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ABSTRACT

Strong winds and ultraviolet (UV) radiation from O-type stars disrupt and ionize their molecular core birthplaces sweeping up material
into parsec size shells. Owing to dissociation by starlight, the thinnest shells are expected to host low molecular abundances; thus,
little star-formation. Here we enlarge previous observations taken with the IRAM 30m telescope (at 11” ~ 4,500 AU resolution) and
present square-degree '2CO and '*CO (J =2-1) maps of the wind-driven “Veil bubble” that surrounds the Trapezium cluster and its
natal Orion molecular core (OMC). Although widespread and extended CO emission is largely absent from the Veil, we show that
several CO “globules” exist, blue-shifted in velocity with respect to OMC, embedded in the [C 1] 158 um-bright shell that confines
the bubble. This includes the first detection of quiescent CO at negative LSR velocities in Orion. Given the harsh UV irradiation
conditions in this translucent material, the detection of CO globules is surprising. These globules are small: R =7,100 AU, not
massive: M, =0.3 M, and moderately dense: ny =4-10*cm™ (median values). They are confined by the shell’s external pressure,
Py /k2 107 cm™ K, and are likely magnetically supported. They are either transient objects formed by instabilities or have detached
from pre-existing molecular structures, sculpted by the passing shock associated with the expanding shell and by UV radiation from
the Trapezium. Some represent the first stages in the formation of small pillars, others of isolated small globules. Although their
masses (M. < Mjeuns) do not suggest they will form stars, one globule matches the position of a known young stellar object. The
lack of extended CO in the “Veil shell” demonstrates that feedback from massive stars expels, agitates, and reprocesses most of the
disrupted molecular cloud gas; thus, limiting the star-formation rate in the region. The presence of globules is a result of this feedback.

©ESO 2020

12938v1 [astro-ph.GA] 27 Apr 2020

1. Introduction

- Massive stars dominate the injection of UV radiation into
the interstellar medium (ISM) and of mechanical energy
O through stellar winds and supernova explosions. The energy
(\l and momentum injected by photoionization, radiation pres-
~< sure, and stellar winds from young O-type stars ionize and
« = disrupt their natal molecular cloud cores, creating Hu regions
>< and blowing pc size bubbles enclosed by shells of denser
E swept up material (e.g., |Weaver et al| |1977; |Churchwell

et al| 2006; |Deharveng et al.| |2010). These feedback pro-
cesses may locally regulate the formation of new stars, and
globally drive the evolution of the ISM in galaxies as a whole
(e.g.,|[Krumholz et al.|2014} Rahner et al.[2017} Haid et al.|2018)).

The iconic Extended Orion Nebula (M42) is photoion-
ized by UV photons emitted mainly from the most mas-
sive star in the Trapezium cluster, ' Ori C (type O7V and
Ory ~6-10% photons s~ e.g., |0’Dell| 2001} |Simén-Diaz et al.
2006; (Gravity Collaboration et al.|[2018)). Besides, M42’s char-

04

* Based on IRAM 30m telescope observations. IRAM is supported
by INSU/CNRS (France), MPG (Germany), and IGN (Spain).
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acteristic bubble-shape (~4 pc in diameter) and overall dynam-
ics seem ultimately driven by the strong wind emanating from
0! Ori C (Giidel et al. [2008: Pabst et al|[2019). The fore-
ground material that surrounds the Trapezium and its natal
molecular core-1 (OMC-1, located behind the cluster, e.g.,|Gen-
zel & Stutzki|[1989; [Bally| 2008)) are generically known as the
“Veil” (O’Dell 2001} [van der Werf et al.|[2013} [Troland et al.
20165 |Abel et al. |2019). The “Veil bubble” is filled with an
X-ray-emitting (wind-shocked) million-degree plasma (Giidel
et al.[[2008). As delineated by the Ha emission, the inside of
this bubble is also an H 1 region photo-ionized by UV radiation
from 6! Ori C. In the far side, the bubble is confined by dense
molecular gas at the surface of OMC (Rodriguez-Franco et al.
1998;; |Goicoechea et al.|[2019) and, in the near side, by an ex-
pading half-shell of warm gas (Tx~100 K) and dust (see sketch
in Fig. [I). The swept up material in the shell is very bright in
the 2P; /2" Zp, ,2 fine-structure emission of C* (the well-known
[Cu] 158 pm line). In [Pabst et al.| (2019) we obtained square-
degree velocity-resolved images of the [Cu] 158 um emission
with SOFIA, and showed that the mechanical energy from the
stellar wind from 6' Ori C (terminal velocity of ~2,500kms™';
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Fig. 1. Left: The Extended Orion Nebula (M42), part of the integral-shape filament in Orion A (reddish colors), and the Veil bubble (delineated by
a dotted circle) filled with ionized gas (greenish). Red: SPIRE 500 wm image (cold dust from the background molecular cloud). Blue: PACS 70 pm
image (warm dust). Green: He image adapted from ESO’s Second Digitized Sky Survey (DSS2, see[Pabst et al.J2020). The yellow star corresponds
to the position of #' Ori C in the Trapezium cluster. Here we focus on the 17.5’ x 34.5’ area enclosed by the dotted box. The blue and white
squares mark the position of CO globules detected in the expanding shell that confines the bubble (blue squares for the negative-v; sr globules).

Right: Sketch of the region, not at scale, adapted from (2019).

[Stahl et al.|[1996) is effectively converted into kinetic energy of

the shell. This stellar wind causes more disruption of OMC-1
(and quite before any supernova explosion) than do photo-
ionization and photo-evaporation (Pabst et al.[2019).

Although not the most numerous or massive star cluster in
the Milky Way, the proximity of the Orion nebula, the Trapezium
stars, and the molecular core OMC-1 (the closest hosting on-
going massive-star formation) enables us to study star-formation
and stellar feedback in great spatial detail (like in our previous
works, here we adopt ~414 pc; e.g.,[Menten et al[2007).

As in other thin shells around high-mass stars, the intense
UV radiation in M42 suggests very low molecular abundances
in the “Veil shell”. Indeed, previous observations of the line-of-
sight toward the Trapezium stars imply small columns of mate-
rial in the Veil (O’Dell[2001), 1-2 mag of visual extinction (Ay),
and also low molecular gas fractions (x(H,)/x(H) < 10~%; where
x is the abundance with respect to H nuclei, [Abel et al.|2006).

CO, the second most abundant molecule in the ISM, had not
been detected toward the Veil before. As the emission from cold
H, is not directly observable either (e.g.,[Bolatto et al.[2013]), the
lack of detectable CO emission poses uncertain constraints to the
measurable mass of molecular material that escapes detection in

wide-field CO radio surveys (Grenier et al.|[2005} [Planck Col-

[aboration et al|201T). This extended “CO-dark” molecular gas
(when the CO column density, N(CO), is too low to be detected)

may represent 30% of the molecular gas mass in the Milky Way
(Grenier et al|[2005; [Wolfire et al|2010). This fraction can be
much higher in the ISM of low metallicity galaxies
characterized by a higher penetration of stellar UV
radiation. In this context, the Orion’s Veil is an interesting nearby
template to study the origin and properties of the vast neutral ha-
los that likely surround many star-forming regions.

This paper is organized as follows. In Sect. 2 we describe the
new CO (J =2-1) mapping observations. In Sect. 3 we present
the main observational result of this work, the detection of
molecular globules embedded in the shell that confines the Veil
bubble. In Sect. 4 we analyse the environment and the properties
of these globules. Sect. 5 discusses their origin and evolution.

Article number, page 2 of 19

2. Observations and data reduction

We have obtained new !'?CO, '3CO, and C'80 (J=2-1)
fully-sampled maps of Orion A using the IRAM 30m tele-
scope (Pico Veleta, Spain). The bright central region (1° X 0.8°)

around OMC-1 was originally mapped in 2008
2014) with the multi-beam receiver HERA at 0.4 kms™ reso-

lution (Schuster et al.|[2004). In order to cover the larger area
(1.2 square-degree) mapped by us in the [C 1] 158 wm line with

SOFIA/GREAT at comparable angular resolution (Legacy Pro-
gram led by A. G. G. M. Tielens) we started to expand the CO
maps using EMIR (Carter et al|[2012) and FFTS backends at
the 30m telescope. These new observations of fainter regions in
Orion A were carried out in October 2018, March 2019, Novem-
ber 2019, and February 2020, so far employing ~100h of tele-
scope time. They are part of the Large Program “Dynamic and
Radiative Feedback of Massive Stars” (PI: J. R. Goicoechea).

The '2CO J=2-1 (230.5GHz), '3*CO J=2-1 (220.4 GHz),
and C'30 J=2-1(219.5 GHz) lines were simultaneously mapped
with EMIR, providing an instantaneous bandwidth of 16 GHz
per polarization, in combination with FFTS backends at 200 kHz
resolution (~0.25 kms™!). The half power beam width (HPBW)
at 230.5 GHz is 10.7”. The observing strategy consisted in map-
ping boxes of ~534""x534” size using the on-the-fly (OTF) tech-
nique. Each box was mapped through 16 rectangular tiles of 8
OTF scans each, followed by a calibration measurement. In to-
tal, we employed about 12 min per tile. The scanning velocity
was ~9” s™! and the dump time was ~0.4s. This combination
provided 3 dumps per beam along the scanning direction. The
separation between two successive raster lines was 4.2” (roughly
beam/2.5) with the scanning direction reversed after each raster
line (i.e., zigzag scanning mode). To avoid edge-effects between
consecutive boxes, we overlapped the observation of each box
edge by slightly more than one beam. In order to decrease strip-
ping, each box was mapped twice, scanning in two orthogonal
directions. We used a common reference position that we call
REF, at an offset (—60’, —30") from the map center. We obtained
deep spectra of the REF position using the frequency switching
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Fig. 2. [Cu] 158 um, '2CO (2-1), and '3CO (2-1) integrated line intensity maps of the central square-degree region of Orion A. Some of the main
structures and components discussed in this work are labelled. The [C ] 158 um map was observed by SOFIA/UPGREAT at an agular resolution
of 16” (Pabst et al.[2019). The '2CO and '*CO maps, observed with the IRAM 30m telescope, have a resolution of 11”.

mode. These spectra do not show CO emission at the rms level
of the map. The REF position was observed during 10 s after
each raster line (taking ~60s) following the pattern REF-OTF-
OTF-REF. Pointing was checked every 2 h and focus every 4 h
or after sunset. We started every day with a pointed observation
of the Orion Bar to cross-check the intensity of the CO lines. We
estimate an absolute intensity error of about 15%.

The new data were first calibrated in the T} scale, cor-
rected for atmospheric absorption and spillover losses, using
the chopper-wheel method (Penzias & Burrus||1973). Most of
these observations were done under very good winter condi-
tions (less than 2 mm of atmospheric precipitable water vapor).
The receiver and system temperatures were typically ~100K
and ~200-300 K, respectively. For emission sources of bright-
ness temperature T,(v) at a given velocity channel, the main-
beam temperature is the most appropriate intensity scale (i.e.,
Tmp(V) = Tp(v)) when the emission source fills the main beam of
the telescope. Assuming a disk-like emission source of uniform
Ty, and angular size varying from ~25” to 90", the ratio Ty, / Ty
at 230 GHz goes from 1.0 to 1.2 at the IRAM 30m telescope
(whereas T, /T, goes from 0.4 to 0.5; see Online material in
Teyssier et al.|2002). Molecular clouds have complicated emis-
sion structures, spatially and in velocity, so that the Ty, scale is
widely used as a good compromise when the emission sources
are smaller than the very wide antenna error beams (for the
IRAM 30m telescope, see|Greve et al.|1998)). Here we converted
the intensity scale from T t0 Tip (= T - Fer/Berr) using the
main-beam efficiency B.g and forward efficiency F.g appropri-
ate for each frequency (Beg =0.59 and Feg =0.92 at 230 GHz).

Data reduction was carried out with the GILDAS softward!|
A polynomic baseline of order 1 or 2 was subtracted avoiding
velocities with molecular emission. Finally, the spectra were
gridded into a data cube through a convolution with a Gaus-
sian kernel of ~1/3 the telescope HPBW. The typical (1o7) rms
noise level achieved in the map is 0.25 K per 0.25km ™! veloc-
ity channel. This is typically a factor of >3 deeper than the rms
of the large '2CO (1-0) map obtained by merging CARMA in-
terferometric and NRO 45m telescope observations at 10" x8"”
angular resolution (Kong et al.|2018)). Although they detect the
stronger positive-velocity globules and structures (their Fig. 8),
the sensitivity in our maps allowed us to investigate faint and dif-

! http://www.iram.fr/IRAMFR/GILDAS

fuse CO (2-1) emission structures and compact globules at LSR
velocities significantly blue-shifted from those of OMC.

In order to compare with our SOFIA [C ] 158 wm map, we
merged the older CO HERA observations with the expanded
EMIR maps. Thanks to the improved new software MRTCAL
at the 30m telescope, with calibration on a finer frequency
grid, line calibration has slightly improved since 2017. In addi-
tion, telescope efficiencies have slightly changed as well. Hence,
we took the new EMIR data as the reference for the CO line
intensities. To do that, we re-observed a few common areas
and produced scatter plots of the CO line integrated intensi-
ties (HERA vs. EMIR maps). The derived linear slopes deviate
by < 15 %, and we used this correction factor to scale up the
HERA data. Figure [2| shows the (current) extent of the '>CO and
13CO (2-1) merged maps, whereas Fig. [3|zooms into the area of
interest for this work.

In order to properly compare the '2CO (2-1), *CO (2-1), and
[Cu] 158 um line profiles at the same angular and spectral res-
olutions we created cubes convolved, with a Gaussian kernel,
to uniform resolutions of 16" and 0.4kms™', respectively. The
convolved and smoothed CO maps were used in the line pro-
file analysis (see Sect. ] and Fig. [5] for the spectra) as well as
in the position-velocity diagrams (Fig. [7] and [A.2] to [A.9). The
typical rms noise in the smoothed '>CO (2-1) map is 0.16 K per
0.4kms~! channel. We used Gaussian fits to extract the line pro-
file parameters of the blue-shifted CO globules: spectral com-
ponents peaking at LSR velocities lower than those of OMC
(i.e., visr<+(7-10) kms~!; [Bally et al.|1987; Berné et al.[2014;
Kong et alJ2018). Line fit parameters are tabulated in Tables[A.1]
and[A.2]of the Appendix. When appropriate, offsets in arcsec are
given with respect to star §' Ori C, at @(2000) =05h35m16.46s
and 6(2000) = —05°23'22.8".

3. Results

Figure [2] shows a square-degree area of the Orion A molecu-
lar complex. At visible wavelengths, the region is dominated
by M42, the extended Orion nebula, ionized by the strong UV
radiation field from 6' Ori C (e.g.,|0’Dell[2001). While in this
region the [Cm] 158 pm emission mostly traces UV-illuminated
gas around Hn regions, the majority of the '>CO (2-1) and
Bco (2-1) integrated line emission arises from the molecular
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Fig. 3. Zoom to the south-west region of the Veil shell. The first two images show the emission from FUV-heated warm dust and from C*. The
rightmost image displays a rather different morphology, mostly dominated by extended CO from the molecular cloud behind the shell. Left panel:
PACS 70 pm emission at 6” resolution and positions of the detected CO globules. Middle panel: SOFIA [Cu] 158 pum intensity map integrated in
the visg = [-7,+20] kms™' range . Right panel: IRAM 30 m '>CO (2-1) intensity map in the visg = [-7, +20] km s~! range. We
have identified blue-shifted CO globules (some of them are labelled) with velocity centroids in the v; sz range [-7, +6]kms™! (see Fig.EI).

cloud behind (see sketch Fig. [T). The properties of the main
star-forming cores (OMC-1, OMC-2, OMC-3, and OMC-4) have
been extensively discussed in previous CO maps of the region
(e.g., Bally et al|[1987} [Shimajiri et al|[2011; Buckle et al|

hydrogen recombination lines from fully ionized Hu regions
display much broader profiles (Av>15kms~! for 7, >5,000K;
[Churchwell et al.|[1978)). Carbon recombination lines from the
surface and edges of OMC-1, detected at radio (Natta et a!.

[2012} [Berné et al|[2014; [Kong et al.|[2018). Here we focus on
a ~17.5" x34.5 (~2pc x4 pc) region of the bubble (zoomed in
Fig. B) south-west from the Trapezium. The Veil shell is very
conspicuous at 70 um (warm grains), in the [Cu] 158 pum line
(Pabst et al[2019), and in the extended 8 pum emission pro-
duced by polycyclic aromatic hydrocarbon molecules (PAHs,
Fig. []left). The '2CO integrated line intensity map, however,
shows a rather different morphology, dominated by emission
structures in the background dense molecular cloud. This on-
going star-forming region, part of Orion’s integral-shape fila-
ment, dominates the CO emission and peaks at local standard
of rest velocities (visg) around +(7-10)kms~! (e.g., Bally et al.
1987} [Shimajiri et al|[201T; Buckle et al|2012; Berné et al.
2014; Kong et al.[2018). At these positive LSR velocities, high-
resolution (sub-km s™!) spectra of the [C ] 158 pum line display
bright emission from the UV-irradiated surface of the dense
molecular cloud (Boreiko & Bet7][1996} [Ossenkopf et al|2013}
|Goicoechea et al.[20152019; |Cuadrado et al.[2019).

In addition, the [C ] 158 um spectra reveal fainter compo-
nents, blue-shifted from OMC-1 velocities, that reach negative
LSR velocities (see the spectra in Fig. [5). [Goicoechea et al|
(2015) already found that ~15 % of the [C] 158 um luminos-
ity toward the central regions of OMC-1 does not arise from its
UV-illuminated surface. This C* emission mainly comes from
the foreground half-shell that surrounds OMC-1 and expands
(toward us) at 13kms™! (Pabst et al. 2019} 2020). The relatively
narrow [Cu] 158 um line profiles (Av~4kms™') in the shell
demonstrate that the gas is largely neutral. That is, dominated by
H, H,, and C* (with an ionization potential of 11.3 eV). Indeed,
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1994; [Salas et al|2019) and millimeter waves (Cuadrado et al.

2019), however, show narrow profiles Av=2.5-5kms~!. These
are typical of the neutral “photodissociation region” (the PDR)
that separates the hot Hu gas from the cold molecular gas. The
8 um emission from UV-pumped PAHs also arises from PDR
gas (e.g.,[Hollenbach & Tielens|[1997). Hence, the good correla-
tion between the C* and PAH emission from the shell
let al]2019), together with the narrow [C 1] 158 um line-widths,
supports the conclusion that most of the C* emission in the shell
originates from neutral PDR gas rather than in the ionized gas.

3.1. Detection of blue-shifted CO globules in the Veil

The dotted rectangular box in Fig. [T] shows the specific area
investigated in this work (expanded in Fig. [3). Despite the
0.75Kkms™! (30) sensitivity level of our '?CO (2-1) map,
equivalent to N('2CO) 2 (5-15)-10"* cm™2, we do not detect
widespread and extended CO emission from the shell (i.e., blue-
shifted from OMC). For the typical extinction (Ay ~ 1-2 mag)
and plausible gas densities (ny of several 10°cm™) in this
material (O’Dell| 2001} [Abel et al][2016), UV photodissoci-
ation must severely restrict the formation of abundant CO
(e.g.,[van Dishoeck & Black|1988). The lack of detectable ex-
tended CO emission, however, does not directly imply that the
whole shell is everywhere 100% atomic and not molecular.
Indeed, Fig. [] shows the presence of globules and other
CO emission structures blue-shifted from OMC. This in-
cludes the first detection of quiescent molecular gas at nega-
tive visr (globules #1, #2, and #3) and well separated from
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Fig. 4. CO globules in the shell that encloses the Veil bubble. Left panel:

Spitzer’s 8 um image (2" resolution). Numbers mark the position of the

CO globules (shown in the middle and right panels). Stars show the position of YSOs detected in the field (Megeath et al[2012} [2016). Globule #1
matches the position of YSO #1728 (red star). Middle panel: [Cu] 158 pm emission at visg = —7 to Okm s~ (background grey image) and 2Cco
globules #1, #2 and #3 in the same velocity range (emission in red contours). Right panel: same as the middle panel but for the range v;sg =0 to
+4kms~!. The arcs approximately represent the projection of concentric expanding rings in the shell (blue for rings closer to us).

the main star-forming cores in the integral-shape filament
(Tohnstone & Bally|[1999; [Kirk et al[2017). Using the native CO
maps at 11” resolution we extract the angular sizes of these glob-
ules. They range from 18" (~7,500 AU) to 80" (~0.16 pc), with
their fainter emission contour typically above 5o

Figure [6] shows a gallery with zooms to the glob-
ules and other blue-shifted structures in the CO (2-1)
(reddish) and 8pum band (bluish) emission. Figure [A]]
of the Appendix shows the same gallery but displaying
the [Cu] 158 pum emission (bluish) integrated in exactly the
same velocity range as the CO emission from each glob-
ule (i.e., C* that is strictly connected in velocity with CO). The
smallest globules (#1, #2, #3, and #6) resemble the kind of
tiny clouds, originally seen in visible plates against the neb-
ular emission from Hn regions (ionized by radiation from
nearby OB stars) and called “globules’?] (Bok & Reilly]
1947; Minkowskil [1949} [Thackeray| [1950), “cometary glob-
ules” or “tear drops” (Herbig||1974), and more recently “cusps”
(De Marco et al|2006) or “globulettes” when their sizes are
smaller than about 10,000 AU (Gahm et al.|[2007). Hence, in
this work we use the term “globule” in a generic sense: small
and over-dense molecular gas blobs. Globules #1, #3, and #6
show spherical morphologies but they are surrounded by ex-
tended 8 um (and [C 1] 158 pm) emitting structures. Globules #2
and #4 are also roundish, but show indications of diffuse tails.
These globules have CO velocity centroids significantly blue-
shifted from OMC and are isolated.

In addition, previous CO maps of OMC have revealed more
extended and peculiar structures (Shimajiri et al|[2011} [Berné
let al][2014} [Kong et al|[2018). Some of our blue-shifted but
positive-v sg globules belong to these structures. They are lo-
cated close to the surface of the dense molecular cloud (but
they likely have a different nature) or at the limb-brightened
edge of the shell. A very remarkable structure of this kind is

2 Interestingly, no globule associated with the Orion nebula was found

in the original work of Bok & Reilly|(1947).

the Kelvin—Helmholtz (KH) “ripples” or “periodic undulations”
studied by Berné et al| (2010) and indicated in our Figs.[3Jand[2]
Globule #7 is the blue-shifted head of the KH ripple, whereas #5,
in the westernmost part of the map, is the tip of a more promi-
nent and bright-rimmed structure, a pillar or "elephant trunk"
that points toward the Trapezium. The extended structures as-
sociated with #5, #8 and #10 also show multiple far-UV (FUV;
E <13.6eV) illuminated edges revealed by their bright 8 um
rims delineating the CO emission. These globules must be fac-
ing strong FUV fluxes. Globule #8 has a different morphology.
It is part of a more extended region, apparently connected to
OMC, and is characterized by wavelike structures and 8 pm rims
pointing toward the Trapezium. The CO and [C 1] 158 pm emis-
sion follows an arched morphology roughly pointing toward the
Trapezium too. Finally, globule #9 looks like detached from #8,
still showing a thin connecting filament.

The similar velocity centroid of the CO and [Cn] 158 um
lines toward each globule (Table[A2)), as well as the spatial co-
incidence with velocity-coherent C* extended emission struc-
tures indicate that several globules are embedded in the shell (see
position-velocity diagrams in Fig. [7] and Figs. [A2]to [A.9). Ow-
ing to the shell expansion, the negative-v; sg globules should be
located in the near side of the shell (closer to us) and not at the
surface of OMC. These globules resemble starless cores embed-
ded in a C*-bright envelope (for globule #4 with the morphology
of the [C ii] 158 pum emission akin to a cometary globule, Fig.[4).
Despite their relatively faint '>CO emission levels we also de-
tect 3CO toward most of them. Except for globules #5 and #10,
however, we do not detect blue-shifted C'#0 emission. The lack
of C'80 (2-1) emission is consistent with low extinction depths,
in the range of Ay <3 mag (Frerking et al|[1982} [Cernicharo &
Guelin|[1987} [Pety et al.[2017).

To conclude this general presentation and analysis of the re-
gion, in Fig. [§] we show the approximate map of Gy, the stellar
FUV flux in the line-of-sight toward the bubble (Gy ~ 1.7 is the
mean radiation field in the solar neighborhood in Habing units;

1968). These FUV photons heat grains, ionize C atoms,
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Fig. 5. Velocity-resolved spectra toward the CO globules in Orion’s Veil. Each panel shows the [C 1] 158 wm line (colored in grey), '2CO J=2-1
(dark blue), 3 CO J=2-1 (cyan), and C'80 J=2-1 (red) lines toward the emission peak of each globule (labelled by symbol # as in Figs. Blandf).
The x-axis represents the LSR velocity in kms™'. The vertical red dotted line marks the approximate velocity of the emission produced by OMC
and associated star-forming molecular cloud located behind the Veil. All panels show emission features at velocities blue-shifted from OMC.
Globules #1, #2, and #3 represent the first detection of quiescent CO emission sructures at negative LSR velocities in Orion.

#1 -2.4 km/s #2 —2.0 km/s #3 -5.4 km/s

#4 +3.7 km/s #5 +6.0 km/s

bright rims

#1 +47 Kmjoom

#6 +0.8 km/s

#9 +3.1 km/s

bright rim

thin connecting
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Fig. 6. Gallery of blue-shifted CO globules and emission structures detected toward Orion’s Veil bubble. The reddish color is the '>CO (2-1)
emission integrated over the appropriate emission velocity range of each globule (spectra shown in Fig. [5). The bluish color is the 8 pm emission
(extended PAH emission) imaged with Spitzer/IRAC at 2” resolution. Each panel indicates the LSR velocity centroid of the CO line-profiles and a
white lined circle with the 11" (~4,500 AU) beam-size of the CO observations. The images of the smaller CO globules display '>CO (2-1) intensity
contours (in red) starting with the 5o rms level (except for the brighter globules #5 and #9). To appreciate the bright rims (FUV-illuminated edges)
of the larger and brighter CO globules, their images do not display CO emission contours (except for globule #5, where the contours help to locate
the head of a more elongated structure). Globule #1 matches the position of YSO #1728 (magenta star, Megeath et al.[2012). Fig. [A-T|shows the
same gallery but displaying the velocity-resolved [C 1] 158 pum emission in bluish.

and dissociate CO molecules. Figure 8] shows that the innermost
regions of the shell are directly exposed to FUV radiation from
the Trapezium stars at Gy levels of several hundred. The FUV
flux reaching the outer portions of the shell is more attenuated,
down to G ~ 40 (see Sect. [d3|for details).

3.2. Observed line parameters of the CO globules

The '2CO (2-1) line profiles are relatively narrow, with a me-
dian value of Av('?CO)=1.5kms~'. These profiles are re-
markably Gaussian (except for #5 and #8 that display blended
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components) and do not show the kind of line asymme-
tries or wings expected in collapsing, or expanding, or out-
gassing globules. The velocity centroid of both >CO and
3CO lines coincides for each globule (both species arise from
the same gas component). However, the '3CO (2-1) lines are
narrower, Av('>*CO)=1.2kms™! (median), indicating that the
12CO (2-1) lines are opacity-broadened (Phillips et al. |1979).
The [Cu] 158 pm lines toward the globules are significantly
broader, Av(C*)=3.2kms~! (median) and show more intricate

line-profiles. Assuming 7Tx=100 K for the C* gas (Pabst et al.
2019), Ty=10K for '3CO, and separating the thermal broad-
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Fig. 7. Position-velocity diagram of the [Cu] 158 um (upper panel) and CO (2-1) (lower panel) emission along an east-west cut across the bubble
at the declination of globule #4 (-5°44’11.55”). We created this diagram by averaging spectra over a cut of 45" wide in declination. A model of

-1

a half-shell expanding at 13kms

is shown as a curved red dashed line (from [Pabst et al.[2019). The bright emission at visg = +(7-10) km s

(horizontal red dashed line) corresponds to the background dense molecular cloud and the integral-shape filament.

ening (Ac(C*)=0.26kms™" and Ao ('*CO)=0.05kms™),
then the observed line widths differences imply that the
[Cu] 158 um emission arises from a more turbulent gas that
surrounds the '3CO cores, with oy (C*)/0 (12 CO) = 1.3/0.5
(AVops =2.35070ps and 02, =02, +02 ). These dispersions imply
transonic to supersonic motions (see Table [2] for each globule).

4. Analysis

Wide-field near-IR and visible images of H 1 regions allow the
detection of globules of neutral gas and dust in their surround-
ings (e.g.,|De Marco et al.[2006; |Gahm et al.|[2007). Detected in
silhouette or as bright cusps, photometric images reveal the
morphology and projected position of these compact objects.
Velocity-resolved C* and CO spectroscopic-images (at sub-
kms~! resolution) help to find them in velocity space. They
also provide means of quantifying their physical conditions, bulk
masses, and gas kinematics.

A few previous CO emission line studies of this kind have
focused on several globules around the H 1 region in the Rosette
Nebula (Schneps et al.||1980; |(Gonzalez-Alfonso & Cernicharo
1994; Dent et al.|[2009; |Gahm et al.|2013)), located at a distance
of 1.6 kpc. In this section we analyze the [Cn] 158 um, '>CO,
and '3CO emission from the globules detected toward Orion’s
Veil at higher spatial resolution.

4.1. Single-slab analysis

With the detection of a single rotational line, and given the pos-
sible small-scale structure and potential gradients in the physical
conditions of these globules, the derivation of their gas density,
temperature, and mass is not trivial. In this section we shall as-
sume that the CO level populations are characterized by a single

excitation temperature (aka single-slab analysis). Given the low
critical densities for collisional excitation of the observed CO
lines (ner -1 = 10*cm™3), we implicitly assume that the 2co
levels are close to thermalization (T = Ty) and that 3CO is a
good tracer of the total molecular column density. This is obvi-
ously a first-order approach (e.g., at low densities the higher-J
lines will be subthermally excited) but it is very complemen-
tary to the mere photometric detection of these globules. In
Sect. .4 we perform a more detailed depth-dependent photo-
chemical modelling.

The observed W('2CO)/W('3CO) integrated line intensity
ratio toward all globules is always lower than 25 (with
sz T dv in Kkms™!, see Fig. in the Appendix). This

is lower than the '>C/!3C isotopic ratio (Rjpci3) in OMC-1
(R12c13=67+3; |Langer & Penzias||1990) and implies that: i) the
12CO emission is optically thick, ii) the '*CO abundance is en-
hanced over the expected isotopic ratio, so called chemical frac-
tionation (Langer et al.|[1984), or iii) both. For optically thick
lines, the '>CO (2-1) excitation temperature T,y is a good lower
limit of T, that we can directly extract from the line peak tem-
perature, Tp |, of each globule (see Table[A.T):

hv/k

Tex =
In (1 +

ey

hv/k
Tp12+J(Tvg)

where J(T) = (hv/k) / (¢"™/¥T — 1) is the equivalent brightness
temperature of a black body at T', and Ty is the cosmic back-
ground temperature 2.7 K. Note that we spatially resolve these
globules, so no beam-filling factor correction is needed. Tak-
ing into account that T ('3CO 2-1) = f-Tex('2CO 2-1), where
f<1, we can determine the opacity of the '*CO (2-1) line,

Ti3= —ln(l—#"jmg)), from observations, and also the '3CO
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Table 1. Globule parameters estimated from line observations adopting a reasonable range of '>CO abundances (single-slab approximation).

Coordinates Rq Tox(CO)* N(CO)® x(CO) nyo € Core Ay?

globule (Ra. Dec.) (AU) (K) (cm™2) (1073 adopted) (10* cm™) (mag)
#1 5h34m21.21s -5925'24.23” 3,700 7.6£0.6  (3.8+0.5)-10™ 1.5-0.5 4.8+2.8 1.9+1.1
#2  5h34m17.65s -5°25'57.52" 7,000 10.0+£0.9  (same as #1) 1.5-0.5 2.5+1.5 1.9+1.1
#3  5h34m09.55s -5°2929.40" 5,800 13.8+1.4 (3.8+0.2)-10'¢ 1.5-0.5 3.0+1.6 1.8+1.0
#4  5h33m59.86s -5°44’11.55” 8,300 19.8+2.2 (3.8+0.1)-10'° 1.5-0.5 2.1+1.1 1.8+0.9
#5  5h33m18.44s -5°3416.29” 7,500 46.2+6.0 (1.8+0.2)-10" 15.0-5.0 10.9+6.1 8.5+4.8
#6  5h34m02.27s -5°2818.58” 3,100 7.9+0.6  (2.8+0.3)-10'¢ 1.5-0.5 43425 1.4+0.8
#7  5h34m10.00s -5°26'44.24" 6,200 46.4+6.1 (5.8+0.5)-10"7 15.0-5.0 43+2.4 2.8+1.6
#8  5h34m02.46s -5°24’17.04” 16,600 34.4+44 (3.0+0.3)-10" 15.0-5.0 0.9+0.5 1.5+0.8
#9  5h34m07.99s -5°23’57.64"” 7,200 31.8+4.0 (1.4+0.1)-10" 15.0-5.0 0.9+0.5 0.7+0.4
#10  5h34m20.14s -5°22721.93” 14,500 58.0+7.9 (1.5+0.2)-10'8 15.0-5.0 4.7+2.7 7.6+4.6

Median 7,100 25.8 8.6:10™° 8.3-2.8 3.6 1.8

Notes. “Assuming optically thick '>CO emission and taking into account absolute intensity calibration errors and 1o errors discussed in Sec.
From optically thin '*CO emission. For ny = Ng/2Rq with Ny = N(CO)/x(CO)yopted- “Defined as Ay = 3.5:10722 N("2CO)/x(">CO)ygopted-

column density:

T13
1 —e s’

N(*CO) = Nysin(*CO) 2
where Ny, is the 1CO column density (in cm?)inthe 13 — 0
limit (see eq. 3). The factor f reflects the possible different exci-
tation temperatures of 2CO (2-1) and '*CO (2-1) lines due to
line-trapping effects as the '2CO (2-1) line opacity increases.
The parameter f tends to 1 in collisionally-excited optically thin
gas. We carried out non-LTE calculations that show that line-
trapping reduces f for optically thick '>CO emission (roughly
above N('?CO) of a few 10'cm™2) and at low n(H,) densi-
ties (typically lower than ~10* cm™, the critical density of the
J=2-1 transition). For the expected gas densities and N(CO) in
these globules, we find f ~ 0.9 and this is the factor we use here.
We calculate N('3CO) assuming a Boltzmann distribution of the
level populations at a uniform 7. In this case,

Ni:o = 87T(K)3 Q(Tex) €E2/kTCX W
M gadar T~ 1U(Te) ~ I(Thy)

3

Where W is the '3CO (2-1) line integrated intensity for each
globule (values tabulated in Table[A.7).

We  derive  the 2CO  column  density as
N('2CO)=Rac13 - N(*3CO), and the column density of gas
across each CO globule core, Ny = N(H)+2N(H;), defined as
Nu = N(*2CO)/x(*>CO). Supported by our more detailed photo-
chemical modelling (next section), we estimate the extinction
(Avy) through each globule and their mass (M) adopting a
plausible range of (uniform) CO abundances. In particular, we
use x(2C0O) =(0.5-1.5)-107 when N('*?CO) <5-10'® cm™? (the
most translucent case) and x('>?CO) = (0.5-1.5)-10~* otherwise.

In order to determine M., we use the observed an-
gular sizes of each globule. Table [I] summarizes the ra-
dius (Ry) of each globule, and the range of gas densi-
ties (ng=~Nyx/2R.) and molecular core depths (defined as
Ay =3.5-10722 N("2CO)/x('2CO), see Sect. derived in the
single-slab approximation.

In this approach, the most critical error parameter in the
calculated values is the adopted range of CO abundances. The
adopted x('>CO) range (within a factor of 3) roughly agrees with
specific PDR models adapted to the UV illuminating conditions
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in the shell (see Sect.[d.4). The resulting range of calculated Ay
values in each globule brackets the extinction values we obtain
from the more detailed PDR models as well. They are also con-
sistent with the non-detection of C'30 emission, which approxi-
mately implies Ay < 3 mag for all globules (except for the glob-
ules #5 and #10).

Taking into account the achieved rms sensitivity of our
maps, we have also computed the minimum beam-averaged
12CO column density, Npin('>CO), we could have detected. We
adopt W3, = 30 V26vAv with 0=0.25K (the rms noise level
of our native map), 6v=0.25kms"! (the velocity channel res-
olution), Av=2kms~' (the expected line-width). This leads to
W3,=0.75 Kkms~!. For Tex=5-20K, our map is sensitive to a
beam-averaged Ny, ('>CO) > (5-15)-10'*cm™2 (307). Assuming
a typical shell thicknesses of 1.8 mag of visual extinction in the
Veil (O’Dell|2001) this limit is equivalent to detecting x('>CO)
abundances above (1-3)-1077 in the shell. This threshold seems
high but recall the strong UV illumination conditions and low ex-
tinction depth of this foreground component (i.e., low molecular
column densities). Actually, the N('>?CO) column we detect to-
ward the negative-vigr globules is at least 25 times higher than
Nin(2CO). This implies that widespread and abundant CO is
largely absent from the shell.

4.2. Globule velocity dispersions, pressures, and masses

Table [2] summarizes the properties of the interior of each glob-
ule (as traced by '3CO) and of their envelope/surroundings (as
traced by C*). This table displays the non-thermal (turbulent)
and thermal gas pressures, the estimated Bonnor-Ebert mass for
a pressure-confined isothermal sphere (mgg; |[Ebert||1955; [Bon-
nor|1956)), and the Jeans mass (Mj; e.g., Larson|1978]). To derive
these masses, we assume T =Tex('?CO 2-1) and use:

-0.5
Pext

Cy 4
O.2kms*1) (105cm‘3K) ’
from |Lada et al.| (2008)), where c; is the temperature-dependent
speed of sound inside the molecular globule. For the Jeans mass
we use:
_ 5 Rcl a 2
26

mag = 1.15 ( )

M

&)
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Table 2. Velocity dispersions, pressures, and relevant masses of each globule molecular core (from '>CO and '*CO) and their envelopes (from C*).

oaun(C)  Pan/k(CH)* Py [k (CH)* Tnih,ct” Pun,a/k P, a1/ k (Tex)” My mgg M;
globule (kms™)* (106ecm™K) (10°cm™>K) (kms™') (10°cm?K) (10°cm?K)  (My) Moy (Mo
#1 2.3(0.3) 42.2+24.5 4.8+2.8 0.5(0.2) 3.8+£2.2 0.4+0.2 0.08+£0.05 0.03+0.01 3.02.4)
#2  2.8(0.2) 33.0+19.8 2.5+1.5 0.5(0.1) 1.8+1.1 0.3+0.2 0.3+0.2 0.06+0.03 5.1(3.4)
#3 1.0(0.1) 5.3+£2.8 3.0+£1.6 0.5(0.1) 1.8+£1.0 0.5+0.3 0.2+0.1 0.2+0.1 3.6(0.6)
#4 1.0(0.1) 3.5+1.8 2.1+1.1 0.5(0.1) 1.5+0.8 0.5+0.3 0.4+0.2 0.6+0.3 6.3(1.0)
#5 2.5(0.1) 117.4+65.6 10.9+6.1 0.9(0.1) 22.1+12.4 5.4+3.5 1.5+0.8 0.7£0.4 15.5(1.5)
#6 1.1(0.1) 9.4+54 43+2.5 0.5(0.2) 3.3+1.9 0.4+0.3 0.05+0.03  0.06+0.03 2.4(1.2)
#7 1.5(0.1) 15.6+8.7 43+24 0.4(0.1) 24+1.4 2.1+1.4 0.3+0.2 1.8+0.9 3.7(2.0)
#8 1.2(0.2) 2.2+1.2 0.9+0.5 0.4(0.1) 0.4+0.2 0.3+0.2 1.2+0.7 2.5+1.2 8.4(5.1)
#9 1.0(0.1) 1.6+0.9 0.9+0.5 0.6(0.1) 0.8+0.4 0.3+0.2 0.11+0.06 2.4+1.2 7.0(1.0)
#10  2.0(0.1) 33.4+19.2 4.7+2.7 0.5(0.1) 3.7+2.1 3.0+£2.0 4.7+2.7 2.1%1.1 12.3(1.9)
Median 1.3 12.5 3.6 0.5 2.1 0.4 0.3 0.6 5.6

Notes. Based on the range of globule densities estimated in Table Values in parenthesis are 10~ errors. “Assuming Ty = 100 K. *From '3CO (2-1)
line-widths. ¢Assuming T = Tex (*?CO). “Bonnor-Ebert mass for an external pressure given by Pey = Py (C*) + Py, (C*). ¢Jeans mass for Ry and

Cnthsh, o1 Obtained from 3CO (2-1).

from |Kirk et al. (2017), where o includes the dominant
non-thermal support inside each globule (from '*CO line-
widths). The resulting median values of the sample are
M =0.3 Mg, mpg =0.6 My, and My=15.6 M, (see Table [2] for
each CO globule individually).

4.3. Stellar FUV photon flux (G,) toward the shell

In [Goicoechea et al| (2015} [2019) we estimated Gy in OMC-1
from the integrated far-IR (FIR) dust thermal emission observed
by Herschel. When dust grains absorb FUV photons, they are
heated up, and re-radiate at FIR wavelengths. For a face-on PDR:

N 1 Ipr(erg shem™2srh) ©)
2 1.3-104 ’

from [Hollenbach & Tielens| (1997), where G is the FUV radia-
tion field in Habing units (1.6-1073 erg s~tem™2; ,
and Tgqppr =~ 12.2G%? is a characteristic dust temperature in
the PDR (Hollenbach et al.|[1991). In practice, the longer wave-
length (submm) dust emission toward lines-of-sight of large col-
umn density may not only be produced by FUV-heated grains but
have a contribution from colder dust in the background molecu-
lar cloud. The emission from FUV-irradiated warm dust is more
easily detected at shorter FIR wavelengths. Indeed, the shell
morphology in the PAH 8 um and PACS 70 wum emission is very
similar and nicely delineates the expanding shell. The bubble
morphology, however, is less apparent at longer submm wave-
lengths. Hence, to create an approximate map of Gy along the
line of sight toward the shell, shown in Fig.[8] we used:

log,o Go = (0.975 % 0.02) log,, I1o — (0.668 + 0.007),

Go

@)

where I is the 70 um dust surface brightness in MJy sr™'. We
obtained this scaling after determining G, from SED fits toward
the irradiated surface of OMC-1 (Goicoechea et al|2015)). Be-
cause photometric observations detect the dust continuum emis-
sion projected in the plane of the sky, it is not easy to resolve
the dust temperature (or Go) gradient along each line-of-sight.
Hence, the Gy contours shown in Fig. [§] should be understood
as the maximum FUV flux that can impinge a globule located

G (FUV)

1000

500

A6 (arsec)

500

—1000

—1500

—-500 —1000 —1500 —2000

Ao (arsec)

Fig. 8. One-square-degree image of the flux of non-ionizing FUV pho-
tons (Gy in units of the Habing field) along lines-of-sight toward the
Veil bubble. The black star at (0, 0”") corresponds to the position of the
illuminating star §' Ori C. Here we focus on the area enclosed by the
dotted box. The blue and grey squares mark the position of the detected
CO globules (blue squares for the negative-vi sg globules).

in a given position sightline. The minimum value Gy =40 (or
T4 ppr = 25 K) is representative of the most distant shell edges,
far from the Trapezium. This Gy value likely represents the local
FUV flux around the negative-vy sr globules.

4.4. Depth-dependent globule photochemical models

In this section we go beyond the single-slab analysis and
model the possible abundance and temperature gradients ac-
cross a FUV-irradiated globule. We use the Meudon PDR code
(Le Petit et al.|2006)) to model the penetration of FUV radiation

(Goicoechea & Le Bourlot/[2007), thermal balance
2014), steady-state gas chemistry, and non-LTE [C1] 158 pum,

CO and *CO excitation and radiative transfer
cia et al|[2008). We adopted an extinction to color-index ra-
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Fig. 9. Profiles of predicted abundance, gas temperature, column density, and line emissivity (dotted curve) as a function of globule depth.
Left panel: model that reproduces the observed [Cn] 158 pum, '>CO and '3CO (2-1) line intensities toward the negative-v; sz CO globules (#1, #2,
and #3). The FUV field is G, =40 and the gas density is n = 2-10* cm™. Right panel: model appropriate for a representative position of the shell
where CO is not detected, with ny =3-10° cm™, G, =200, and Ay = 1.8 (from|Abel et al[2019, and references therein).

tio, Ry = Ayv/Eg_v of 5.5 (consistent with the flatter extinction
curve observed in the material toward the Trapezium stars in
Orion, [Lee |1968;; (Cardelli et al.[|[1989), and a Ay/Ny ratio of
3.5-107** mag cm? appropriate for the material in Orion’s Veil
(e.g., |Abel et al.|[2016| 2019). The adopted model parameters
and elemental abundances are tabulated in Table 3

The chemical network includes specific '*C isotopic frac-
tionation reactions (Langer et al.| |1984) so that the 'CO
predictions are accurate. In FUV-irradiated gas, reaction
BCt+CO2C*+1BCO+AE (1) (where AE=35K is the
zero-point energy difference between the species on either side
of the reaction, Watson et al||1976) transfers '*C* ions and
makes *CO more abundant than the 2CO/R;aci3 ratio if Ty
reaches ~50 K and below (e.g., Rollig & Ossenkopf][2013]).

In our models, one side of the globule is illuminated by
Gy > 40. The other side of the globule is illuminated by Gy = 1.7.
Starting around the extinction depths and column densities esti-
mated from the single-slab analysis, we varied the local flux of
FUV photons impinging the globule, the gas density ny (first
assumed to be constant) and Ay (the depth into the CO glob-
ule in magnitudes of visual extinction), and tried to fit the ob-
served [Cm] 158 um, '2CO (2-1), and '3CO (2-1) line intensi-
ties. Best model parameters and line emission predictions for the
negative-vsg globules are shown in Table 3]

The best fit parameters to the observed line emission from
the negative-visg globules (#1, #2, and #3) are: Go=40,
ny~2-100cm™, and Ay ~1.8mag, giving a spatial size of
2.5-10" cm = 8,300 AU ~ 2 R,,. This length scale approximately
agrees with the observed radii of these globules. We note that an
isobaric model (constant thermal pressure and varying density)
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with Py /k~10° cm™ K and Gy = 50 predicts roughly the same
intensities than the above constant density model. This thermal
pressure is a good compromise between the values of Py, /k (CT)
and Py, 1 /k (the internal globule pressure) inferred in the single-
slab approximation (Table2). We note that G in these models is
the local FUV flux around the globule needed to reproduce the
observed line intensities, whereas the G, map in Fig. [§|shows the
integrated FUV flux along the line of sight. The lower local Gy
values are consistent with the fact that these globules are embed-
ded in neutral gas and dust that attenuates the FUV photon flux
irradiating the shell.

The abundance, gas temperature, column density, and line
emissivity profiles predicted by the constant density model are
shown in Fig. 0] (left). Figure [ATT|specifically compares the pre-
dicted and observed line intensities for the negative-vysg glob-
ules individually. These, and also the small globule #6 (which
is close in LSR velocity and shows similar emission proper-
ties), can be fitted within a factor 3 of the estimated local Gy
value (40), and within a factor 3 of the estimated gas density
(ng =2-10* cm™3). This value is out to ~10-40 times higher than
the density in the most common portions of the expanding shell
that do not show CO emission (see |Abel et al.[[2019, for their
component ITII(B) of the Veil associated with the neutral shell).

As observed, our PDR models of the negative-visg glob-
ules predict that the C*/CO abundance ratio throughout the glob-
ule is above one, with a maximum abundance x(CO) of several
107°. Also as observed, the model predicts an enhancement of
the '3CO column density produced by isotopic fractionation. In-
deed, close to the CO abundance peak (at about Ay = 1.5 mag for
this combination of G and ny values) the gas temperature drops
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Table 3. Parameters used in the PDR models of the negative-visg glob-
ules and comparison with observed intensities.

Model parameter Value Note
Local Gy 40 Habing Best model
Total depth Ay 1.8 mag
Gas density ng 2-10*cm™3
Cosmic Ray /cr 100 H, 5! a
RV = A\//EB,V 5.5 OI‘iOIlb
Nu/Ay 2.86:10?! cm™> mag™! Orion”
Mgas | Mgus; 100 Local ISM
Abundance O/H 3.2:107*
Abundance '2C/H 1.5-10™* Orion®
Abundance N/H 7.5-1073
Abundance S/H 1.5-107°
2c/B3¢ 67 Orion?
Species Predicted N(cm™?)
Cc* 3.5-10"7 Best model
2co 5.2-10 Best model
Bco 1.8-10" Best model
Predicted W Observed
Line (Kkms™h) (Kkms™)
[Cu] 158 um 323 29.37+6.0*
2Co (2-1) 10.8 9.57+4.3%
BCo (2-1) 04 0.77+0.3%

Notes. “From|Indriolo et al.|(2015). ®From|Lee|(1968) and|Cardelli et al.
(1989). °From |Sofia et al| (2004). “From [Langer et al.| (1984). TMean
line intensities toward globules #1, #2, and #3. *Standard deviation.

to ~50 K and reaction (1) becomes the dominant formation route
for 3CO. This chemical effect favors the overproduction of '*CO
and explains the detected '3CO (2-1) emission from the globules
but no ['3C 1] emission (S. Kabanovic, Priv. Comm.).

A few of the brighter positive-visg globules show much
brighter 8 um, [Cu] 158 um, and '>CO (2-1) emission levels
(Table[A2), out to ~100Kkms™' (see globules #5 and #10
and their 8 um and [Cu] 158 um bright rims). These are com-
patible with PDR models of higher FUV irradiation doses
(G 2500, i.e., globules that are more exposed to the unatten-
uated radiation field from the Trapezium), of higher gas densi-
ties (> 4-10* cm™3), and of higher extinction depths (Ay > 5 mag).
These higher ny and Ay values are consistent with our detection
of C'80 (2-1) line emission only toward globules #5 and #10.

Finally, the right panels in Fig. 0] are PDR models for a
representative position in the Veil shell where CO is not de-
tected. We chose Gy =200, ny=3-10>cm™ and Ay = 1.8 mag
(e.g., |Abel et al| 2016, 2019). The predicted C* column
density (N(C*)~ 10" cm™) and [Cu] 158 um line intensity
(~50Kkms™") are in line with the values typically observed
across the shell (Pabst et al.[2019, 2020). The predicted CO col-
umn density, however, is very low, N(CO) ~ 4-1083 e¢m™2 (most
carbon is in the form of C*), and the expected '2CO (2-1) line in-
tensity (~0.08 Kkms™!) is too faint to be detected. We conclude
that owing to the strong stellar FUV irradiation conditions, most
of the translucent gas in the shell will typically have exceedingly
low CO column densities.

5. Discussion
5.1. Fraction of the shell mass traced by CO globules

In[Pabst et al.| (2019, 2020) we estimated the total mass of the ex-
panding half-shell 1,500 - 2,600 M, (from the FIR dust opacity
and from the [C 1] 158 wm emission itself). The region studied in
the current work is about 1/3 of the shell and we determine that
the shell mass in this area of interest is ~400-700 M. This is
the mass enclosed inside the T4 > 24 K contour shown in Fig. [T0]
(right panel). Here T is an effective temperature obtained from a
modified black body fit to the 70, 100, 160, 250, 350, and 500 pm
photometric emission measured by Herschel (André et al.|2010).
The morphology of the area with T4 > 24 K resembles that re-
vealed by the [C ] 158 um, PACS 70, and PAH 8 pum images that
delineates the expanding shell. All CO globules lie inside the
T4 > 24 K area. We compute the mass of the CO globules by con-
sidering their observed sizes (as seen in '2CO) and their column
densities determined from the single-slab analysis. We derive
a total mass that ranges from 4 to 14 My adding their masses.
Therefore, they only account for < 3 % of the shell mass.

5.2. Magnetic support and external pressure confinement

The CO globules have the following median properties:
radius Ry =~7,100AU, gas density ny=3.6-10cm™, and
mass M =0.3 My. The observed '*CO line profiles (Fig.
and Table [A2) imply supersonic non-thermal motions in-
side them, with a median turbulent velocity dispersion of
Tun(?CO) =0.5kms™!. Turbulent pressure dominates thermal
pressure in the globules (see Table [2] for each globule individu-
ally). The [C ] 158 um line profiles are systematically broader,
indicating more extended gas flows, as well as higher turbu-
lent velocity dispersions in their envelopes and in the inter-
globule medium, with a median of ow(C*)=1.3kms™!. This
value implies high turbulent pressures, Py,(C*)=p O-tzurb (with
p =pmyny), around the CO globules. Their external pressure
(thermal plus turbulent) is Peyg/k 2107 cm™ K (median), higher
than their internal pressures (Pj/k of a few 10° cm™3 K).

Velocity-resolved HI Zeeman observations toward low
density (ny 2 10°cm™) thin portions of the Veil have sug-
gested typical (line-of-sight) magnetic field strengths of
Bios =50-75 nG, reaching Bjos = 100 pG or more toward several
positions (Troland et al.[2016). This latter value implies mag-
netic pressures of Pg/k = Bf, /87k >8-10°K cm™ if B =B} /3
(Crutcher||1999; |Abel et al.|2016)). Hence, the Veil seems to be a
very magnetized medium, with the energy in By similar or more
than that in gas motions or gravity. In general By, increases with
density at ionized/molecular gas boundaries (B, o ngs‘l, e.g.,
Planck Collaboration et al.|2016). Hence, we can expect stronger
fields threading the denser CO globules. As an example, the de-
rived intensity of the (plane-of-the-sky) magnetic field in the
Orion Bar PDR is ~300 pG (derived from the polarized FIR dust
emission, [Chuss et al.[|2019). In the swept-up material that con-
fines the Veil bubble, compression associated with the expansion
of the shell itself will further increase the magnetic field as, given
the high degree of ionization in PDR gas, n(e™) ~ n(C"), the field
lines will be “frozen-in”. All in all, we conclude that plausible
magnetic field strengths (Bjos ~100-200 nG) would be sufficient
to magnetically support the CO globules. We note that simula-
tions do predict that FUV-irradiated cometary globules can be
magnetically supported (see e.g.,|Lefloch & Lazarefl|1994;|Hen-
ney et al.[2009; Mackey & Lim|2011)).
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Fig. 10. Dust opacity at 160 wm (left panel) and the dust temperature (right) computed by fitting modified blackbodies to the continuum emission
measured by Herschel (Pabst et al.|2019). The white contour at 74=24 K roughly encloses the expanding shell as observed in [Cu] 158 pm and
PAH emission. The lower-T, regions outside this area mostly arise from the background molecular cloud and not from the shell. The left panel
explicitly shows the '>CO (2-1) emission from the globules in cyan (black) contours for the negative (positive) LSR velocities. The right panel
shows their labels. In both maps, the grey stars show the position (in the plane of the sky) of YSOs previously detected from infrared observations
(Megeath et al 2012} [2016). Only globule #1 matches the position of a YSO (object #1728) shown with a green star.

The expanding shell is certainly massive, 1,500-2,600 M,

(Pabst et al.|2020)), comparable to the current mass of the molec-
ular core behind (OMC-1; e.g., [Genzel & Stutzki|[1989; [Bally

let al[T987). The shell material has been swept up by the disrup-
tive effects of #' Ori C winds and UV radiation. In the surveyed
area, however, the mass of CO globules only represents < 3% of
the total shell mass. Assuming Gy > 40, the time-scale to pho-
todissociate CO in the shell is considerably shorter than its ex-
pansion time-scale (Texp =~ 200,000 yr; @ This is
consistent with the lack of widespread and extended CO emis-
sion in the Veil and leaves the origin and fate of the detected
molecular globules an open question. We discuss this issue, at
least qualitatively, in the next section.

5.3. Origin and evolution of the CO globules in the Veil

Globules may form in-situ by hydrodynamic instabilities (see
e.g.,/Schneps et al.|[T980; [Sharp|1984; [Murray et al.|]1993} Naka-|
mura et al.|[2006) at the interface between the (shell’s) neutral
gas that rests on a light and rarefied (about 1 cm~3) hot plasma
Giidel et al][2008). This interface is Rayleigh-Taylor unstable
Spitzer|[1954) and could form “trunks” or “fingers” of size R
on time-scales Tgr ~ R/cy~ 103 (R/0.1pc) yr (where c; is the
speed of sound in the shell: 1kms™' at 100 K). The observed
sizes of the CO globules, about 10% of the total shell thick-
ness, do imply that they could form during the expansion of
the shell into an environment of lower density (Trr < Texp, S€€
e.g., |[Schneps et al.|[1980). Kelvin-Helmholtz instabilities could
also develop at the side of the fingers with similar time-scales

(Sharp|[1984}; Murray et al.|[1993} [Nakamura et al.|2006; Berné

[& Matsumoto|2012)). Indeed, wave-like emission structures (typ-
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ical of these instabilities) with spatial wavelengths ranging from
0.1 to 0.01 pc, have been observed at several ionized/molecular
gas interfaces in OMC-1. In particular, [Berné et al| (2010) and
[Berné & Matsumoto| (2012)) analyzed the “KH ripples”, with #7
the head of this structure (see Fig. |§|f0r a detailed view). Much
higher resolution ALMA images of the Orion Bar PDR sug-
gest smaller-scale density undulations, separated by ~0.01 pc, at
the FUV-irradiated boundary between OMC-1 and the Huygens
H 1 region (Goicoechea et al.[2016)).

Alternatively, the CO globules could have been pre-existing
molecular structures (e.g., like in [Reipurth|[1983)), denser than
the shell, perhaps generated by the turbulent velocity field
in OMC (e.g.,Hartmann & Burkert[2007; [Hacar et al.|2017).
These globules are compressed and swept along by a pass-
ing shock accompanying the expanding shell (e.g.,
[Sorochenko| [1974). If the initial gas density contrast between
globules and shell is about 10, the shock wave penetrating the
CO globules will be slower by a factor of ~3. This gives a shock
velocity Vgnoek =4kms™!, fast enough to traverse the globule
N Tghock = Rel/ Vshock = 10,000 yr and trigger compression. Gas
cooling through CO lines will decrease the post-shock gas tem-
perature and further enhance gas compression and density. This
could result in free-fall times, ¢/ ~ (G p)~'/2, comparable to the
shell expansion time-scale (7eyp) if globules are compressed to
densities >2-10* cm™ (comparable with our estimated values).
However, given the physical conditions in the Veil shell: en-
hanced turbulence, FUV-heating, and strong magnetic field, it
may be unlikely that gravity can beat the globule’s pressure sup-
port (see further discussion in the next section).

The detected CO globules are surrounded by larger struc-
tures of predominantly neutral gas and dust, emitting thermal
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continuum at 70 um, PAHs, and [C 1] 158 um (that matches the
velocity of the CO emission; see Fig. [A.T). This material likely
shields the globules from extreme UV (EUV; E >13.6eV) ion-
izing radiation and reduces the flux of dissociating FUV pho-
tons reaching their interiors. This scenario is consistent with
the observed low CO excitation temperatures (~10 K) and mod-
erate local Gy values around the negative-visg globules (and
#6). It is also consistent with their spherical morphology (for
globules #1, #4 and #6). This is indicative of little active in-
teraction with ionizing EUV photons that would have carved
them into “tear drops” and less spherical shapes (e.g.,|De Marco
et al|2006). This would also explain why these globules sur-
vive (longer) in this harsh environment. Alternatively, some of
the more roundish globules might have already lost their lower
density molecular tails (e.g.,|Gahm et al.|2013)). We find this sce-
nario less likely for globules currently embedded in the shell, but
this may be the case of globule #3 which looks more isolated in
its position-velocity diagram (Fig[A.4) and it is perhaps located
outside the shell. However, the shell geometry is more compli-
cated than the simple modelled arcs shown in the diagrams, so
this argument is not conclusive. In addition, and even if the de-
tected globules are all mostly illuminated laterally, projection ef-
fects may influence their apparent morphologies (that depend on
the aspect angle). In extreme cases an elongated globule with
head or tail may look spherical.

Eventually, the ionization front associated with the expand-
ing Hm region inside the expanding bubble will encounter these
globules, further sculpting, photoevaporating, and compressing
them (see simulations in |Henney et al|[2009). This radiative
interaction will lead to a significant erosion of the globules
(e.g., Bertoldi & McKee||1990; [Lefloch & Lazareff] 1994). The
smallest and roundish globules may develop “cometary” or “tear
drops” shapes. Still, their morphological evolution depends on
the strength of the magnetic field threading them and on its ori-
entation. For strong fields, simulations predict that photoevapo-
rating globules can acquire flattened shapes (Henney et al.[2009).
Only #9 is suggestive of this geometry.

On the other hand, the larger and more elongated CO struc-
tures at positive-visg (globules #5, #8, and #10) represent the
first stages in the formation of (Orion-equivalent) miniature
“Pillars of Creation” (e.g., [Pound||1998; [Tremblin et al.[[2012).
Globules #5 and #8 are located at the limb-brightened edge of
the shell (and their CO emission is connected to that of the back-
ground molecular cloud) whereas #10 is not at the limb and it
is more isolated in velocity with respect to OMC. These struc-
tures, and also the “KH ripples” (Berné et al.|2010) and its blue-
shifted head #7, display bright 8 um and [C 1] 158 pm emission
rims pointing toward the Trapezium. They are also characterized
by higher CO excitation temperatures (~40-60 K) and higher lo-
cal G values (out to hundreds). Hence, they are in a more active
phase of radiative shaping and new small globules may detach
from them.

5.4. Low-mass star-formation in the Veil?

An intriguing question is whether this kind of small globules
can form new stars of very low mass. For several of the de-
tected globules in Orion, their external pressure seems suffi-
cient to overcome the stability limit for Bonnor-Ebert spheres
(see Table[2) so they do not seem in hydrostatic equilib-
rium but dynamically evolving (e.g.,/Galli et al.[2002). The es-
timated globule masses, however, are smaller than the Jeans
mass needed for gravity to dominate and trigger collapse (see
Sect. 4.2). Indeed, the inferred large globule virial parameters,

@=502Ry | GM, > 1, the derived scaling of @ with their mass,
o Mc‘lo'(”-'o'l, and the likely fact that Pey = Pp_q, all agree with
theoretical expectations of pressure-confined, gravitationally un-
bound globules (e.g., Bertoldi & McKee|1992; |Lada et al.[2008]).

Interestingly, while the dense prestellar cores in Orion’s
integral-shape filament are confined by pressure due to the
weight of the molecular cloud and the filament (Kirk et al.|2017)),
the CO globules in the Veil are mainly confined by the tur-
bulent pressure of the wind-driven shell. This points to tran-
sient molecular globules that would ultimately be photoevap-
orated (e.g.,|Oort & Spitzer|1955; Gorti & Hollenbach|[2002) or
expand and disperse as the pressure inside the expanding shell
decreases. In this likely scenario, most CO globules and the
bulk material in the shell will not form new stars. Given the
large masses swept-up in the shell, this will limit the global star-
formation rate in Orion.

The exception that confirms the rule is globule #1 (shown
in detail in Fig. [). Its position coincides with a known
young stellar object, classified as a pre-main-sequence star with
disk, detected in previous infrared imaging surveys of Orion
(YSO #1728 of [Megeath et al.|2012). This match suggests that
some low-mass protostars do exist inside the shell. In these
cases, their molecular cocoons were probably dense and massive
enough before being engulfed by the expanding shell.

The more isolated and smaller CO globules detected in the
shell are part of an interesting class of tiny molecular clouds
(~0.1 Mg ~100 My,,), different from the bigger and more mas-
sive “Bok globules”. The latter ones usually form one or a few
low-mass stars but they are mostly unrelated to H 1 regions (Bok
& Reilly|[1947; Reipurth||[1983]; Nelson & Langer|1999; [Laun-
hardt et al|2010). Interestingly, previous studies of small glob-
ules around the H t region in the Rosette Nebula have suggested
that they could be a source of brown dwarfs and free-floating
planetary-mass objects (e.g.,|Gahm et al.[2007,|2013). Our virial
and Jeans mass analysis, however, does not support this scenario
for the small globules in Orion. Nevertheless, it would be inter-
esting to carry out follow up deep observations of these objects in
higher critical-density molecular tracers able to reveal the pres-
ence of denser and more massive gas cores in their interiors.

6. Summary and conclusions

We have expanded previous maps of Orion A taken with the
IRAM 30m telescope in the 12co, 13CO, and CBO J=2-1)
lines at 11” resolution (=~ 4,500 AU). In this work we have inves-
tigated a 2 pc x 4 pc (~600 arcmin?) region of the neutral shell
that confines the wind-driven “Veil bubble” around the Trapez-
ium cluster. This massive shell, swept up material from the natal
Orion molecular cloud, is very bright in [Cu] 158 um, PAHs,
and 70 pm dust emission (Pabst et al.|[2019). Owing to intense
UV radiation from ' Ori C, the most massive O-type star in the
cluster, the expected column densities of molecular gas in this
extended but translucent foreground material were very low. We
summarize the primary results of this work as follows:

— We find that widespread and extended CO emission is
largely absent from the Veil. This implies that most of the neu-
tral material that surrounds the Orion cluster is ‘CO-dark’ but
not necessarily 100 % atomic. In particular, we have presented
the detection of CO globules (some of them at negative vy sgr)
embedded in the expanding shell that encloses the bubble.

— The CO globules are small: R ~7,100 AU, mod-
erately dense: ny= 3.6-10*cm™, and have low masses:
My =03 My (median values of the sample). The observed
[Cu] 158 um, '>CO, and '*CO (2-1) emission lines from the
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negative-visr globules (#1, #2, and #3) and also from #6, those
closer to us, are reproduced by depth-dependent PDR models
with ng ~ 2-10* cm™ and G ~ 40 (both quantities within a fac-
tor 3). These globules show roundish morphologies. In the other
extreme of the sample, structures #5 and #10 (at positive vy sgr)
are bigger and more elongated. Fitting their emission lines re-
quires stronger FUV photon fluxes (Gy = 500), higher densi-
ties (2 4-10*cm™3), and higher extinction depths (Ay 2 5 mag).
These values are consistent with the detection of C'30 (2-1)
emission only from these two globules.

— The inferred non-thermal velocity dispersions
(Cub(CH~13kms™ and oup(*CO)~0.5kms™") indi-
cate that the gas in the shell (Tx *100K) and in the envelopes
around the globules is more turbulent and warmer than in their
molecular interiors (7T #10-50K). These dispersions imply
transonic to supersonic motions. The ratio of the non-thermal to
thermal pressure is always greater than one (and out to ~10) both
in the globule interiors and in their envelopes. We derive that the
external pressure around the CO globules (turbulent + thermal)
is high, Pey/k > 10’ Kcm™ (median value).

— The magnetic field strength previously derived in
low-density portions of the Veil and in the denser gas of the
Orion Bar PDR suggests that the CO globules in the shell can
be threaded by fields of the order of 100-200 uG. These values
would be sufficient to magnetically support them (Pext =~ PB c1)-
Together with the inferred large virial parameters, a>1, all
points to pressure-confined, gravitationally unbound globules.

— The CO globules are embedded in the predominantly neu-
tral material of the shell. They are either transient objects formed
by hydrodynamic instabilities or pre-existing over-dense struc-
tures of the original molecular cloud. They are being sculpted
by the passing shock associated with the expanding shell and by
UV radiation from 6' Ori C. Several of them are isolated, and
intriguingly roundish. This suggests that they are not being ac-
tively photo-ionized. The more elongated and warmer globules
(#5, #8, and #10) likely represent the first stages in the formation
of (Orion-equivalent) miniature “Pillars of Creation”.

— The estimated masses of all globules are lower than their
Jeans masses, and thus do not imply they will easily form stars
unless they accrete more mass. To break the rule, globule #1
coincides with the position of a known YSO. This suggests
that some low-mass protostars do exist inside the expanding
shell. One possibility is that their molecular cores were massive
enough and had collapsed before being caught by the shell.

The lack of extended CO emission from the swept-up shell
that encloses the Veil bubble in Orion implies that winds and
UV radiation from young massive stars expel, agitate, and
photo-dissociate most of the disrupted molecular cloud gas.
This material is blown at large distances, far from the main
star-forming cores. Large-scale turbulence and FUV heating
across the shell hinders the formation of new stars. Given the
large amount of disrupted material, these feedback processes
must limit the star-formation rate in Orion. M42 is certainly im-
pressive (basically because is so close to us) but it is interesting
to think that most of the fireworks, energetics, and gas dynamics
are mostly driven by the massive stellar system 6' Ori C.
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Table A.1. Offsets of the CO globules with respect to ' Ori C and line peak temperature (absolute calibration error of ~15%).

Offsets Trp.p (K)
globule 2co@-1) Bco@2-1) CBo(@-1)

#1 (8257 -1227) 3.1 0.3 -
#2  (-878”,-155") 53 - -
#3 (999”7 ,-367") 8.8 0.8 -
#4  (-1143”,-1249") 14.6 0.8 -
#5  (-1762",-654") 40.7 13.3 14
#6  (-1108”,-296") 3.4 0.3 -
#7  (-992”,-202") 40.8 8.9 -
#8  (-1105”,-54") 33.2 5.7 -
#9  (-1023”,-35") 26.3 22 -

#10  (-8417,+61") 52.5 15.5 1.4

Notes. '2CO, *CO, and C'30 (J=2-1) lines convolved at a uniform angular and spectral resolution of 16” and 0.4 km ™!, respectively.

Table A.2. Line parameters of the CO globules obtained from Gaussian fits to the spectral component blue-shifted from OMC-1 velocities.

Vel. Centroid Line width Line intensity
(kms™h) (kms™h) (Kkms™)
globule [C] 2co 3co [C] 2co Bco [C] 2co Bco

#1 -2.1(0.3) -2.4(0.5)  -2.3(0.5) 5.4(0.6) 1.4(0.1) 1.3(0.5) 32.4(2.8) 4.8(3.2) 0.5(0.2)

#1202 -2.00.3) - 6.60.5) 1.90.7) - 33.12.0)  10.6(3.3) -
#3 -5.2(0.1) -5.4(0.1)  -5.4(0.1) 2.5(0.3) 1.3(0.1) 1.1(0.1) 22.4(2.1) 13.2(0.2)  0.9(0.1)
#4 +3.4(0.1) +3.7(0.1) +3.5(0.1) 2.4(0.2) 1.6(0.1) 1.2(0.1) 58.4(3.0) 24.3(1.3) 1.0(0.1)
45  +60(0.1)  +6.00.1) +64(0.1) 6.002) 3.1(0.1) 200.1) 112.02.9) 1353(02) 28.7(0.1)
#6 +1.6(0.1) +0.8(0.4) +1.9(0.1) 2.8(0.2) 1.1(0.3) 1.2(0.6) 47.7(2.3) 3.9(1.3) 0.4(0.1)
#7 +5.4(0.1) +4.7(0.3)  +4.7(0.1) 3.5(0.2) 1.5(0.3) 1.1(0.1) 80.8(5.7) 64.1(2.6) 10.2(0.1)
#8  +37(03)  +3.8(0.3) +4.00.1) 3.004) 1.903) 1.00.1) 292(73)  654(32) 6.1(0.2)
#9 +2.7(0.2) +3.1(0.1)  +3.1(0.1) 2.5(0.3) 1.5(0.1) 1.4(0.1) 18.7(4.3) 41.5(0.2)  3.2(0.2)
#10 2.8(0.1) +2.7(0.1) +2.8(0.1) 4.9(0.1) 2.0(0.1) 1.3(0.1) 140.3(2.3) 111.9(0.2) 21.2(0.2)
Notes. [C 1] 158 um, '2CO, and '*CO (J=2-1) lines convolved at a uniform angular and spectral resolution of 16” and 0.4 kms™', respectively.

#1 —-2.4 km/s

#6 +0.8 km/s

#2 —2.0 km/s

#3 -54 km/s

#8 +3.8 km/s

*

<3

#4 +3.7 km/s

#56 +6.0 km/s

Fig. A.1. Gallery of detected CO globules. Same as Fig.|§|but showing the [C 1] 158 um emission (bluish) integrated in exactly the same velocity
range as the CO emission from each globule (reddish). The yellow arrows indicate the direction to star #' Ori C in the Trapezium.

Article number, page 17 of 19



A&A proofs: manuscript no. aa_Veil_globules_accepted

30

[
[kms

T (K]

12€0 (2-1)

05 30 350
RA (J2000)

35

RA (J2000)

Fig. A.6. Same as Fig.[7|(position-velocity diagram) for a east-west cut

Fig. A.2. Same as Fig.[7|(position-velocity diagram) for a east-west cut
across the bubble at the declination of globule #6 (-5°28"18.58").

across the bubble at the declination of globule #1 (-5°25'24.23").
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Fig. A.7. Same as Fig.[7|(position-velocity diagram) for a east-west cut

Fig. A.3. Same as Fig. [7|(position-velocity diagram) for a east-west cut
across the bubble at the declination of globule #7 (-5°26"44.24").

across the bubble at the declination of globule #2 (-5°25'57.52").
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Fig. A.8. Same as Fig.[7|(position-velocity diagram) for a east-west cut

Fig. A.4. Same as Fig.[7|(position-velocity diagram) for a east-west cut
across the bubble at the declination of globules #8 and #9 (-5°24").

across the bubble at the declination of globule #3 (-5°29'29.40").
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Fig. A.9. Same as Fig.[7|(position-velocity diagram) for a east-west cut

Fig. A.5. Same as Fig.[7|(position-velocity diagram) for a east-west cut
across the bubble at the declination of globule #10 (-5°22'21.93").

across the bubble at the declination of globule #5 (-5°34716.29”).
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Fig. A.10. CO line emission from the globules. Blue (black) points correspond to the negative (positive) LSR velocity globules. Globule #6 lies
close in velocity to the negative-v; sz globules and indeed shows similar emission properties. Left panel: [Cu]158 um/'2CO (2-1) line intensity
ratio, in units of ergs™' cm™2 sr™!, as a function of globule velocity centroid (as observed in '2CO). Right panel: '>*CO/'3CO (2-1) intensity ratio as
a function of their line-width ratio. As gas column density raises, opacity broadening increases the width of '>CO optically thick lines. The dashed
red line approximately marks the 7('>CO 2-1)>1 transition. Globules at the left of this line are not very thick in '>CO emission, yet they show very
low '2CO/3CO(2-1) line intensity ratios produced by '*CO chemical fractionation.
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Fig. A.11. Comparison of PDR model predictions and observed line intensities from the negative-v; sg globules. Error bars show the 10 uncertainty
to the measured intensities obtained from a Gaussian fit to the observed lines. Globule #6 lies close in LSR velocity and shows similar emission
properties to the negative-visg globules. The velocity centroid of each globule increases from left to right in the x-axis (see Fig[3). Left panel
shows variations in the gas density whereas the right panel shows variations in Gy.
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