifted with respect to the lines
in other [C11] spectra toward NGC 1977, possibly reflecting
an increased backward pressure in this region.

The [C11] line in spectrum 6 is slightly asymmetric, as
well, and can be fitted with two Gaussian components.

Appendix D.4: Spectra behind the Bar

Fig. 24) shows nine spectra toward the region southeast of
the Orion Bar. Table[D.7]gives the fit parameters of a multi-
component Gaussian fit for each spectrum. Table gives
the result of the [13C 11| analysis, where possible.

Spectra with bright [C11] emission, where we can detect
the [!3C11] F = 2-1 line, can be interpreted as exhibiting
a significant absorbing component. However, invoking an
absorbing component gives rise to rather extreme derived
excitation condition, which we do not expect behind the
Orion Bar and in the Eastern Rim. As the [**C11| line is
often only marginally detected, fit uncertainties are large.
Deeper observations are needed to investigate this matter
further (Kabanovic et al. in prep.). All spectra along the
line cut behind the Orion Bar show multiple features, that
are enigmatic in origin. A more detailed study, comparing
with velocity-resolved data sets like CO rotational lines,
optical and dust emission, would be needed to understand
the structure of the background PDR and the Eastern Rim.
We report here that the relation between [C11] and CO(2-
1) emission is complex, as components in the respective
spectra are not easy to match with each other.
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Table D.1. Line fits to [C11]-bright spectra 1-6 in M42.

spectrum  line comp. Tp vp AvpwHM
4 [K] [kms| [l s~
1 [C1] 1 35.1 74 2.3
2 56.0 104 1.4
[BC] 1 1.3 7.1 5.2
2 0.7 10.6 3.0
1200 1 12.8 7.3 2.5
2 47.1 11.0 3.0
13CO 1 4.2 6.7 2.3
2 28.9 11.2 1.8
2 [C11] 1 4.3 2.1 1.6
2 50.7 7.9 1.5
3 19.0 11.7 1.7
[BC] 2 14 77 2.3
3 0.6 10.6 2.0
1200 1 23.4 8.8 3.9
2 28.2 12.5 3.6
BCO 1 4.5 7.5 1.4
2 3.7 11.9 3.7
3 [C1] 1 2.6 -0.6 14.0
2 7.5 1.2 3.5
3 76.3 7.8 3.0
4 32.9 10.6 2.5
[BC] 2 1.0 8.3 2.5
1200 1 2.2 -0.3 2.4
2 83.5 8.4 3.7
3 41.8 11.3 2.1
13CO 1 29.4 9.1 3.5
2 12.0 11.1 1.1
1 [C1] 1 15 -1.0 44
2 2.2 3.2 2.4
3 25.7 9.1 3.3
12Cc0 1 52.5 9.3 4.2
13CO 1 19.5 9.4 34
5 [C1] 1 10.7 7.3 2.2
2 3.4 8.9 0.8
12C0 1 36.7 7.8 3.3
2 9.5 10.6 2.0
13CO 1 15.0 8.0 2.9
6 [C1I] 1 1.2 2.9 1.6
2 6.3 8.0 1.8
12C0 1 27.4 8.2 3.8
1BCO 1 15.8 8.0 2.8

Notes: Line fit uncertainties are of the order or, ~ 0.5K, 0,, =~
0.1kms™!, and oypypy =~ 0.1kms™L.

Table D.2. Parameters and results of [*3C 11| analysis in M42.

spectrum, Tp([lQC II]) Tp([lSCH]) Av Ta T160 T[C Tox NC+ NC+ /.Ac/NH
comp. K] K] [kms™!] [K] K] [em™2]

1,1 35 1.3 2.3 37 1x1072 39 81 3.0x10¥® 0.32 (Ay 0s = 10)
1,2 56 0.7 1.4 37 1x107%2 06 171 6.3 x10'7  0.07 (Av os ~ 2)
2,2 51 1.4 1.5 34 1x1072 28 100 1.7x10%¥  0.18 (Ayos =~ 5)
2,3 19 0.6 1.7 34 1x1072 33 61 14x10¥®  0.15 (Aves ~4)
3 76 1.0 3.0 20 5x1072 0.7 192 1.8x10'®  0.04 (Ay 1os ~ 6)

Notes. Line fit uncertainties are of the order o7, ~ 0.5K. Tp([**C1]) is barely above the noise level and is uncertain by

OTp ~ (0.3K.
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Table D.3. Line fits to spectra 1-6 in M43.

spectrum  line comp. Ip vp AvpwHM
# (K] [kms] [lkm 1]

1 [C1] 1 73.9 8.7 3.9

2 20.5 9.8 1.5

[BC] 1 2.7 8.7 2.0

1200 1 19.9 8.7 2.6

2 9.4 11.2 2.8

13CO 1 3.1 9.2 34

2 0.4 11.1 21

2 [C] 1 21.8 5.5 35

2 82.7 9.1 3.6

[BC ] 2 2.1 8.5 2.3

1200 1 85.4 10.0 3.7

13C0 1 19.6 10.1 2.6

3 [C1] 1 175 5.6 3.6

2 67.3 10.0 3.7

[BC] 2 1.0 9.5 3.4

1200 1 3.1 6.8 1.9

2 59.4 10.8 2.5

1BCO 1 0.8 7.8 1.7

2 15.2 10.6 1.6

1 [C1] 1 32.4 87 5.5

2 45.2 11.0 2.6

12Cc0 1 9.0 10.6 4.3

2 42.9 10.7 14

13CO 1 1.8 10.5 3.6

2 6.8 10.7 1.1

5 [C1] 1 20.9 6.9 41

2 22.9 10.3 3.0

[3C11] 1 2.1 6.2 1.7

2Cc0o 1 13.1 9.7 3.9

2 0.97 11.4 1.3

BCO 1 3.2 9.3 2.6

2 1.2 11.2 1.4

6 [C1] 1 3.7 5.4 1.6

2 72.1 9.7 3.5

3 5.3 12.6 5.6

[BC] 2 1.7 9.6 2.3

2Co 1 2.4 6.2 1.8

2 57.9 9.4 2.5

3 7.2 12.4 1.5

13CO 1 1.0 7.3 2.0

2 18.8 9.4 1.5

3 2.0 10.2 3.4

Notes: Line fit uncertainties are of the order or, ~ 0.5K, 0,, ~
0.1kms™!, and oypypy =~ 0.1kms™1.
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Table D.4. Parameters and results of ['3*C 11] analysis in M43.

spectrum | Tp([*2C11]) Tp([**C11)) Av Ty T160 Ticn)  Tex Neg+ Nc+/Ac/Nu
K] K] [kms~'] [K] K] [em™?

1 74 2.7 3.9 37 1x1072 3.8 124 7.7x 10 0.61 (Av s =~ 25)

2 83 2.1 3.6 36 2x1072 25 139 52x 10  0.36 (Av s ~ 15)

3 67 1.0 3.7 383° 9x107% 1.1 149 2.6 x10¥® 0.30 (Av s = 10)

5 21 2.1 1.7 37 5x107% 11 64 5.0 x 10"  1.03 (Ay 10s ~ 15)

6 72 1.7 3.5 34 1x1072 22 127 4.2x10'¥® 0.36 (Av 0s ~ 15)

Notes. Line fit uncertainties are of the order o, ~ 0.5 K.
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Table D.5. Line fits to spectra 1-6 in NGC 1977.

spectrum  line comp. Tp vp AvpwHM
#  [K]  [kms~!] [k s~
1 [C1] 1 141.2 11.7 2.9
2 -101.1 12.0 2.2
[BC] 1 3.0 11.6 2.0
2co 1 15.6 11.7 2.1
2 33.2 12.7 1.4
13CO 1 5.0 11.1 1.0
2 20.2 12.6 1.1
2 [C] 1 1.0)  (8.0) (2.0)
2 32.8 11.4 2.6
12C0 1 0.3 8.0 1.5
2 1.0 11.0 1.1
3 1.1 11.5 3.0
13CO 1 0.09 8.7 2.6
2 0.38 11.1 1.2
3 0.22 12.7 1.2
3 [C1] 1 2.7 11.2 1.6
2 27.4 12.7 1.9
2C0 1 0.61 11.7 3.1
2 0.52 12.6 1.5
13CO 1 0.14 11.1 2.4
2 0.12 12.7 0.7
4 [C] 1 11.1 11.6 1.3
2 19.0 12.7 2.0
5 [C1] 1 2.1 11.6 5.1
2 3.8 13.7 1.5
6 [C1] 1 22.8 11.6 31
2 5.2 12.7 1.0

Notes: Line fit uncertainties are of the order or, ~ 0.5K, 0,, ~
0.1kms™!, and oy =~ 0.1kms™L.

Table D.6. Parameters and results of [**C 11| analysis in NGC 1977.

spectrum Tp([12C II]) Tp([13C II]) Av Ta T160 T[C Tox NC+ NC+ /AC /NH
K] K] [kms™'] [K] K]  [em™?]
1 141 3.0 2.9 31 1x1072 2.0 211 52x10"¥® 0.42 (Av s =~ 15)

Notes. Line fit uncertainties are of the order o7, ~ 0.5 K.
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Table D.7. Line fits to spectra 1-10 in the southeast of the Orion Bar.

spectrum  line comp. Tp vp AvewHM
# K] [kms—1] [kms~?
1 [C1] 1 35.3 9.1 5.1
2 117.8 10.9 3.0
[BC] 2 3.4 11.0 2.5
2co 1 115.6 9.9 4.0
2 35.3 11.3 1.9
13CO 1 7.6 9.9 4.2
2 35.3 10.1 2.1
2 [C] 1 52.1 9.9 4.4
2 62.3 11.5 2.6
[BC] 27? 3.0 10.6 1.9
1200 1 93.5 9.5 3.7
2 23.0 10.9 2.2
B3CO 1 1.4 7.0 1.2
2 27.4 9.8 2.4
3 [CI] 1 54.0 10.6 4.0
2 30.4 12.0 2.0
12C0 1 55.3 9.0 2.1
2 49.0 10.9 2.3
13CO 1 8.0 8.9 1.2
2 10.1 10.6 2.0
1 [C1I] 1 3.1 2.2 15.9
2 61.7 11.1 3.1
12C0 1 50.6 10.0 3.6
2 12.0 11.6 1.8
1BCO 1 6.4 10.2 3.2
2 4.2 11.3 1.5
5 [CT1] 1 2.3 -0.9 16.2
2 56.4 10.9 2.9
1200 1 27.7 8.9 4.3
2 24.5 11.5 2.5
13CO 1 3.2 9.4 4.3
2 2.2 11.7 2.0
6 [C1] 1 1.8 -0.6 19.6
2 28.7 10.3 3.7
2C0o 1 7.1 7.2 2.3
2 25.8 10.6 4.5
B3CO 1 0.6 6.9 2.1
2 2.3 10.4 3.7
7 [C1] 1 4.4 7.5 3.2
2 19.7 10.5 2.7
3 2.3 14.3 1.1
1200 1 7.0 6.9 2.1
2 28.6 10.4 2.6
3 24.2 144 4.3
13CO 1 0.8 7.0 1.9
2 2.0 10.3 2.9
3 2.7 14.8 2.9
8 [C1] 1 14.1 8.3 48
2 13.1 10.7 1.8
3 (1.0)  (13.0) (4.0)
1200 1 7.3 7.7 3.0
2 45.8 10.8 1.9
3 21.4 13.1 3.5
13CO 1 0.8 7.8 2.9
2 7.7 10.9 1.5
3 2.5 13.5 2.6
9 [CT1] 1 9.5 5.9 738
2 26.7 6.1 1.8
3 49.6 8.0 1.7
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Table D.7. Continued.

spectrum  line comp. Tp vp AVEFWHM
#  [K] [kms™!] fln s~

[Cu]  2/3 2.3 6.8 4.1

12co 1 30.6 7.2 1.6

2 4.8 10.6 4.8

13CO 1 6.9 7.3 1.1

2 0.5 9.7 6.0

10 [C11] 1 20.2 7.0 4.5

2 26.4 8.0 1.8

[B3C] 2 3.0 7.9 1.6

2co 1 66.0 7.3 1.8

2 4.2 11.1 3.0

1 23.1 7.4 1.3

BCO 2 0.6 10.9 2.6

Notes: Line fit uncertainties are of the order op, ~ 0.5K, 0y, ~
0.1kms™!, and oypypy =~ 0.1kms™1L.

Table D.8. Parameters and results of [**C11] analysis of spectra to the southeast of the Orion Bar.

spectrum | Tp([*2C1])  Tp([**C11)) Av T4 T160 Ticn]  Tex Ne+ Ne¢+/Ac/Nu
K] K] [kms™'] [K] K] fem™?]

1 118 3.4 25 38 30x102 29 175 54x10% 0.32 (Ayis ~ 15)

2 62 1.9 29 37 18x1072 31 113 43 x 10" 0.25 (Av.ies ~ 15)

9 50 1.8 17 33 09x10°2 38 95 26x10% 0.30 (Ayes ~ 10)

10 26 1.1 1.8 30 1.0x107%2 44 67 22x10"™ 0.23 (Av s ~ 10)

Notes. Line fit uncertainties are of the order o, ~ 0.5 K.
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