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ABSTRACT

IRAS 2031943958 in Cygnus X South is a rare example of a free-floating globule (mass ~240 M, length ~1.5 pc) with an internal
H 11 region created by the stellar feedback of embedded intermediate-mass stars, in particular, one Herbig Be star. In Schneider et al.
2012, (A&A, 542, L.18) and Djupvik et al. 2017, (A&A, 599, A37), we proposed that the emission of the far-infrared (FIR) lines of
[Cu] at 158 pm and [O1] at 145 um in the globule head are mostly due to an internal photodissociation region (PDR). Here, we
present a Herschel/HIFI [C11] 158 wm map of the whole globule and a large set of other FIR lines (mid-to high-J CO lines observed
with Herschel/PACS and SPIRE, the [O1] 63 um line and the '>CO 16— 15 line observed with upGREAT on SOFIA), covering the
globule head and partly a position in the tail. The [C 11] map revealed that the whole globule is probably rotating. Highly collimated,
high-velocity [C11] emission is detected close to the Herbig Be star. We performed a PDR analysis using the KOSMA-t PDR code
for one position in the head and one in the tail. The observed FIR lines in the head can be reproduced with a two-component model:
an extended, non-clumpy outer PDR shell and a clumpy, dense, and thin inner PDR layer, representing the interface between the H 11
region cavity and the external PDR. The modelled internal UV field of ~2500 G, is similar to what we obtained from the Herschel
FIR fluxes, but lower than what we estimated from the census of the embedded stars. External illumination from the ~30 pc distant
Cyg OB2 cluster, producing an UV field of ~150-600 G, as an upper limit, is responsible for most of the [C 11] emission. For the tail,
we modelled the emission with a non-clumpy component, exposed to a UV-field of around 140 G..

Key words. ISM: atoms — ISM: clouds — HII regions — photon-dominated region — ISM: molecules — ISM: kinematics and dynamics

1. Introduction

In the vicinity of massive stars, intriguing structures such as
column-shaped pillars and cometary-shaped globules are fre-
quently detected in optical as well as near- and far-infrared
images (e.g. Schneps et al. 1980; Hester et al. 1996; White et al.
1997; Schneider et al. 2016). They are mostly the result of feed-
back processes — ionisation and stellar winds — from massive
stars and point toward the illuminating source. Larger pillars,
however, can also reflect the primordial cloud structure (White
et al. 1999; Lefloch et al. 2008; Miao et al. 2009) or arise from
eroded convergent flows (Dale et al. 2015). Pillars still have a

*The [Cu] data shown in Figs. 4 and 5 (FITS files) are only
available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr
(130.79.128.5) or via http://cdsarc.u-strashg. fr/viz-bin/
cat/J/A+A/653/A108

Article published by EDP Sciences

physical connection to the gas reservoir of the molecular cloud,
while globules are isolated features. Figure 1 shows an example
for such objects in the Cygnus X region (Schneider et al. 2016).
External UV-radiation creates photodissociation regions
(PDRs) on the surfaces of pillars and globules, often visible as
a bright rim, facing the ionising source. A rare example of a
globule suggested to be also illuminated internally by massive
stars is IRAS 20319+3958 in Cygnus X (Schneider et al. 2012,
2016; Djupvik et al. 2017). This source (hereafter, ‘the globule’)
is explored in this paper. Other examples of star-formation activ-
ity within globules are found in Comerén & Torra (1999). The
globule is also impacted by the radiation of the Cyg OB2 clus-
ter located at a projected distance of ~30 pc from the globule,
assuming that this cluster is located at a distance of 1.4 kpc.
It is notoriously difficult to derive distances in Cygnus X, see
Schneider et al. (2006); Comeron et al. (2020) for more detailed
discussions. We use the value of 1.4 kpc, which is based on
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maser observations (Rygl et al. 2012) of prominent star-forming
sites in Cygnus X. An analysis of Gaia data (Lim et al. 2020) of
Cyg OB2, however, arrived at a larger distance of 1.6 kpc.

Many details of the formation and evolution of globules
and pillars have not yet been settled. Numerical modelling
started out with simple models of photo-ionisation (e.g. Lefloch
et al. 1994) that explained basic properties such as shapes or
lifetimes (Johnstone et al. 1998), while the concept of radiative-
driven implosion (Bertoldi 1989) provides an explanation of
how stars can form in pillars and globules. More realistic mod-
els with a careful treatment of heating and cooling processes
(e.g. Miao et al. 2006) that consider the turbulent structure
of the gas (Gritschneder et al. 2009) and the curvature of the
cloud surface (Tremblin et al. 2012a,b) now have the capacity
to explain additional properties, such as the velocity field of
the observed features. Furthermore, new observations, including
Herschel imaging and spectroscopy in the far-infrared (FIR) and
SOFIA (Stratospheric Observatory for Far-Infrared Astronomy)
FIR spectroscopy, make it possible to establish a classification
scheme and a possible evolutionary sequence. In the first part
of this series of papers (Schneider et al. 2016), we set up a
categorisation based on Herschel 70 pm photometry and we pro-
pose that pillars advance into globules, which, in turn, evolve
into evaporating gaseous globules (EGGs), dense gas conden-
sations without star-formation, or objects with protoplanetary
disks (proplyds); or they only resemble proplyds (proplyd-like),
depending on density and incident UV-field. In the second paper
(Djupvik et al. 2017), we carried out optical and near-IR imaging
and spectroscopy of the globule in order to obtain a census of its
stellar content and the nature of its embedded sources.

In this work, we present spectroscopic observations of FIR
cooling lines of the globule in the southern part of Cygnus
X (Reipurth & Schneider 2008), where the very massive and
rich Cyg OB2 association illuminates the molecular cloud. The
globule was mapped in the [Cu] line with SOFIA (Schneider
et al. 2012) as well as with Herschel/HIFI, PACS, and SPIRE
(this paper). It was covered in Herschel imaging observations of
Cygnus X within the Herschel imaging survey of OB Young Stel-
lar objects (HOBYS, Motte et al. 2010) and was also shown and
discussed in Schneider et al. (2016). Figure 1 displays a three-
colour image of the Herschel photometry data with our source
indicated.

The objective of this paper is to study the spatial emission
distribution of various PDR tracers and to perform a careful
analysis of line intensities and ratios using the KOSMA-r PDR
model (Rollig et al. 2006) to disentangle external (Cyg OB2) and
internal excitation sources. We intend to show that it is possible
to explain most of the observed lines in a PDR model considering
the geometry of the source. This approach is more sophisticated
than studies that assume plane-parallel, homogeneous layers of
gas. There are not many sources holding such a large data set
of cooling lines in the mm- to FIR. All the line intensities are
given in the accompanying tables and the maps can be provided
on demand (the HIFI [Cu] data is already provided via CDS,
see Sect. 2.1), offering the possibility for other applications and
studies.

Another goal is to study the dynamics of the globule. The
velocity-resolved extended [C ] map suggests that the globule
rotates and that high-velocity outflowing gas escapes from the
globule head (some features were shown in Schneider et al. 2012,
but not in such detail).

We present the various data sets (Herschel, SOFIA, FCRAO,
JCMT) in Sect. 2, including a consistency check between FIR
line intensities observed with Herschel and SOFIA. We give an
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Fig. 1. Three-colour (blue: 70 um, green: 160 wm, red: 250 um) image
(Schneider et al. 2016) of the environment of Cyg OB2 with the glob-
ule IRAS 20319+3958, labeled as ‘globule’. The size of the image is
~1.5° x 1.4°, which corresponds to ~36 pc X 34 pc, assuming a distance
of 1.4 kpc. The pillar indicated further east will be presented in another
study. The most massive stars of the Cyg OB2 association are located in
the northwest corner of the image (north is up, east to the left).

overview of what is already known about the globule in Sect. 3.
In Sect. 4, we present the so far unpublished [Cu] HIFI and
[O1] upGREAT maps of the globule. Section 5 provides details
about the PDR modelling and discusses the PDR properties of
the globule. Section 6 presents our summary.

2. Observations
2.1. Herschel spectroscopy

Far-infrared spectroscopic observations of the globule were per-
formed with the Herschel Space Observatory (Pilbratt et al.
2010), using the instruments HIFI (de Graauw et al. 2010), PACS
(Poglitsch et al. 2010), and SPIRE (Griffin et al. 2010) within
the framework of the Herschel Open Time priority 1 project
(otl_nschneid_1) Pillars of creation: physical origin and con-
nection to star formation (PI: N. Schneider). Table 1 summarises
the observational parameters, such as observation date, central
position, and map size. All the data is available in the Herschel
science archive. For convenience, we provide the HIFI [C]
data cube and line integrated intensity at the Centre de données
astronomiques de Strasbourg (CDS).

2.1.1. HIFI

The HIFI data consist of Nyquist-sampled, position switched
on-the-fly (OTF) maps of the [Cu] line at 158 pum with a
beam size of 12.2” in band 7b at 1910 GHz. We employed the
wide-band spectrometer (WBS) with an local oscillator (LO)
frequency of 1897.662 GHz. The WBS has a full intermediate
frequency (IF) bandwidth of 4 GHz at a spectral resolution of
1.1 MHz (corresponding to a velocity resolution of 0.7 km s71),
in both horizontal (H) and vertical (V) polarisations. The fre-
quency range covered in band 7b is 1892.6-1895.2 GHz in the
lower sideband (LSB) and 1899.9-1902.5 GHz in the upper side-
band (USB). The Herschel Interactive Processing Environment,
(HIPE) version 8.2 was used to remove standing waves and to
convert the observed data to CLASS fits-format and the GILDAS



Table 1. Summary of the HIFI, PACS, and SPIRE spectroscopic
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observations.
Obsid Date @ 72000 072000 Map size
[h:m:S] [o:r://] [//]
HIFI @
1342235079 12/2011 20:33:51.0 40:08:49.0 113.4x110.0
1342244954 04/2012 20:33:48.1 40:06:36.05 97.2x159.5
1342244957 04/2012 20:37:50.0 39:49:23.5 113.4x258.5
1342246343 05/2012 20:37:46.0 39:42:0.0 108.0x132.0
1342246344 05/2012 20:37:42.3  39:51:25.1 135.0x132.0
PACS @
1342211184 12/2010 20:33:50.0 40:08:36.0 47 x 47
1342234987 12/2012 20:37:45.0 39:41:58.0 47 x 47
1342235855 01/2012 20:37:42.0 39:51:27.0 47 x 47
SPIRE ©
1342231073 04/2012 20:33:50.0 40:08:36.2 200 x 200
1342231074 04/2012 20:33:49.0 40:06:40.2 200 % 200

Notes. @The HIFI map covers the whole globule. ®The PACS maps
focus on the globule head. ”SPIRE pointed towards a position in the
globule head (obsID 1342231073) and the tail (obsID 1342231074).

packages' were used for all further procedures (baseline subtrac-
tions, line fittings etc.). In order to obtain a better signal-to-noise
ratio (S/N), we averaged the H and V polarisations. The final
processed Level 2 data is scaled in T;\. To scale our data to Ty

we multiplied TA by the factor of 7;/nm, Where 7, is the forward
efficiency (0.96) and 7y, is the main beam efficiency (0.69) in
band 7b. The overall calibration accuracy is ~10% (Roelfsema
et al. 2012).

2.1.2. PACS

For the PACS range spectroscopy of the globule head, we used
the integral field spectrometer to investigate important cooling
lines, namely, the [O1] 63 and 145 um lines, the [Nu] 122 um
line, and high-J CO lines. The data were observed in two wave-
length ranges: from 51 to 73 pm (blue side) and from 110 to
208 um (red side). The pipeline processes and all data reduc-
tion steps (baseline subtraction, line fitting etc.) were done with
HIPE version 7.0 via the built-in pipeline scripts. The line flux
measurements were done as described in Schneider et al. (2012),
using the PACSman software (Lebouteiller et al. 2012). We note
that because the PACS maps are contaminated by emission in
the off-position, the calibration was derived only from on-source
data and thus associated with a larger error (~30%). For more
details, see also Sect. 2.6, where we compare several FIR lines
that were observed with Herschel and SOFIA. The PACS maps
of the globule head are displayed in Fig. A.1.

2.1.3. SPIRE

The spectra were taken with the SPIRE Fourier Transform Spec-
trometer (FTS) long and short wavelength receivers (SLW and
SSW, respectively) at two positions with sparse sampling. One
position is located in the globule head and one in the tail (see
Table 1). The SLW observes a hexagonal pattern of 19 spectral
pixels (spaxels) covering the wavelength range 313—671 pm and
the SWS observes 37 spaxels covering 194-312 um. The beam

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

size at the receiver’s central spaxels varies between 16”-20" for
SSW and 31”-43" for SLW.

The SPIRE-FTS data were downloaded from the Herschel
Science Archive, processed using HIPE vi4.1, with SPIRE
calibration files spire_cal_14_3. The FTS extended source cal-
ibration (Swinyard et al. 2014) was used, and in HIPE vl4.1,
this includes the updates described in Valtchanov et al. (2018)
to align the absolute brightness level to match the SPIRE
photometer.

The lines were fitted using the Spectrometer Cube Fitting
script in HIPE v15, which carries out a simultaneous fit of the
spectral lines and continuum in each band for every spaxel in the
spectral cube. The SPIRE maps of the globule head and tail are
displayed in Figs. A.1 and A.2.

2.2. Herschel imaging

We used Herschel imaging observation of PACS at 70 and
160 um, and SPIRE at 250, 350, and 500 um obtained within
the HOBYS guaranteed time Key Program (Motte et al. 2010).
The angular resolution of the data varies between 6” and 36”
(see Table 2). Column density and dust temperature maps, both
at an angular resolution of 36", were produced with a pixel-by-
pixel SED fit to the wavelengths 160-500 um as described in
Schneider et al. (2016).

2.3. SOFIA
2.3.1. GREAT: [C11] 158 pm and CO 1110

The [Cu] 1.9 THz line and the CO J = 11— 10 molecular rotation
line at 1.267 THz were observed with the PI-heterodyne receiver
GREAT? (Heyminck et al. 2012) on SOFIA during one flight
on November 10, 2011 from Palmdale, California. OTF maps of
the globule, with an angular resolution of ~15” for [C 1] and 23"
for CO, were produced. This data set was presented in Schneider
et al. (2012). In this paper, we compare the SOFIA [Cu] data
with what was obtained with HIFI and use the line intensity
information of the CO J = 11—10 line for PDR modelling.

2.3.2. upGREAT: [01] 63 um and CO 1615

The globule was observed on November 2, 2016, dur-
ing one flight from Palmdale, California with upGREAT
(Risacher et al. 2016) on SOFIA. Only the globule head
was covered (map size ~100” x 80”"), the central position was
RA(2000) = 20"33™53.0°, Dec(2000) = 40°08'45”. The seven-
pixel HFA array was tuned on the [O1] 4.7 THz line, the single
pixel L2 channel was tuned on the CO 16—15 line. Both chan-
nels observed in parallel, optimised for the [O1] line. We note
that the observed CO 16— 15 map thus has missing data points
because of the single pixel sampling. The observing mode was
chopping single phase A, with a chop amplitude of 100” and
a chop frequency of 0.655 Hz with one cycle per dump. The
OTF mapping was performed with 1 slew per ref and 6 refs/load.
The array orientation was —19.1°. The bandpass averaged system
temperature was 2657 K for the L2 channel and 3512 K for the
H-array. All line intensities are reported as main beam temper-
atures scaled with main-beam effciencies of 0.69 and 0.68 for
[O1] and CO, respectively, and a forward effciency of 0.97. The

2 The German REceiver for Astronomy at Terahertz frequencies.
GREAT is a development by the MPI fiir Radioastronomie and the
KOSMA/Universitit zu Koln, in cooperation with the MPI fiir Sonnen-
systemforschung and the DLR Institut fiir Planetenforschung.
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Table 2. Summary of the observational data sets of the globule.

Table 3. Comparison of line integrated intensities.

Instrument Species P v Av ® [Cn] 158 um  [O1] 63 um  '2CO 11-10
[um] [GHz] [kms™'] [”] [Kkms™!] [Kkms'] [Kkms']
Herschel spectroscopy SPIRE/Herschel - - 27.0 at 17.6”
HIFI [Cu] 157.7  1900.5 0.7 12.2  PACS/Herschel 68.0 at 16” 4.0 at 16” -
PACS [Cu] 157.7  1900.5 - ~11  HIFI/Herschel 108.5 at 12" - -
PACS [O1] 145.5 2060.1 - ~10  GREAT/SOFIA 107.3 at 15” - 27.2 at 22"
PACS [O1] 63.2 47448 - ~9.5  upGREAT/SOFIA - 10.6 at 16” -
PACS [N] 121.9 24593 - ~9.4
PACS 2CO0 16—15 162.8 1841.4 - ~11.5  Notes. The line integrated intensities are given in main beam brightness
PACS 200 1413 186.0 1611.8 — ~12.5 temperatures with different angular resolutions at one common posi-
PACS 12CO 13—=12 200.3 1496.9 _ ~13 tion at RA(2000) = 20]133111495’ DGC(ZOOO) = 40°8’45” in the globule
SPIRE [C1] 3704 8093 _ 34.8 head for each line in the globule observed with SPIRE, PACS, HIFI
SPIRE [C1] 6091 4922 _ 372 (Herschel), and GREAT or upGREAT on SOFIA.
SPIRE [N] 205.2  1461.1 - 16.9
SPIRE 2CO013—12 2003 1496.9 - 16.8
SPIRE  2CO12-11 2169 13820 - 172 24 FCRAOaata
SPIRE 2CO0 1110 236.6 1267.0 - 176~ We used molecular line data obtained with the 14 m dish
SPIRE 2C010—-9 2602 1152.0 - 17.7  of the Five College Radio Astronomy observatory (FCRAO),
SPIRE 2c09-38 289.1 1036.9 — 19.2 employing the single sideband focal plane array receiver Sec-
SPIRE 2c08-7 3252 9218 — 36.8 ond Quabbin Optical Imaging Array (SEQUOIA). The whole
SPIRE 20076 3717 806.7 _ 34.8  Cygnus X region (~35 square degrees) was observed in the *CO
SPIRE IZCO 6—5 433.6 691.5 _ 204 1—0at 110.201 GHZ, the CISO 1—0 at 109.782 GHZ, and the CS
SPIRE 12CO 54 520.3 576.3 _ 32.6 line at 98.0 GHz. The beamwidth of the FCRAO at 110 GHz is
SPIRE 2004—3 6503  461.0 _ 40.4 46”. More details are found in Schneider et al. (2011), where the
SPIRE 3098 3024 9888 - 361 COdatasetsare presented
SPIRE BCcO8—7 3402 8813 - 36.1
SPIRE BCO7-6 3887 7712 - 340 25 JCMT CO data
SPIRE PCO6—5 4535 6611 - 300 The '2CO 3—2 data used in this paper were obtained with the 16-
SPIRE PCO5—-4 5442 5509 - 32.9  pixel array HARP receiver in the B-band, and the ACSIS digital
Herschel photometry autocorrelation spectrometer as the backend correlator system.
PACS Continuum 70 4283 _ 6.0 The individual beams of HARP have a full width at half maxi-
PACS Continuum 160 1874 _ 11.4  mum (FWHM) of 15" and the beams are spaced 30" apart on
SPIRE Continuum 250 1199 _ 17.8 @ 4x4 grid. The map of the globule is part of the programs
SPIRE Continuum 350 857 _ 7250 MO7BUO19 (PI: R. Simon) and MO8AUO18 (PI: N. Schneider)
SPIRE Continuum 500 600 _ 357 that were carried out in 2007 and 2008 to map large parts of
Cygnus X North and South. The data have a velocity channel
SOFIA spacing of 0.42 km s,
GREAT [Cu] 157.74 1900.5  0.23 15.1
12
Sgg AT C(?Ol 1]_) 10 26336.i?31 }éﬂg 822 25 '15 2.6. Consistency check between FIR lines observed with
upGREAT 2CO 1615 162.81 18414 064 153 PACS, SPIRE, and HIFI (Herschel) and (up) GREAT
(SOFIA)
FCRAO . .
13 The globule is a rare example of a source that was observed in
ggggg%ﬁ CC8021—>_1>0 %(7)%8411 1912? 02 88% jg various FIR lines with different instruments on Herschel and
: : : SOFIA over the last seven years and thus offers the possibil-
JCMT ity to compare the observed line intensities. The estimated total
HARP 2C03-2 869.0 3458 042 15  calibration uncertainties are ~20% for GREAT and upGREAT

Notes. The first column gives the instrument, the second the line (or
continuum), the third and forth the wavelength and frequency, the fifth
the velocity resolution used in this paper, and the six column the angular
resolution. We note that the PACS and SPIRE FIR lines are not spec-
trally resolved and that the SOFIA and FCRAO line observations were
smoothed to a lower velocity resolution when used in displays of spec-
tral line maps or channel maps. For PDR-modelling, we smoothed all
data sets with an angular resolution higher than 20” to a common value
of 20”.

main beam sizes are 15.3” for the L2 channel ('*CO 16—15) and
6.1” for the HFA channel ([O1],).
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(Heyminck et al. 2012; Risacher et al. 2016), and 10% for HIFI
(Roelfsema et al. 2012). The SPIRE calibration uncertainty for
extended sources was estimated to be 7% (Swinyard et al. 2014),
although when there is structure in the beam, the uncertainty is
larger and dominated by source-beam coupling (Wu et al. 2013).
Our data include the latest corrections to match the FTS extended
calibration to the SPIRE Photometer (Valtchanov et al. 2018).
The PACS data suffer from contamination in the off-position so
that the calibration was done only using the on-source data. We
thus estimate that the error on the flux is high (>30%) and the
observed values are upper limits.

Table 3 shows a comparison between the [C 1] 158 um line,
the [O1] 63 wum line, and the CO 11—10 pum lines, determined
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Table 4. Physical properties of the globule in total (Col. 2) and the head
and tail (Cols. 3 and 4), respectively.

Globule Globule head Globule tail

(N) [10*' cm™] 14.2 14.3 14.0
Mass [M;] 238 166 73
Density [10° cm™3] 6.5 5.2 7.7
(T)qust [K] 19.7 19.7 17.0
Length [pc] 1.78 0.85 0.93
Width [pc] 0.3-0.9 0.9 0.3
Area [pc?] 0.9 0.62 0.28
Average UV-field [G,] 550 170
Peak UV-field [G,] 4300 220
Incident UV-field [G,] 150-600 150-600 150-600

Notes. The values were derived from the Herschel column density and
temperature maps (Schneider et al. 2016). A distance of 1.4 kpc was
assumed, so that 1’ corresponds to 0.4 pc. The area is the equivalent
area of a polygon used to derive the mass, density etc. (N) is the average
H, column density. The average and peak flux values were derived from
the Herschel fluxes, explained in Schneider et al. (2016), the incident
UV-flux from a census of the stars from Cyg OB2.

at one position in the globule head at RA(2000) = 20"33™49¢,
Dec(2000) = 40°8’45”. The flux values obtained for [C] for
HIFI and GREAT as well as the CO 11—10 line for SPIRE
and GREAT agree very well. In contrast, the PACS values for
the [Cu] and the [O1] line are significantly lower than those
obtained with HIFI/GREAT and upGREAT, respectively, which
cannot be explained by the PACS contamination problem in
the off-position because the PACS values are upper limits. One
explanation can be attributed to positional uncertainties because
the [O1] line emission show a large spatial pixel-to-pixel vari-
ation and pointing differences can lead to different values. We
take the SOFIA [O1] 63 um data for PDR modelling, but we
need to use the PACS [O1] 145 um data since this line was only
observed with Herschel. However, this caveat needs to be kept in
mind.

3. Multiwavelengths observations of the globule

In the following, we shortly present previous works on the glob-
ule and summarise the most important physical properties in
Table 4.

IR- and FIR-data. Figure 2 displays the globule in the IR- to
FIR-wavelength range (3.6-500 pum, observed with Spitzer and
Herschel), and in the molecular lines of CS 2—1 and '>CO 3—2.
The IR data show the stellar content of the globule and its envi-
ronment, while the FIR observations at 70 and 160 um have a
too low angular resolution (6’ and 11”, respectively) to resolve
the (proto)-stars. The head and tail are well visible at all wave-
lengths, indicating that there is warm and cold dust present in
both. The IR traces the hot PAH dust features while the FIR data
longer than 160 pm trace the warm to cold dust. The tail/head
ratio flux peaks around 160 pum, but the globule head clearly
dominates the emission at all wavelengths. We note that the tail
contains no pre- or protostellar sources.

Molecular line data. The two lower right panels of Fig. 2
show that the line-integrated '>?CO 3—2 and CS 2-1 emission
arises from the whole globule though the peak of emission

is found in the head. The CS emission is more beam diluted
because of the lower resolution of 46” with respect to CO 3—2
with 15”. Intererestingly, there is a lack of CO 3—2 emission
in the northeastern globule head, giving the impression that gas
was blown out of the centre, leaving this hole. The density of the
globule is at least ~10* cm™3 if we assume that the molecular
line emission is thermalised (Shirley 2015).

Herschel column density and temperature maps and the
UV field. High (column) densities are confirmed by the Herschel
dust column density map (Fig. 3, left panel), which indicates
peak values of a few 10> cm™2 for the globule head, (see also
Schneider et al. 2016), where the column density map, temper-
ature map, and UV-field map were already shown for a larger
area and the globule was labelled ‘g1’ in region 1-3. The values
for average H, column density (N), mass M, average density n,
length and width, and dust temperature T are given in Table 4.
We note that we averaged across the whole head as it was origi-
nally defined (Schneider et al. 2016) by 70 wm emission, which
corresponds to the area seen in the temperature map. The aver-
age values for column density and density are thus lower than as
if we would have only taken the high column density area seen
in Fig. 3. The temperature, also determined from an SED fit to
the Herschel data, is 19.7 K, but shows a strong variation from
17.2 K south of the globule centre to 26.3 K at the centre of the
globule head (Fig. 3, middle panel).

From the Herschel 70 and 160 wm flux, Schneider et al.
(2016) calculated an average UV flux across the globule head
of ~550 G, (in units of the Habing field®) and a peak value (in
a 20” beam) of ~4300 G,. From a census of the exciting stars
of the Cyg OB2 cluster, the incident UV-field on the globule is
only 150-600 G, (not accounting for extinction by the molecular
clouds of the Cygnus X region and ignoring projection effects).
We thus anticipate that internal sources must also contribute to
the measured UV field from the Herschel fluxes.

Stellar content inside the globule. Earlier studies reported
nine cluster members within a projected radius of ~0.5 pc
(Kronberger et al. 2006; Kumar et al. 2006) and two visible stars
had been estimated to have mid-B spectral types (Cohen et al.
1989). The scenario of embedded stars was further explored in
Djupvik et al. (2017), where we found that the globule contains
an embedded aggregate of about 30—40 young stellar objects
within one arcmin (or 0.4 pc with the adopted distance of
1.4 kpc). Based on the high ratio of Class I to Class II objects,
the small cluster was estimated to have an age <1 Myr. The most
massive members were designated stars A, B, and C. Star A was
discovered to be a binary with one component being a Herbig
Be star with an estimated mass of 13 M. Star B was found
to have spectral type B0.5 to B1.5 and an estimated mass of
23 M. The bright mid-IR Class I source, Star C, was resolved
in a binary, of which at least one is a massive YSO of spec-
tral type late O or early B with 8.1 M. Optical spectroscopy
of the nebula next to these stars revealed clear signs of a low-
excitation Hu region, as one would expect from early B-type
stars rather than the harder radiation from O stars in the nearby
Cygnus OB2 association. Furthermore, the morphology seen in
high-angular-resolution images of H, line emission tracing the
PDR, and Br-y line emission tracing the ionised gas, was inter-
preted as additional evidence that the globule is illuminated from
the inside.

3 Note that the Habing field G, relates to the Draine field y by y =
1.71 G, where G, is the mean interstellar radiation field from Habing
(1968); Draine (1978). We use both measures in this paper.
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Fig. 2. Globule at IR- and FIR-wavelengths: Spitzer/IRAC 3.6-8 pm, Spitzer/MIPS at 24 um, Herschel/PACS 70, and 160 pm and SPIRE 250,
350, and 500 pm (all units are MJy sr™!). The two lower right panels show velocity integrated molecular line emission of CS 2—1 and '>CO 3—2
in [K km s™!']. The beam is indicated in all panels with longer wavelength observations (starting with PACS 160 um) in the lower right corner. The
Spitzer data were already displayed in Djupvik et al. (2017) and the Herschel data in Schneider et al. (2016).

4. Results and analysis

Here, we present a study of many cooling lines in the mm- to
FIR-wavelength range, which all arise from photodissociation
regions (PDRs). The hot (7 > 100 K) PDR component is best
traced in the cooling lines of atomic oxygen ([O1] at 63 and
145 pm) and high-J CO rotational lines. The warm (7' ~ 100 K)
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layer of the PDR is seen in the 158 um line of ionised carbon,
followed by the fine-structure lines of neutral carbon ([C1] 1—0
and 2—1 at 609 and 370 pum, respectively). The cool (T < 50 K)
molecular cloud is traced in low-J CO lines. Apart from the gas
temperature and UV field, it is also the density in the PDR that
determines which of the lines is the dominant cooling line. It
is a major challenge to correctly reproduce the observed line
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Fig. 3. Herschel view of the globule. From left to right: column density (contours 1.3, 1.8, 2.3, 2.8 10?> cm™2), temperature (contours 17.1, 17.5, 19,
21, 23, 25 K), and UV-flux map (contours 150, 200, 500, 1000, 2000 G.) of the globule obtained from Herschel. These images are cut-outs from
figures shown in Schneider et al. (2016). The column density and temperature maps have an angular resolution of 36" and the UV map of 20”.

These resolutions are indicated in the lower right corner of each panel.

intensities in PDR models. Some models focus on establishing
a careful chemical network, while others emphasise geometrical
effects, such as considering the inhomogeneous structure of the
PDR (e.g., Tielens & Hollenbach 1985; Black & van Dishoeck
1987; Le Bourlot et al. 1993; Kaufman et al. 1999; Sternberg &
Dalgarno 1995; Wolfire et al. 2003; Meijerink & Spaans 2005;
Rollig et al. 2006; Bisbas et al. 2015). Rollig et al. (2007) and
Bisbas et al. (2015) give an overview of the various PDR codes
with a comprehensive reference list.

4.1. Herschel/HIFI [C 1] 158 um emission distribution

Figures 4 and 5 show the spatial and velocity distribution of the
[C 1] emission in the globule observed with HIFI on Herschel.
The overall emission in the globule head is similar to what was
found in Schneider et al. (2012), based on GREAT/SOFIA obser-
vations. We note that the globule tail was not observed with
SOFIA in 2012. The channel maps (Fig. 5) reveal the correla-
tion between [C 1] emission and the stellar content. Star A (the
Herbig Be star, black triangle) displays a clear correlation
between high velocity [C 1] emission in the blue (2.5-5.3kms™")
and red (11.6-13 kms™!) velocity range. We observe outflowing
gas from the inner PDR region around Star A that had already
created a small cavity because of its stellar wind and radiation
(Schneider et al. 2012). This point is discussed in more detail in
Sect. 4.4. Interestingly, the two other star systems do not display
a strong correlation with [C 1] emission. Star B (the single early
B-star, white rectangle) lies outside of significant [C 1] emission
for all velocity channels, while Star C (binary with a late O star,
grey cross) can also serve as an exciting source for ionising car-
bon in the PDR region. The channel maps show that the bulk
emission of the globule between ~6.7 km s~! and 10.2 km s~ has
first a prominent peak enclosing the three stellar systems, then
forms an arc-like structure (v = 8.1 km s™!) and then develops a
single peak south-east of the stars.

The globule tail is fainter in [C 1] emission. The integrated
intensity in the tail (Fig. 4) is typically ~10 K km s~!, which is
a factor of 10—15 smaller than what is found in the globule head.
Nevertheless, this level of [C11] emission indicates that there is
some external heating (there are no exciting sources in the tail)
from the overall FUV field around the globule, mostly caused by
the Cyg OB2 cluster.

4.2. [Cu] column density and mass

We calculate the mass associated to the gas traced by [Cu]
emission using a simplified version of the formula for the [C ]
column density in the limit of optically thin emission given by
Eq. (2) in Langer et al. (2010) or Eq. (26) in Goldsmith et al.
(2012) that is

2.4x107°

N(C*) =29x%x 107 (1 +0.5 %12/ Thin (1 +
Ruln

)) 1(C*)[em™?],
)]
with Ry as the collisional de-excitation rate coefficient at a
kinetic temperature Ty, and density n of the collisional partner,
which may be either electrons or atomic or molecular hydrogen.
In addition, I(C™) is the line integrated observed [C 1] intensity.
As a first-order approximation, we assume high kinetic tem-
peratures and high densities, so that this equation is simplified
to:
N(C*) = 4.38 x 10" I[(CH)[em™2]. )
We distinguish between the gas entrained in the outflow in the
globule head, namely, [C 1] emission in the blue (v =0-5km s™!)
and red (v = 12-15 km s™!) velocity range, and the bulk emission
(v =5-12 km s!). For the bulk emission, we derive an average
[Cn] column density of 2.0 x 10'7 ¢cm™2 and 0.4 x 10'7 cm™2 for
the globule’s head and tail, respectively. Assuming an abundance
of C/H = 1.2 x 10™* (Wakelam & Herbst 2008), we estimate a
mass of ~13.63 M and ~1.55 M, for the globule head and tail,
respectively. The gas mass in the outflow is 1.57 M, and 0.68 M,
for the blue and red velocity range, respectively. We note that the
masses derived from [C 1] are lower limits and lower than what
was derived from the dust. However, the values are not directly
comparable. While dust emission is optically thin and traces all
gas along the line-of-sight, the [C11] emission can be optically
thick and arise mostly from the PDR surface.

4.3. Large-scale dynamics of the globule

The dynamics of the globule head was already discussed in
Schneider et al. (2012). We confirm with the HIFI [C 1] data the
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Fig. 4. Line-integrated [C11] 158 um emission of the globule obtained
with HIFI on Herschel in the velocity range 0-15 km s~!. The black
triangle indicates the double system (Star A) of which at least one is a
Herbig Be star, the white rectangle points to Star B with a B0.5 - B1.5
spectral type, and the black cross marks Star C, a resolved binary of
which one is a late O or early B star. The centre position (0,0) is at
RA(2000) = 20"33™49.95, Dec(2000) = 40°07'42.75”. The [C11] beam
is indicated in the lower left corner. The dashed lines indicate the verti-
cal (north-south) cuts where we performed position-velocity maps and
the dark grey circles mark the positions and the extend of the SPIRE
beam for the longest wavelengths (FWHM ~ 40”) we used for PDR
modelling. The position in the north is the globule ‘head’ and the one
in the south the globule ‘tail’.

detection of a velocity gradient and differences in line position
and width within the globule head (cf. Fig. 5). Figure 6 dis-
plays position-velocity (PV) plots for five vertical cuts through
the whole globule that are indicated in Fig. 4. The cuts at offsets
0 and —10” cross Star A and we observe — similar to the chan-
nel maps — high velocity blue- and red-shifted emission and an
opening in the globule head with an arc-like structure. The cuts
further away from Star A show more confined emission spatially
and kinematically and reflect the primordial velocity structure of
the globule with gas around 7 km s~!. The globule tail does not
show a velocity gradient along its main axis (north-south orien-
tation) in the individual cuts, but there is an east-west velocity
gradient. This becomes obvious in an overlay between the emis-
sion in the cuts at —10” and —30” (Fig. 7) and is also seen in
the channel maps of Fig. 5. The ‘blue’ part of the [Cn] tail at
74kms! is located further west compared to the ‘red’ part of
the [C 1] tail visible at higher velocities around 8.1-8.8 km s7L.
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Fig. 5. Channel maps of [C11] emisson obtained with HIFI on Herschel
from 2.5 to 13 km s~!. The symbols indicate the three stellar systems,
similar to Fig. 4, except that here Star C is indicated with a white cross
for better visibility.

Figure 8 displays the velocity pattern of the whole globule in
more detail, this time including the tail, which was not observed
in [C 1] before. The globule head shows a possible rotation fea-
ture with an inclined north-south axis, similar what was seen in
Schneider et al. (2012). The globule tail also shows a possible
rotation, but the axis is less inclined and the velocity differ-
ence is smaller. The rotation is clock-wise around an axis located
between the blue and red part of the tail if we view the globule
from above.

Possible rotation features in pillars were observed before
(Gahm et al. 2006; Sofue 2020). Gahm et al. (2006) proposed
for ‘elephant trunks’ in several sources observed in CO lines that
rotation can be provoked by the formation of compressed mag-
netic filaments that were present in the parent molecular cloud
and are now impacted by the expanding H 1 region. They devel-
oped a double helix model in which a pillar rotates as a solid
body with the same angular speed along the major axis. This
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Fig. 6. Position-velocity maps of the globule in [C11] for 5 vertical
cuts cuts in declination at different RA offsets, indicated in Fig. 4. The
zero-offset is at RA(2000) = 20"33™50° and goes then in steps of 10”.
The Dec (2000) range is 40°05’15” to 40°09’45”. The bottom panel for
cut = —40” outlines with a white dashed rectangle the globule’s tail for
which we show an overlay between two PV cuts in Fig. 7.

picture would be consistent with the observations for our glob-
ule. In this case, it is possible that the globule started as a pillar
(proposed in Schneider et al. 2016), which was linked to the
bulk emission of the molecular cloud and had the same velocity.
After the pillar detaches from the cloud, it becomes a globule
that floats freely into space but still carries the initial momen-
tum of the pillar. Simulations (Tremblin et al. 2012b) predict
that pillars and globules in the same close environment have a
velocity difference of typically a few km s~!. This applies also

v |[km/s]
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Fig. 7. Overlay between PV maps of the globule in [C11] for the —10”
(black contours) and —30” (white contours) vertical cuts, indicated in
Fig. 4. The dashed lines show the centre velocity of the globule’s tail for
the cuts, i.e. 8.20 km s~! for the —10” cut and 7.35 km s~! for the —30”
cut, respectively.
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Fig. 8. Velocity map (first moment) of the [C11] emission, showing
possible patterns of counter-clockwise rotation with the approximate
axes indicated with dashed lines. The centre position (0,0) is at
RA(2000) = 20"33™49.95, Dec(2000) = 40°07'42.75”. The [C 1] beam
is indicated in the lower left corner. We note that the axes for the glob-
ule head, where most of the mass resides, and the tail have not the same
inclinations, and the velocity difference is larger for the head (~9.5 to
~6.9 km s7!) than for the tail (~8.3 to ~7.4 km s7!). The grey contour
outlines the 2 K km s~! contour level of [C I1] emission, the symbols are
the same as in Fig. 4.

to our globule, as shown in Schneider et al. (2012). Other mod-
els of UV radiation impacting a turbulent cloud (Gritschneder
et al. 2009) display a slightly different picture. The UV-radiation
clears out and pushes away the low-density material of the cloud
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Fig. 9. Continuum subtracted narrow-band image that contains the
H, 1-0 S(1) ro-vibrational line at 2.122 um (Djupvik et al. 2017) at
~2" resolution with contours of velocity-integrated '2CO 3—2 emis-
sion (yellow, left panel) and velocity-integrated [C11] emission (red,
right panel), both at 15" resolution, overlaid. The CO contours go from
1 to 13 by 1.5Kkms™' and the [C1i] contours go from 5 to 155 by
15K kms~!. The embedded stars A, B, and C are indicated.

but leaves dense structures, such as pillars (see their Fig. 1). The
extent to which magnetic fields and the impact of the external
UV-radiation can also influence the velocity field seen in [C11] is
not clear and this area requires further investigation.

4.4. Comparison to H» emission and small-scale dynamics of
[C 1] emission

Figure 9 shows how the emission distributions of cool molecular
gas (traced by CO) and warm PDR gas (traced by [C 11]) compare
to the narrow-band imaging of the H, 1-0 S(1) at 2.122 um. This
line is excited either by shocks, driven by stellar winds, but can
also be associated with dense PDRs. A large opening towards
the north-east becomes obvious in the H, and CO 3—2 map and
suggests that the internal Hn region breaks out of the globule.
The deficit of molecular gas is also clearly seen in the Herschel
column density map in Fig. 3. In contrast, the peak in column
density seen in Fig. 3 corresponds also to peak emission in CO
and Hy, and Star C is centred on this dense clump. Interestingly,
the [C 1] emission shows no decline in the north-eastern corner
of the globule (right panel in Fig. 9) and the emission peak is
clearly centred on Star A. In fact, we observe high-velocity blue-
and red-shifted emission in [Cu], shown in Fig. 10, suggesting
an outflow oriented along the line-of-sight of the observer. The
outflow is very collimated and could thus originate from a young
stellar object (YSO) (the [C 1] beam is 15” so that the emission
is beam diluted). It is unlikely that this very localised outflow
interacts with the external UV field. The red wing (velocities
>12 km s7!) is fully visible in the [C 1] spectra taken around the
position of Star A and displayed in Fig. 11. There is no high-
velocity emission detected in CO 16— 15 and only a very weak
velocity component in [O1] 63 pum around 12 km s~

In Djupvik et al. (2017), we found that Star A has two compo-
nents of which one is an early B-type star, a Herbig Be star. These
objects are intermediate-mass pre-main-sequence stars and are
divided into three categories (Fuente et al. 2002): the youngest
(~0.1 Myr) Type I stars are embedded in a dense molecular
clump and have associated bipolar outflows that are detected in
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Fig. 10. Map of H, 2.12 um emission (Djupvik et al. 2017) with con-
tours of [C 11] outflow emission. The blue velocity range of the [C 11] line
ranges from 0 to 5kms™!, contours go from 10 to 50 by 10 Kkms™'.
The red velocity range is 12-15kms™' and contours go from 3 to
13 by 2Kkm s~'. The embedded stars and the [C1] beam size are
indicated.

CO. Type 1II stars are also associated to molecular material, but
not immersed in a dense clump, their ages are between a few
0.1 to a few Myr. Type III stars (typical age >1 Myr) have fully
dispersed the surrounding material and created a cavity inside
the molecular cloud. In addition, Diaz et al. (1998) showed that
only stars with spectral type earlier than B5 can create signifi-
cant PDRs. Our observations are, thus, fit best with an Herbig
Be Type III star since we observe that the star is located in a
cavity and not associated with a dense clump, that there is no
CO outflow, but high-velocity [C1] emission, tracing the PDR
surfaces of the inner cavity walls, namely, the interface between
the H 1 region and the molecular gas. This sort of [C 1] dynam-
ics was also observed — and interpreted in a similar way — for
the bipolar nebula S106 (Schneider et al. 2018). We note that we
exclude shock excitation as a significant origin for the outflow
because firstly, [C 1] is not a good shock tracer and its origin is
mostly PDRs, and secondly, the [O1] 63 pum line does not show
prominent high-velocity wings, which would be the case if there
were shocks.

It is out of the scope of this paper to go into more detail what
is the driving source for the [C 11] outflow, but we note that it must
be associated with the Herbig Be star. In the literature on Herbig
Ae and Be stars, accretion and outflow signatures were detected
(Cauley & Johns-Krull 2014; Moura et al. 2020; Rodriguez
et al. 2014), and stellar winds are commonly promoted as the
most likely outflow mechanism, although magneto-centrifugally
driven outflows from the star—disk interaction region can also
occur. Higher angular resolution cm-observations and spec-
troscopy of lines from the stellar atmosphere of the star may help
to investigate in more detail the accretion and outflow properties
of the source.

In any case, we confirm the conclusion from Djupvik et al.
(2017) that the emission distribution of H, indicates that the
sources of ionisation are the B stars of the embedded aggregate,
rather than the external UV field caused by the O-stars of Cyg
OB2. We note that another line of evidence in Djupvik et al.
(2017) showed that the visible spectrum of the H i1 region is that
of a soft ionising radiation, typical of an early-B star. In Sect. 5.1,
we will give further evidence for this proposal by modelling the
observed FIR lines.
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Fig. 11. Spectral maps of the [O1] 63 um line (blue), the [C11] 158 wm line (red) and the CO 16— 15 line (black) of the globule head in the velocity
range —5 to 20 km s~'. The leftmost main beam brightness temperature scale ranges from —0.2 to 2 K and is valid for [O1] and CO 16—15. The
temperature scales at each panel are valid for [C11]. All data are smoothed to an angular resolution of 20 and sampled on a grid of 20” in order
to increase the S/N. However, the CO 16— 15 line was not observed at all positions (Sect. 2) so that we only plot the few spectra with observed
emission above the 50 level. The velocity resolution is 0.5, 0.7, and 0.6 km s~! for [O1], [C1], and CO 16— 15, respectively. The map centre
position is RA(2000) = 20"33™50°, Dec(2000) = 40°08’36". The approximate locations of the star systems are indicated.

4.5. [01] 63 um and CO 16— 15 line mapping with
UpGREAT/SOFIA and PACS/SPIRE spectroscopic maps

Figure 11 shows a spectra map of the globule head observed in
the [O1] 63 um, the [Cu] 158 wm and CO 16— 15 lines with
upGREAT on SOFIA. The [O1] spectra also show that there are
several velocity components and not a single Gaussian line pro-
file but comparing to the [C ] and CO 16—15 emission reveals
that the line profile is moreover due to self-absorption. The
CO 16—15 line peaks at a velocity of ~9 km s~! where there
is a dip in [O1] emission and where the [C11] line also reveals a
decrease. This indicates that the [Cu] line can also be slightly
self-absorbed at the peak positions though this is difficult to
tell because of the broad red wings due to the [Cu] outflow.
The velocity component at ~9 km s~! seen in [O1], CO 16—15
and [C ] is mostly associated with the dynamics caused by the
impact of the Herbig Be star on the surrounding molecular cloud
(see Sect. 4.4).

The SOFIA data confirm the PACS [O1] 63 pum map
(Fig. A.1), indicating that the velocity integrated [O 1] emission is
very localised. Interestingly, the peak [O1] emission is not found
at the position of Star A (as is the case for [C 1] emission) or
at the position of Star C. Moreover, it peaks in between the two
stars and correlates partly with the extended clump seen in Hj
emission (Fig. 10). Furthermore, we note that the [N 1] lines at
122 and 205 pum (Figs. A.1 and A.2), best tracing the H i1 region,
have their emission peak close to Star A, further north than the
[O1] and CO 16— 15 peaks.

5. Discussion

Summarising the observations presented in Sect. 4, it becomes
obvious that we detect different gas components in the glob-
ule. The [C 1] emission revealed widespread, extended emission
in the globule head and tail at bulk velocities (~8 km s71).

The carbon in this component is probably mostly excited by
the external Cyg OB2 cluster that impacts the globule from a
north-western direction. Cosmic-ray (CR) excitation can also
contribute, but the UV-field at the location of the globule is still a
few 100 G, and thus dominates over CRs. The tail is exclusively
externally heated, but the globule head contains intermediate
stars that created a cavity with an internal PDR surface that also
emits in [Cu] and in other typical cooling lines (high-J CO,
[O1]). Red- and blue-shifted high-velocity [C 1] outflow emis-
sion is caused by the Herbig Be star A in the globule head. In the
following, we will disentangle the different gas components and
determine their physical properties in the globule head and tail,
using PDR modelling.

5.1. PDR modelling

We compare the observed line intensities and ratios with pre-
dictions from the KOSMA-t PDR model (Rollig et al. 2006,
2013). This model is able to compute line and continuum emis-
sion arising from spherical clouds as well as for clumpy PDR
ensembles (Cubick et al. 2008; Andree-Labsch et al. 2017). The
full model parameters are summarised in Table B.1, we here vary
the most important variables that are density n [cm™>], mass
M [Mg], and FUV field strength y in units of the Draine field.
KOSMA-1 can model single spherical clumps (non-clumpy PDR
model) and ensembles of clumps (clumpy PDR model), accord-
ing to a clump-mass distribution law (for details see Cubick et al.
2008; Andree-Labsch et al. 2017). Because the model has a finite
mass and the volume of different chemical species (and thus the
corresponding angular filling factors) are self-consistently con-
sidered, KOSMA- is able to compute absolute intensities that
are directly comparable to observations. Summarising, we apply
the following modeling strategy:

We modelled a single position for the globule head and tail,
respectively. The head position is at RA(2000) = 20"33™50°,
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Dec(2000) = 40°8’36"”. This is the centre position of the SPIRE
map of the globule head and indicated in Figs. 4 and A.1.Itis not
a peak emission position for many lines, but we have the largest
data set for this point. For the tail, the data set is even smaller
and contains mostly SPIRE lines. We take the central position of
the map at RA(2000) = 20"33m49%, Dec(2000) = 40°06740.2" .

In order to account for the different beam sizes, the veloc-
ity integrated line intensities of [C ] 158, [O1] 63 and 145 pm,
CO 16—15, CO 13—12, CO 12—11, CO 11—-10, CO 10-9,
CO 9—38, and 13CO 9—8, were all smoothed to a common angu-
lar resolution of 20" for the globule head and 40" for the tail. A
distance of 1.4 kpc is adopted.

The CO transitions lower than J = 8—7 and the two [C1]
transitions have a larger beam size of typically 30”—45" (prin-
cipally the SPIRE observations). For the globule head, we
thus compared the line ratios (CO 8—7/7—6, CO 6—5/5—4,
13CO 8—7/7—6, 3CO 6—5/5—4, and [C1] 2—1/1—0) to can-
cel out beam size effects to the first order. For the globule tail, we
used absolute intensities because all line intensities are smoothed
to 40", but give the ratios in Table 5 and 6 for information. The
best-fitting model parameters are summarised in Table 7.

5.2. Clumpy versus non-clumpy models for the globule head

We showed in the previous sections that the globule head
is subject to an internal FUV field produced by the embed-
ded star system and an external FUV field produced by the
Cyg OB2 association. The observed line intensities are thus the
superposition of the two PDRs and consequently we assume
a two-component PDR model. Two non-clumpy PDR compo-
nents are ruled out due to the strong emission for the high-J
CO (J > 10) transitions which requires larger amounts of hot
(surface) CO than can be explained in non-clumpy models. Sim-
ilarly, two clumpy PDR components are unable to explain the
observed high levels of [Cu] and [O1] emission. We thus set
up a two-component model that consists of a non-clumpy exter-
nal PDR component illuminated by the Cyg OB2 cluster and an
internal clumpy PDR illuminated by the embedded stars (see
Sect. 5.4). This scenario is the one we already proposed in the
sections before for explaining the spatial and kinematic emission
distributions of the FIR lines.

The external PDR (non-clumpy) corresponds to a single
spherical clump with the surface density n,_., mass M;_., UV-
field y,—. and considering a beam filling factor, ¢. This model
component corresponds to the yellow and gray spherical shells
shown in Fig. 15.

The internal PDR (clumpy) corresponds to a clumpy PDR
ensemble, with the ensemble averaged density clump density
(n.), mass M., UV field y. and a beam size of 20”. This
component is depicted as ensemble of golden clumps in Fig. 15.

In addition to these components, there is also the H 11 region
cavity around star A (indicated in red in Fig. 15). This one is
rather small (~15”-20") as can be inferred from the extend
of [N1u] emission (Fig. A.1) and from our UV-field estimate
(Sect. 5.4). We did not model the Hu region (using a different
code since KOSMA-7 is not designed for that) to explain the
[N 1] lines because this is out of the scope of this paper.

We numerically minimise the reduced chi-square function
for the seven free parameters:

N[ NR
Iobs,i - Imod,i Robs,i - Rmod,i
Pi . t ) pi— |

1,1 =1 ER,z
3)

- 1
TN +Ngp-7

X

i=1 i=
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Table 5. Line fluxes and ratios for one position in the globule head.

Instrument Species 10 =20") 1(0 =20") Ratio
[Kkms™'] [ergs™' em™2sr7!]

HIFI [Cn] 158 um 153.5 1.08E-03 -
PACS [O1] 145 pm 25.5 2.29E-04 -
upGREAT [O1] 63 um 6.3 6.85E-04 -
SPIRE [C1] 2-1 7.4 4.04E-06 -
SPIRE [C1] 1-0 10.2 1.25E-06 -
upGREAT '2CO 16—15 1.1 7.03E-06 -
SPIRE 2C0 13-12 9.3 3.19E-05 -
SPIRE 2COo 1211 14.9 4.02E-05 -
SPIRE 2C0 11-10 20.5 4.27E-05 -
SPIRE 2c0 109 26.4 4.13E-05 -
SPIRE 2Cc09-8 317 3.62E-05 -
SPIRE 200 87 45.1 3.62E-05 -
SPIRE 2Cc07-6 51.3 2.76E-05 -
SPIRE 2C0 65 68.2 2.31E-05 -
SPIRE 12Cc0 54 91.8 1.80E-05 -
SPIRE 20 4-3 104.6 1.05E-05 -
SPIRE 3C0 9-8 2.6 2.61E-06 -
SPIRE 13Co 8—7 5.5 3.86E-06 -
SPIRE 3COo 7-6 9.0 4.24E-06 -
SPIRE 13CO 65 11.1 3.30E-06 -
SPIRE 13CO 54 19.9 3.41E-06 -
SPIRE [C1] 2-1/1-0 - - 3.23
SPIRE 12Cc0O 8-7/7-6 - - 1.19
SPIRE 12C0O 6-5/5-4 - - 1.71
SPIRE 12C0O 5-4/4-3 - - 1.94
SPIRE 13C0 8-7/7-6 - - 0.91
SPIRE 13CO 6-5/5-4 - - 0.97

Notes. The fluxes are given in erg s™' cm™ sr™!, the ratios are deter-

mined from these fluxes for the SPIRE central pixel in the globule head
(RA(2000) = 20"33™m50°, Dec(2000) = 40°08’36"). All data points have
the same angular resolution of 20”. The absolute error for the SPIRE
data for the [C1] lines and CO J < 8 is 2.5-3.1E07 erg s™' cm™2 sr™!
and for J > 8 ~9E07 erg s~! cm™2. The low- and mid-J CO data have a
resolution of ~30-40" so that we only use line ratios.

summing over all N; line transitions / and Nk line ratios R to
be included. The error depends on the observed tracer, we used
the absolute error for the SPIRE observations (see Tables 5 and
6), a 30% error for the PACS data, 20% for (up)-GREAT/SOFIA
and 10% for HIFI observations (see Sect. 2.6). We introduce a
penalty factor, p;, to allow for weaker or stronger weighting of
individual transitions or ratios in the numeric fit. y2 is minimised
in logarithmic space using the Nelder-Mead method assuming a
shrink and contract ratio of 0.85, and a reflect a ratio of 3 using
the software Mathematica®.

The best fitting model parameters, assuming p; = 1 for
all i with the exception p6-15y = 1000, are n,_. = 1.0x
10*em™, M, = 160 Mo, yn_c = 830,¢ = 0.94, and (n.) =
1.8x 10°cm™3, M, = 1.1 Mo, x. = 10° with a )(2 = 5.8. To
assess the sensitivity of the result to the model parameters we
varied all parameters by 20% (¢ was varied by +0.1) and present
the resulting intensity variations as coloured bands around the
best fit result. Across all intensities and ratios a 20% parameter
variation changes the model intensities and intensity ratios by
46—110%. The total model mass of 160 My, is a good fit to the

4 Mathematica 1 Version 12.1, Wolfram Research. Inc., Champaign,
IL, 2020.
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Table 6. Line fluxes and ratios for one position in the globule tail.

Instrument Species 10 =40") 1(0 =40") Ratio
[Kkms™'] [ergs™ cm™ sr]
HIFI [Cn] 158 pm 10.0 7.03E-05 -
SPIRE 2C0 11-10 0.78 1.60E-06 -
SPIRE 2C0 10-9 1.46 2.29E-06 -
SPIRE 2C0 98 4.38 5.00E-06 -
SPIRE 1200 87 6.99 5.61E-06 -
SPIRE 2Cc07-6 12.50 6.72E-06 -
SPIRE 2C0 65 18.81 6.37E-06 -
SPIRE 2c0 554 29.23 5.73E-06 -
SPIRE 12c0 43 31.68 3.18E-06 -
SPIRE 3CO 87 0.96 0.67E-06 -
SPIRE B3Co 7-6 1.25 0.59E-06 -
SPIRE 13CO 65 3.51 1.04E-06 -
SPIRE 3CO 5-4 7.53 1.29E-06 -
SPIRE [C1] 2-1 4.66 2.53E-06
SPIRE [C1] 1-0 7.38 9.01E-07
SPIRE [C1] 2-1/1-0 - - 2.81
SPIRE 12C0O 8-7/7-6 - - 0.83
SPIRE 12C0O 6-5/5-4 - - 111
SPIRE 12C0 5-4/4-3 - - 1.80
SPIRE 13CO 8-7/7-6 - - 113
SPIRE BCO 6-5/5-4 - - 0.81

Notes. The fluxes are given in erg s™' cm™ sr™!, the ratios are deter-

mined from these fluxes for the SPIRE central pixel in the globule tail
(RA(2000) = 20"33m49%, Dec(2000) = 40°06'40.2”"). All data points
have the same angular resolution of 40”. The absolute error for the
SPIRE data varies between 2.5 and 3.1E07 erg s~! cm™2 sr™!. Note that
there are less observations for the globule tail position compared to the
head and the lines are weaker.

Table 7. Summary of the best-fit models for the globule head and tail
positions.

Parameter Value Description

Globule head

Non-clumpy component
1.0x 10* cm™3

Np—c Total gas density
M, _. 160 M, Total clump mass
Xn—c 830 X Draine FUV field strength
(] 0.943 Beam filling factor

Clumpy component

(ne) 1.8x10°cm™  Mean ensemble gas density

M. 1.1 M, Ensemble mass

Xe 1.0 % 10° ¥praine  FUV field strength
Globule tail

n 7.6x10*cm™  Total gas density

M 70 Mg Total clump mass

X 81 XDraine FUV field strength

1) 0.3 Beam filling factor

mass determined from the dust (166 M), while the FUV field
strengths are somewhat different from complementary estimates.
These differences are discussed in Sect. 5.4.

Overall, the model intensity fit is very good with the excep-
tion of the [O1] 63 um line, where the model intensities are
about a factor of 10 too high, while the [O1] 145 pm line is

well reproduced. The over-prediction of [O1] 63 pm intensity is
a notorious problem that we attribute to an absorbing foreground
layer (between the clumpy PDR and the observer), resulting in a
significant optical depth along the line of sight. This is in agree-
ment with recent SOFIA observations of star-forming regions
were the [O1] 63 um line was found to be heavily affected
by foreground absorption while the upper [O1] 145 pm line is
mostly unaffected (Schneider et al. 2018; Guevara et al. 2020).
Figure 11 also shows that the [O1] 63 pum line arising from the
PDR of the globule head suffers from significant self-absorption.
A factor of ~10 in missing intensity is fully reasonable, although
we cannot estimate the exact value, which is the reason for
excluding the line from the numerical fit.

In order to asses the relative contribution of the clumpy
and the non-clumpy component we separately plot the predicted
emission in the left panel of Fig. 12. The three fine-structure lines
show a different fraction of their emission coming from either
component, resulting in a relatively sensitive probe to the degree
of clumpiness in the region. We note that the [C 1] emission
receives a large contribution from the non-clumpy PDR. This
points towards a scenario that the [C11] emission at velocities of
the bulk emission of the globule is mostly caused by the external
excitation from Cyg OB2. This is what we also concluded from
the extended emission distribution seen in the [C 1] maps. We
note that ionised carbon is probably well mixed within the non-
clumpy PDR component — and not only a thin external surface
layer because we detect the rotation of the globule in [Cn]. It is
unlikely that it is only the external surface layer that is rotating.
In addition, we presume that there is little [C 1] emission coming
from the ionised phase because the PDR model alone already
well explains the observed intensities. However, we only mod-
elled one point and cannot thus conclude over the full globule
head.

5.3. Non-clumpy model for the globule tail

The position we model in the globule tail (Fig. 4) is a more qui-
escent location than the one in the globule head since there are
no internal sources and excitation happens only externally via the
OB-cluster and by cosmic rays. We performed the fit with data
smoothed to a larger beam size (40”’) and tested again various
models and found that a non-clumpy model with a single model
component gives the best fitting results. These are displayed in
Fig. 13 and show the SLEDs for the globule tail position with
the observed CO line fluxes in '>CO and '3CO. The '>CO 10—9
and 9—8 and the '*CO 8—7 transitions have to be treated with
care because the lines are weak and just above the noise level.
The mass of the model was fixed to 70 M, following the value
determined from the dust column density (Sect. 3). All model
parameters were varied and the colour-shaded areas in the left
panel and coloured band in the right panel of Fig. 13 show how
much the model intensities change. The illumination of the tail is
assumed to be one-side only. The right panel displays the obser-
vational (blue) and model (red) fluxes for the [C 1] and [C 1] lines.
Overall, a model with a UV field of around y = 80 (correspond-
ing to 137 G,) and a density of ~8 x 10* cm™ with a filling
factor of 0.3 fits our observations (y*> = 1.9). The low model UV
field is interesting, it is the lower limit from what was determined
from the census of Cyg OB2 stars or the Herschel flux. Never-
theless, the non-clumpy fit for the globule tail is less convincing
compared to the globule head model. The [C 1] model intensities
match the observed value and the '2CO lines are well reproduced
up to 8—7. The two lowest 13CO lines fit the observations well,
the upper lines are underestimated as well as the higher-J '2CO
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Fig. 12. PDR model results of the two-component globule model. Left panel: *CO (blue lines) and '*CO (red lines) model SLED (spectral line
energy distribution) together with the observed data (blue for '2CO and red for *CO, respectively). We note that data points without error bars
are excluded from the fit but are shown as a consistency check. The non-clumpy and clumpy contribution to the total SLED are displayed with
dotted and dash-dotted lines, respectively. The hatched areas around the SLED’s indicate the model sensitivity to 20% variations of the model
parameters. Centre panel: fine-structure line data. We note that the [O1] 63 wm line was excluded from the fit. The blue dots (with error bars) are
the observations and the red dots are the model derived values with the red bands indicating the model response to 20% parameter variations, For
each line intensity, we show for information their contribution from the non-clumpy and clumpy components with black and red crossed circles,
respectively (with a slight offset to the right for easier reading). Right panel: behavior of the various line ratios with the same coding.
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Fig. 13. PDR model results of the non-clumpy globule tail model. Left panel: >CO (blue points and line) and '*CO (red points and line) model
SLED (spectral line energy distribution). This is the best-fitting non-clumpy model. The colour-shaded areas give the range of models by varying all
parameters by +20%. Right panel: observed (blue) and modelled (red) fine-structure line fluxes for this model, with the model variations indicated
by the vertical red bands. Data points without error bars, namely, the two highest-J '2CO lines J = 10—9 and 9—8), are excluded from the fit, but

shown to provide further information.
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Fig. 14. FUV estimate for the globule. The three main stars A,B, and C are assumed to reside in the same plane on the sky. Spatial variations are
shown in units of arcsec. The values of the contours are log y where the Draine field y has been computed from pure geometrical dilution. The
two panels show y excluding (left) and including (right) Star B. For information on the size scale, we plot three circles with radii of 10” (red), 15”

(white), and 20” (green) around a central position between Star A and C.

lines. Both [C1] fine-structure lines are significantly underesti-
mated. The fit returned a filling factor of 0.3, namely, only 1/3
of the tail at the assumed position is supposedly illuminated
by FUV. Comparing the[C 1] contours in Fig. 4 with the beam
size at the tail position would suggest a significantly larger fill-
ing of about 2/3. This emphasises the limits of the non-clumpy,
single-component model that we applied. The next step could
be a multi-component model, but this would require more data,
for instance, the [O1] fine-structure lines. In addition, the high-J
13CO lines show a non-monotonous trend after the SLED peak,
which is difficult to explain in a simple model.

5.4. UV field estimate for the globule head

We assume that the FUV field affecting the gas in the globule
has two components. Firstly, an external radiation field, created
by the massive stars of the Cyg OB2 association, and secondly,
an internal radiation field created by the YSO embedded in the
globule. In Schneider et al. (2012, 2016), we already presented
an estimation of the FUV field based on the number of O-stars
in Cyg OB2 and on the Herschel fluxes at 70 and 160 pm. We
arrived to a value of G, =~ 313 (y ~ 183), considering 50 O-stars
at the position of the globule at a distance of ~30 pc from Cyg
OB2. These are upper limits since no extinction but only 1/r* dis-
tance dilution was considered. We also did not take into account
possible shadowing effects from the globule’s head. The number
of O-stars in Cyg OB2, however, is uncertain and estimates range
between ~50 (Comerdn et al. 2002; Wright et al. 2015) and ~120
(Knodlseder 2000). The FUV field derived from the Herschel
fluxes (right panel in Fig. 3) is ~150-200 G, for the globule
tail, where we can assume that the illumination is only caused
by the external radiation field. In summary, a value of 150-300
G, (88-176 y) is probably a reasonable assumption for the total
external radiation field impacting the globule. However, the field

strength necessary to explain the non-clumpy PDR emission is
about two to three times stronger than that. Possible reasons for
this discrepancy could come from a significantly higher number
of OB stars in the cluster, as suggested by Knodlseder (2000).
This would still be in conflict with the FUV estimates for the
tail and it is unclear whether those can be explained by geomet-
rical effects, for instance shielding or shadowing by the globule
head. Alternative explanations for the higher FUV illuminating
the external PDR could be an additional, possibly closer source
such as the YSO B (see discussion below) or a much stronger
fragmentation of the molecular gas in the head that allows the
internally generated FUV to escape and also affect the external
PDR.

Inside the globule head, the internal sources produce an inter-
nal Stromgren sphere embedded in the globule and illuminate
the inner surface of the remaining spherical shell. Here, we esti-
mate the strength for this internal radiation field for comparison
and as a constraint for the PDR model. The FUV field of the
YSOs is dominated by the internal sources, named Star A, B,
and C in Djupvik et al. (2017) and we compute the FUV inten-
sity by assuming stellar black-body emission with T =22 600,
26200, 26 200 K and stellar luminosities log L = 3,72, 4.04, 4.04,
respectively, integrating over the FUV range from 910 to 3000 A.
The flux is diluted with 1/r* and superposed in Fig. 14. Any
additional attenuation, for instance, by dust is neglected, hence
the result is an upper limit to the FUV field strength. Star B is
slightly offset with regard to the H i1 region and the peaks of [C11]
emission, so it is not clear whether this YSO is still embedded in
the globule or whether it only appears related due to projection
effects. However, the contribution of Star B to the radiation field
close to our model position is relatively weak due to the larger
distance. We thus assume that the internal FUV field is created
by Stars A and C only. The PDR model fit gives a radiation field
X< ~ 1000 for the clumpy component. A comparison with Fig. 14
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external PDR

Fig. 15. Model geometry of the observed globule hosting two embedded
YSO and an internal embedded cavity/H 11 region. The relative sizes of
the individual shells are not shown to scale. The external non-clumpy
PDR is shown as yellow outer shell, the internal, clumpy PDR is shown
as golden clump ensembles between the embedded H 11 region and the
molecular cloud shown as gray spherical shell. The image projected on
the bottom plane is Spitzer 8 wm emission (for orientation, the flux val-
ues are not of interest here). The offsets are given in arcsec referring
to the position RA(2000) = 20"33™49.95%, Dec(2000) = 40°07'42.75".
UV-radiation impacts externally via the Cyg OB2 cluster and internally
via the YSOs. The cavity radius is approximately 15”-20", determined
from modelling and consistent with the region of brightest IR emission.

shows that the FUV field estimated from the census of the stars
and assuming no extinction is higher, typically a factor of 2-3.
On the other hand, the FUV field from the Herschel fluxes is
X ~ 2500 in a 20” beam at the peak position and y ~ 1500 at the
position where we perform the PDR modelling®. These values
are in agreement with the PDR model estimates of the total FUV
field (external and internal) which both contribute to the total
continuum flux. The FUV derived from the Herschel fluxes and
our model results differs from the census of the embedded stars.
This cannot be explained via the dust attenuation of the FUV
because any significant amount of dust in the H1 region cavity
that absorbs UV photons would still contribute to the IR contin-
uum emission. The H 1 region cavity has a radius of ~15”-20",
which is consistent with the extent of the area of brightest IR
and H; and Br, emission (Figs. 2 and 7 in Djupvik et al. 2017).
A significantly larger cavity and, therefore, a lower FUV at the
clumpy, internal PDR is unlikely. Most likely, our estimate of the
FUYV brightness of the embedded YSOs is too high due to lower
Tef and log L.

5.5. Discussion of the model results

From the previous sections, we can see that the observed emis-
sion requires at least two PDR components: a non-clumpy, high
mass component with a FUV illumination of y,_. = 850, and a
less massive clumpy PDR component that is about two orders of

5 This estimation assumes that the dust in the PDR region and in the
H 11 region cavity fully absorbs the emitted UV photons and re-emits in
the FIR.
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Fig. 16. Thickness of the internal PDR layer as function of cavity radius.
Different lines correspond to variations in the volume filling factor of
the ensemble.

magnitude denser and requires a stronger FUV illumination of
Xc = 1000. Given the geometrical constrains of the source, we
propose the scenario outlined in Fig. 15. The embedded YSOs
are creating a cavity/H 1 region embedded in the globule head.
The inner surface of the remaining shell is compressed by the
expanding H 11 region and possibly fragments into clumps, and is
heated by the strong radiation of the YSOs.

The external surface of the globule is irradiated by the ambi-
ent FUV field and emits as a spherical (non-clumpy) PDR at
a density of ~10* cm™. The non-clumpy PDR component has
a clump radius of ~60”, which is consistent with the observed
extended FIR line emission of [C 1] that traces mostly the outer
PDR layer. Other lines with critical densities around 10* cm™
and excitation temperatures around 50-100 K are the [C1] 2—1
and 1—0 lines and the mid-J CO lines. Their spatial emission
distribution is also more extended than the emission lines of trac-
ers that require higher densities and temperatures (such as the
[O1] lines and the high-J CO lines, see Figs. A.1 and A.2). The
latter have their origin in the PDR created at the internal surface
of the cavity, which is clumpy and dense (~2 x 10%cm™) and
covers a relatively small volume due to its small mass. To test
how realistic this scenario may be, we computed the thickness of
the internal clumpy PDR layer because the clumpy PDR model
fit returns the total PDR mass and volume (V = 7.2 x 10°° cm?)
and this can be converted to a thickness as function of Rcayity-
Accounting for irregularities and turbulent structures in the
cavity surface, we can also apply a volume filling factor that
describes how efficiently the clumpy PDR fill up the available
volume.

Figure 16 shows how the PDR thickness varies as a func-
tion of Reayiry. We compare two volume filling scenarios. We find
that the internal PDR layer is relatively thin with a thickness of
~ 3-5x 10" cm (0.9-1.6 X 10~* pc) only. We used the radius of
the H i region cavity of ~15”, corresponding to 0.14 pc, to derive
the thickness. Geometrically, this is consistent with our picture
of the internal PDR surface. However, the spherical shell picture
would decrease the volume and mass of the remaining glob-
ule and is inconsistent with the assumption of a full spherical
(non-clumpy) PDR. Naturally, this mostly affects the molecular
cloud tracers. In our model, however, the non-clumpy PDR con-
tributes mostly to the [C 1] emission and other surface tracers.
We can, therefore, ignore this inconsistency at this point. We
want to stress that the PDR model results were performed for all
parameters independently. The proposed geometry also explains
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the over-predicted [O1] 63 pum intensity. In the model fit we sim-
ply add the clumpy and non-clumpy contribution. Geometrically,
however, the non-clumpy PDR shell around the clumpy PDR is
optically thick against the [O1] 63 pum line because the higher
[O1] levels are not excited. We conclude that the resulting model
components very nicely fit into the proposed geometry scenario
and agree with complementary constraints such as the strength
of the internal FUV field, the globule mass, and the observed
[O1] self-absorption.

6. Conclusions and summary

We presented new spectroscopic FIR data for the globule IRAS
20319+3958 in Cygnus X South, located at 1.4 kpc distance,
obtained with HIFI, PACS, and SPIRE on Herschel, and with
upGREAT on SOFIA. The observations include all important
FIR cooling lines in the interstellar medium, namely, the [C11]
158 wm line, the [O1] 63 wm and 145 pm lines, the [C1] 2—1,
1—0 lines, the mid- to high-J CO ladder (16— 15 down to 3—2,
and the [N ] lines at 205 pm and 122 wm. These tracers cover a
large range of excitation temperatures and densities.

The [Cu] line is the only FIR line that covers the full
globule and is spectrally resolved. The kinematic [Cu] distri-
bution revealed several features. Firstly, the [C 1] velocity map
is consistent with rotation, that we attribute as a relic from the
initial momentum the globule carried away while it was detach-
ing from the molecular cloud. A comparison with simulations
would help in exploring this possibility. Secondly, we detected a
rather collimated high-velocity blue- and red-shifted [C 1] out-
flow, associated with an embedded Herbig Be star. This star,
together with two other systems of B-stars, is located inside the
globule head and created an internal H 11 region. The outflow is
not visible in the [O1] 63 pwm line or in CO and we cannot dis-
cern the driving source, namely, the stellar wind of the Herbig
Be star or the disk wind in case of an accretion disk.

We performed careful PDR modelling using the large obser-
vational data set of FIR lines (see above) for one position in the
globule head and one in the tail. The objective was to determine
the physical properties of the PDR components that are responsi-
ble for the emission of the various cooling lines and to establish
a geometrical model for the globule head.

The best-fitting model is one with an extended (~60" or
~0.4 pc), external non-clumpy PDR layer where most of the
[C ] emission originates. The UV radiation of the ~30 pc distant
Cyg OB2 cluster estimated from the stellar census of a few hun-
dred G( seems to be insufficient to account for the model FUV
intensities of Gy ~ 1500. A much larger stellar content of the
OB cluster and/or additional possibly closer FUV sources may
explain this discrepancy. The total mass from the PDR model is
~160 M, which corresponds well to the mass determined from
dust (166 M,,), and an average density of 10* cm™. Between the
shell and the Hu region cavity is a thin PDR layer (<0.1 pc) that
is clumpy, dense (~2 x 10° cm™3), but not very massive (~1 M)
and illuminated by the embedded YSOs that create a radiation
field of Gy > 10°.

The tail position has no complex structure, the best fitting
model is the one of a non-clumpy PDR with a mass of ~70 M,
illuminated by an external UV field of ~140 G, which corre-
sponds to the lower UV field limit derived from the census of the
stars and the Herschel flux estimate and may hint at additional
shadowing of the tail by the globule head.

With this study, we establish evidence in support of our pro-
posal from Schneider et al. (2012) and Djupvik et al. (2017) that

the globule is an example of a region where intermediate-mass
stars form in isolation within a single dense clump. We also
show that PDR modelling of many cooling lines and a consid-
eration of a complex geometry allows us to successfully explain
the observed intensities.
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Appendix A: PACS and SPIRE spectroscopy
Appendix B: PDR model input parameters
Table B.1. Overview of the most important model parameters (see also

Andree-Labsch et al. (2017)). All abundances are given with respect to
the total H abundance.

Model Input Parameters

He/H 0.0851 €))

O/H 4471074 2)

C/H 2341074 2)

BCc/H 3.52 10° 3¢

BO/H 8.931077 “4)°

N/H 8.32 107 2)

S/H 7.41 1076 (2)

F/H 6.68 10~ 2)

Z 1 solar metallicity

lcr 210716 g1 CR ionisation rate (5)

Ry 5.5 visual extinction/reddening (7,8)
oD 8.41 722 cm? UV dust cross section per H (8)
(A(D/Ay) 2.40 mean FUV extinction

TUv 2.2Ay FUYV dust attenuation

Up 1 kms™! Doppler width

no 10*+7 cm™3 total surface gas density

M 10733 Mg cloud mass

b% 1000 FUV intensity w.r.t. (6) ¢

a 1.5 density power law index

Reore 0.2R ot size of constant density core

Net/Av 1.89 10> cm™2  (8)

References. (1) Asplund et al. (2005); (2) Simon-Diaz & Stasinska
(2011); (3) Langer & Penzias (1990); (4) Polehampton et al. (2005);
(5) Hollenbach et al. (2012); (6) Draine (1978); (7) Rollig et al. (2013);
(8) Weingartner & Draine (2001a).

Notes. @ based on a '>C/"3C ratio of 67 ¥ based on a '°0/'80 ratio of
500 © y = 1.71 G, where Gy is the mean ISRF from (Draine 1978).
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Fig. A.1. Various overlays of PDR lines observed with PACS. The colour range for the PACS [C 11] data (top left) is 20 to 211 Kkm s~!, contours
(1,2, 3,4Kkms™") of [N11] emission are overlaid. The colour range for the PACS [O1] 145 um data (top right) is 0 to 85 Kkms™', contours (10,
50, 90, 130, 170 K km s~!) of PACS [O 1] 63 um emission are overlaid. The colour range for the PACS CO 13—12 data (bottom) is O to 16 Kkm s,
black contours (1, 4, 7, 11 K km s~!) of PACS CO 16— 15 emission, and grey contours (5 to 25 by 5 K km s!) of PACS CO 14— 13 emission are
overlaid. The ’finger’ of emission in CO 13—12 emission is probably an artefact since it is not visible in the CO 16—15 and 14—13 lines. The
black triangle indicates the double system (Star A) of which at least one is a Herbig Be star, the white rectangle points to Star B with a B0.5 B1.5
spectral type, and the large black cross marks Star C, a resolved binary of which one is late O or early B star. The solid grey circle has a size of 20”
and the dashed one of 40”. This is the position for the flux determination for PDR modelling.
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OBSID: 1342231073

E L B ER N B BN S
810" ; é
710" ; é
610" ; é
5107 3
410" ; é
3107 3
2107 2CO 11-10 3
107 | 2C0O 10-9 é
£ C09-8
0 st il Vl' \W’MWWMﬁm-.m”ﬂ'““'m"’v"“‘”n \ -«J*.”«w“w i/ )W‘,M *\|, m*
- ‘I 0‘00‘ - ‘I I‘OO‘ - ‘I 2()0‘ - ‘I 3‘00‘ - ‘1400‘ 1500
Frequency [GHz]
—— Spectrum —— Total Model ——— Residual ]

100

150 Fr T T T T T T T T T T T T T T T T A T T T T T T T T A T T T T T T T T T T T

CO 109

50 0

ORA ["]

-50 -100 -150 100 50 0 50

ORA["]

<100 -150 100 50

50 -50

0 -100 -150
ORA["]

0 -50 -100 -150

ORA["]

Fig. A.2. SPIRE spectroscopy results for the globule head. Top: FTS spectrum (blue) and line fit (red) for one spaxel of the SPIRE spectrometer
for SLW (left) and SSW (right). The positions of the spectral lines included in the fit are indicated. Bottom: Full SPIRE spectral maps showing the
CO-ladder and the [C1] and [N 11] lines. The intensity scale has been set relative to the peak brightness in each map with contour levels at 0.1, 0.3,
0.5, 0.7 and 0.9 of the peak (from blue to red). The SPIRE beam size varies between 31-43” for SLW and 16-20” for SSW (Swinyard et al. 2014).
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Cygnus-globule-2-1-1: SLW spaxel [4,2] Cygnus-globule-2-1-1: SSW spaxel [6, 5]
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Fig. A.3. SPIRE spectroscopy results for the globule tail. Details are the same as Fig. A.2.
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