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ABSTRACT

Aims. Massive stars form in clusters, and their influence on nearby starless cores is still poorly understood. The protocluster associated
with IRAS 22134+5834 represents an excellent laboratory to study the influence of massive YSOs on nearby starless cores, and the
possible implications in the clustered star formation process.

Methods. IRAS 22134+5834 was observed in the centimeter with (E)VLA, 3 mm with CARMA, 2 mm with PdBI, and 1.3 mm with
SMA, to study the continuum emission as well as the molecular lines, that trace different physical conditions of the gas.

Results. The multi-wavelength centimeter continuum observations revealed two radio sources within the cluster, VLA1 and VLA2.
VLAL is considered to be an optically thin UCHu region with a size of 0.01 pc and sits at the edge of the near-infrared (NIR) cluster.
The flux of ionizing photons of the VLA1 corresponds to a B1 ZAMS star. VLA?2 is associated with an infrared point source and has
a negative spectral index. We resolved six millimeter continuum cores at 2 mm, MM2 is associated with the UCHu region VLA1, and
other dense cores are distributed around the UCHu region. Two high-mass starless clumps (HMSC), HMSC-E (east) and HMSC-W
(west), are detected around the NIR cluster with NoH*(1-0) and NH; emission, and show different physical and chemical properties.
Two N,D* cores are detected on an NH; filament close to the UCHu region, with a projected separation of ~8000 AU at the assumed
distance of 2.6 kpc. The kinematic properties of the molecular line emission confirm the expansion of the UCHu region and that the
molecular cloud around the near infrared (NIR) cluster is also expanding.

Conclusions. Our multi-wavelength study has revealed different generations of star formation in IRAS 22134+5834. The formed
intermediate- to massive stars show strong impact on nearby starless clumps. We propose that while the stellar wind from the UCHu
region and the NIR cluster drives the large scale bubble, the starless clumps and HMPOs formed at the edge of the cluster.

Key words. stars: formation — stars: massive — ISM: molecules — ISM: bubbles — ISM: individual objects: IRAS 22134+5834

Article number, page 1 of

)12, Marc Audard!, Francesco Fontani?, Alvaro Sanchez-Monge*, Gemma Busquet>-°, Aina Palau’,
Henrik Beuther®, Jonathan C. Tan?, Robert Estalella'?, Andrea Isella'!, Frederic Gueth!2, and Izaskun Jiménez-Serra!3



A&A proofs: manuscript no. wang2015

1. Introduction

Despite the fact that most stars in our Galaxy form in rich clus-
ters (e.g.,[Lada & Ladal2003), the initial conditions of clustered
star formation are still poorly understood. Studies of low-mass
pre-stellar cores in low-mass star forming regions suggest that
cluster environments have a relatively small influence on the
properties of the cores (i.e., temperature, mass, velocity disper-
sion, and chemical abundance, e.g., |André et al.|2007} [Friesen
et al.|2009; [Foster et al.[2009). However, these conclusions likely
do not apply to high-mass star forming regions. Previous high-
angular resolution observations have revealed that high-mass
sources with different evolutionary stages, from pre-stellar cores
to ultra-compact Hu (UCHI) regions, coexist in the same star-
forming complex close to each other, and the age spread within
the cluster members could be as large as ~2 to 3 Myr (e.g., Bik
et al. 2012} |Wang et al.|201 1} |Palau et al.[2010). The strong ultra-
violet (UV) radiation, massive outflows from the newly formed
high-mass stars, or expanding Hu regions can have a strong im-
pact on the environment around high-mass pre-stellar cores de-
tected interferometrically in dense gas tracers (e.g., NoH*, NHj,
Palau et al.|2010; Sanchez-Monge et al.|2013)).

Previous studies show that these energetic phenomena could
have major effects on pre-stellar dense cores. Millimeter inter-
ferometer observations performed by [Palau et al.| (2007b) de-
tected several pre-stellar candidates compressed by the expand-
ing cavity driven by a massive young stellar objects (YSO) in
IRAS 20343+4129, and the line widths are clearly non-thermal,
contrary to what is observed in clustered low-mass pre-stellar
cores. In the protocluster associated with IRAS 0534543157
Fontani et al.|(2009) found that the kinematics of two pre-stellar
core candidates are influenced by the passage of a massive out-
flow; [Palau et al.| (2007al) found that in IRAS 20293+3952 the
UV radiation and outflows can also affect the chemistry of star-
less cores, but the deuteration of species like N,H* and NHj,
seems to remain as high as in pre-stellar cores associated with
low-mass star forming regions (Fontani et al.|[2008| 2009} Bus-
quet et al.||2010; |Gerner et al.[|[2015). However, the aforemen-
tioned regions have Ly <5, 000 Lg, and the effects of a higher-
mass protostar on its surroundings, both at small (<5000 AU)
and large scales (>10, 000 AU), remain poorly constrained from
an observational point of view. On the other hand, a NIR pho-
tometry and spectroscopy towards the high-mass star forming
region RCW 34 (Bik et al|2010) suggests that the low- and
intermediate-mass stars formed first and produced the “bubble”,
while the O star formed later at the edge and induces the forma-
tion of the next generation stars in the molecular cloud.

Situated at a distance of 2.6 kpc, IRAS 22134+5834 (here-
after 122134) has a luminosity of 1.2x10* L, and is associated
with a centimeter compact source of a few mlJy (Sridharan et al.
2002). At millimeter wavelengths, this region is dominated by
an extended continuum source which peaks on the IRAS source
(Chini et al.|[2001; Beuther et al.|2002b). A massive molecu-
lar outflow is also detected with single-dish telescopes in CO
(Dobashi et al.||1994; [Dobashi & Uehara 2001} Beuther et al.
2002b)) and HCO*(1-0) (LSpez-Sepulcre et al.[2010), which in-
dicates one or more high-mass stars are forming. NIR K—band
images reveal a ring-shaped embedded cluster made of early- to
late-B type young stars with a central dark region (Kumar et al.
2003). Furthermore, multiple starless cores are found around the
centimeter source and the NIR cluster (Busquet|2010; Sanchez-
Monge|201 1} Sanchez-Monge et al.|2013). Therefore, the proto-
cluster associated with 122134 represents an excellent laboratory
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to study the influence of massive YSOs on nearby starless dense
cores.

In this paper we investigate the properties of the dense cores
in 122134, and the relations between with the ambient molecular
clouds and the more evolved cluster members. In Sect. 2] we de-
scribe the observations and data reduction. In Sect. 3] we present
the millimeter and centimeter continuum results, and the prop-
erties of the starless clumps from molecular line observations.
We discuss properties of the sources and interactions between
the YSOs and the molecular cloud in Sect. 4 and summarize the
main conclusions in Sect. [3]

2. Observations and data reduction

We observed the star-forming region 122134 with the (Ex-
panded) Very Large Array (VLAF_]), the Combined Array for Re-
search in Millimeter-wave Astronomy (CARMAE]), the Plateau
de Bure Interferometer (PdBI) and the Submillimeter Array
(SMAP). Table[1]and [2] summarise the observations.

2.1. (E)VLA

The 122134 star-forming region was observed with the VLA at
6.0, 3.6, 1.3, and 0.7 cm wavelengths in the A, B, and C con-
figurations of the array, in 2007 and 2009, with 10-21 EVLA
antennas in the array. The data reduction followed the VLA stan-
dard guidelines for calibration of high frequency data, using the
NRAO package AIPS. We complemented our continuum obser-
vations with 1.4 GHz continuum archival data from the NRAO
VLA Sky Survey (NVSS) (Condon et al.|1998])). We list the main
parameters of the observations in Table

The EVLA was also used on April 23 and May 07, 2010
to observe the continuum emission at 6.0 and 3.6 cm in its
D configuration, with a bandwidth of 2x256 MHz (up to 5
times better than the standard VLA observations). The data re-
duction followed the EVLA standard guidelines for continuum
emission, using the Common Astronomy Software Applications
package (CASA). Images were done with the CLEAN proce-
dure in CASA with different robust parameters (robust=-5 for
the EVLA 6.0 and 3.6 cm data, and =0 for the rest of the im-
ages), the resulting rms noise levels and synthesized beams are
shown in Table

The NH; (J,K) = (1,1) and (2,2) inversion lines (project
AKS58) were obtained during 2003 May 01 in its D configura-
tion with the VLA. The phase center was R.A. 22"15™08°.099
Dec. +58°4910700 (J2000). Amplitude and phase calibration
were achieved by regularly interleaved observations of the
quasar 2148+611. The bandpass was calibrated by observing the
bright quasars 1229+020 (3C273) and 0319+415 (3C84). The

! The Very Large Array (VLA) is operated by the National Radio As-
tronomy Observatory (NRAO), a facility of the National Science Foun-
dation operated under cooperative agreement by Associated Universi-
ties, Inc.

2 Supports for CARMA construction were derived from the Gordon
and Betty Moore Foundation, the Kenneth T. and Eileen L. Norris Foun-
dation, the Associates of the California Institute of Technology, the
states of California, Illinois, and Maryland, and the National Science
Foundation. Ongoing CARMA development and operations are sup-
ported by the National Science Foundation under a cooperative agree-
ment, and by the CARMA partner universities.

3 The Submillimeter Array is a joint project between the Smithsonian
Astrophysical Observatory and the Academia Sinica Institute of Astron-
omy and Astrophysics and is funded by the Smithsonian Institution and
the Academia Sinica.
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absolute flux scale was set by observing the quasar 1331+305
(3C286), and we adopted a flux of 2.41 Jy at the frequencies of
23.69 and 23.72 GHz. The 41IF spectral line mode was used to
observe simultaneously the NH3(1, 1) and (2,2) lines with two
polarizations. The bandwidth was 3.1 MHz, with 128 channels
with a channel spacing of 24.2 kHz (~ 0.3 km s~!) centred at
vLsr = —18.3 km s™!. The data reduction was done with the soft-
ware package AIPS following the standard guidelines for cal-
ibration of high frequency data. Imaging was performed using
natural weighting, the resulting rms and synthesized beams are
listed in Table[3] The same data were also presented in[Sanchez-
Monge et al.| (2013]).

2.2. CARMA

CARMA was used to observe the 3 mm continuum and the se-
lected molecular lines towards 122134 in the D configuration
with 14 antennas (five 10.4 m antennas and nine 6 m antennas) in
two different runs carried out on June 23, 2008 and May 4, 2010.
During the first run we covered the NoyH*(1 — 0) transition. The
phase center was R.A. 22P15m09523 Dec. +58°49’08”79 (J2000),
and the baseline ranged from 10 to 108 m. The Full Width at Half
Maximum (FWHM) of the primary beam at 93 GHz was 132"
for the 6 m antennas, and 77" for the 10.4 m antennas. The sys-
tem temperatures were around 200 K during the observations.
All the hyperfine transitions of N,H*(1-0) were covered with
two overlapping 8 MHz units, with 63 channels of each unit, re-
sulting in a velocity resolution of ~0.42 km s~!. Amplitude and
phase calibration were achieved by regularly interleaved obser-
vations of BL Lac. The bandpass was calibrated by observing
the brightest quasar 3C454.3. The absolute flux scale was set
by observing MWC349, with an estimated uncertainty around
20%. The observations carried out on 2010 were obtained with
the new CARMA correlator, which provides up to 8 bands. The
phase center was R.A. 22"15™08°1 Dec. +58°49'10770 (J2000),
and the baseline ranged from 9 to 95 m. We used three 500 MHz
bands to observe the continuum and five bands were set up to ob-
serve the C;H(N =1-0), CH3OH(20’2 — 1o,1)A+ (together with
CH3OH(2_|’2 - 1_1’|)E), HCO+(1—O), OFZ‘/’lO-NHQD(ll’] - 10’1),
CCS(76 — 65) and c-C3H3(2(1 2 — 1o,1) line emission. Amplitude
and phase calibration were achieved by regularly interleaved ob-
servations of the nearby quasar 2038+513. The bandpass was
calibrated by observing 3C454.3, flux calibration was set by ob-
serving Neptune. The estimated uncertainty of the absolute flux
calibration is about ~ 10 — 15%.

Data calibration and imaging (natural weighting) were con-
ducted in MIRIAD (Sault et al.[1995). The resulting synthesized
beam and rms for the continuum and detected molecular lines
are listed in Table 2] and Table 3] respectively. We did not detect
emission from HCO™(1-0), CCS(76—65) and c-C3H2(212—1¢,1)
at the 30~ limit of 130 mJy beam™! with a velocity resolution of
0.4 km s~!, hence we do not discuss these data in this paper.

2.3. PdBI

Observations in the 2 mm continuum and the N,D*(2-1) line at
154.217 GHz were obtained on June 02 and November 28, 2010,
with the PdBI in the D and C configurations, respectively. The
phase centre was R.A. 22"15™10°.00 Dec. +58°49’02”/6 (J2000).
Baselines range from ~19-178 m. Atmospheric phase correc-
tions were applied to the data, and the averaged atmospheric pre-
cipitable water vapor was ~5 mm. The bandpass calibration was
carried out using 1749+096. Calibration of phase and amplitude

of the complex gains were made by observing the nearby quasars
2146+608 and 2037+511. The phase rms is 10°to 40°, and the
amplitude rms is below 10%. The adopted flux density for the
flux calibrator, MWC349, was 1.45 Jy. Calibration and imaging
(natural weighting for N, D*(2-1) and robust=-2 for the contin-
uum) were performed using the CLIC and MAPPING softwares
of the GILDASﬂ package using standard procedures. The result-
ing synthesized beam and rms for the continuum and molecular
lines are listed in Table 2]and 3] respectively.

2.4. SMA

122134 was observed with the SMA on September 28, 2010
in the extended configuration with eight antennas (baselines
range ~21-180 m). The phase center of the observations is
R.A. 22"15™10°.00 Dec. +58°49'02”76 (J2000), and the local
standard of rest velocity was assumed to be =—18.3 km s~!.
The SMA has two sidebands separated by 10 GHz. The cor-
relator was set to 2 GHz mode, and the receivers were tuned
to 231.321 GHz in the upper sideband and a uniform veloc-
ity resolution of ~ 0.6 km s~!. The system temperatures were
around ~100-200 K during the observations (zenith opacities
725 gz < 0.08 as measured by the Caltech Submillimeter Ob-
servatory). Bandpass was derived from the quasar 3C84 obser-
vations. Phase and amplitude were calibrated with regularly in-
terleaved observations of quasars BL Lac and 3C418. The flux
calibration was derived from BL Lac observations, and the flux
scale is estimated to be accurate within 20%. We applied differ-
ent robust parameters for the continuum and line data (robust=1
for the continuum, and 2 for the line images), the resulting syn-
thesized beam and rms for the continuum and molecular lines are
listed in Table 2]and 3] respectively. Besides the SO(6s — 54) and
CO(2-1), the two isotopologues of CO ('3CO and C'80) are also
detected, however, the emission of these two transitions suffers
severe missing flux problem, and we do not discuss these data
in this paper. The flagging and calibration were done with the
IDL superset MIR (Scoville et al.||1993)), which was originally
developed for the Owens Valley Radio Observatory and adapted
for the SMAE} The imaging and data analysis were conducted in
MIRIAD (Sault et al.|1995).

3. Results
3.1. Centimeter continuum emission

VLA radio continuum emission is detected towards 122134 at all
wavelengths (Fig. [I). At low angular resolution (6” — 14”") the
6 cm and 3.6 cm emission is dominated by a strong and com-
pact source VLA, which is associated with one of the strongest
IRAC sources in the field at 3.6 ym and is saturated at longer
wavelengths in the IRAC band. A secondary radio source VLA2
is located ~ 15” to the northwest of VLA, and is also associ-
ated with a B star (Kumar et al.|2003)). Only VLAI is detected
in the high angular resolution observations (< 1”, bottom pan-
els in Fig. E]) and at 3.6 cm and 1.3 cm it is resolved into a
cometary morphology with the head of the cometary arc point-
ing towards the southeast. The peak intensity and flux density
measurements of VLA1 and VLA?2 are listed in Table[dl The flux

4 The GILDAS software is developed at the IRAM
and the Observatoire de Grenoble, and is available at
http://www.iram.fr/IRAMFR/GILDAS.

> The MIR cookbook by Chunhua Qi can be found at http://
cfa-www.harvard.edu/~cqi/mircook.html.
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Table 1. (E)VLA continuum observational parameters .

A Project ID. Config. Epoch Bootstr. Flux of Flux Beam PA. rms
(cm) Gain cal. 2148+611¢ cal. %) (®)  (uJy beam™)
VLA
20.0 NVSS? D 1995 Mar. 12 45.x45 0 470
6.0 AS902 A 2007 Jun. 05 1.28+1% 3C286 0.41x0.36 -17 37
3.6 AS902 A 2007 Jun. 05 1.05+1% 3C286 0.24x0.19 +25 17
1.3 AB1274 B 2007 Oct. 23 0.72+3% 3C286 0.30x0.22  +31 64
0.7 AS981 C 2009 Jun. 28 0.68+5% 3C286 0.63x0.39 +68 180
EVLA
6.0 AS1038 D 2010 Apr 23 1.29+1% 3C48  14.3%x10.0 +33 26
3.6 AS1038 D 2010 May 07 1.02+1% 3C48 8.3%5.9 +44 27
Notes. @ Bootstraped flux is in Jy.
®) The detailed description for NVSS data can be found in|Condon et al.|(1998).
Table 2. Millimeter continuum observational parameters .
Array A Config. Epoch Gain Bandpass Flux Beam” PA” rms*
(mm) cal. cal. cal. ("% ©) (mJy beam™")
CARMA 3 D 2008 Jun. 12 BL Lac 3C454.3 MWC349  7.15%x5.71 +23 0.38
CARMA 3 D 2010 May 04 2038+513 3C454.3 Neptune  7.15x5.71  +23 0.38
PdBI 2 D 2010 Jun. 02 21464608, 2037+511 1749+096  MWC349 2.67x1.58 +89 0.26
PdBI 2 C 2010 Nov. 28 21464608, 2037+511 1749+096  MWC349 2.67x1.58 +89 0.26
SMA 1.3 Extended 2010 Sep. 28 BL Lac, 3C418 3C84 BL Lac 1.26x1.00 -87 0.50

Notes. ) The beam size and and rms listed here for CARMA and PdBI observations are derived by combining the data from both configurations.

Table 3. Molecular line observation parameters.

b

Lines Frequency® Telescope  Config. Beam PA  Velocity resol. rms
(GHz) %) @) (km s™1) (mJy beam™")
NH;(1, 1) 23.694500 VLA D 3.77x3.10 +89 0.3 1.2
NH3(2,2) 23.722630 VLA D 3.69x3.00 +84 0.3 1.2
N,H*(1-0) 93.176254  CARMA D 549 x4.09 -82 0.4 31
C,H(N =1-0) 87.316898  CARMA D 6.49 X523 +22 04 50
CH;0H(2_;, - 1_1)E 96.739362 CARMA D 6.03x4.79 +27 0.06 108
CH3O0H(2¢, — 1o,1)A+ 96.741375 CARMA D 6.03 x4.79 +27 0.06 108
ortho-NH,D(1,; — 1p;)  85.926278  CARMA D 6.79 x5.40 +27 0.07 91
N,D*(2-1) 154.217011 PdBI C+D 296x1.94 +94 0.3 6.0
CO(2-1) 230.538000 SMA Extended 1.41x1.02 -88 0.6 36
SO(65 — 54) 219.949442 SMA Extended 1.49x1.07 -88 0.6 34

Notes. @ The frequencies for the lines are obtained from the Cologne Database for Molecular Spectroscopy (CDMS, Miiller et al [[2001} 2005),
except for NHj lines that the frequencies are obtained from the JPL Molecular Spectroscopy database (Pickett et al.|[1998).

® The rms listed here is per channel.

density of VLAL is almost constant at all the VLA observations,
while VLA2 shows a negative spectral index.

In order to investigate the physical properties of VLAIL,
we reproduced the VLA images considering only the common
uv—range (15-450 kA1) and convolved the resulting images to
the same circular beam of 0”77x0”7. The measured flux den-
sity and the deconvolved size of the continuum source VLAL1
obtained for the images with the same uv—range are listed in Ta-
ble [5] (see also[Sanchez-Monge[2011). Figure [2] shows the spec-
tral energy distribution (SED) of the radio source VLA1. The
flux of the source remains basically constant at centimeter wave-
lengths, with a spectral index @ = —0.19 (S, « v*) between 6
and 0.7 cm (Fig. [J). Combining the 20 cm data, we can fit the
SED with a homogeneous optically thin Hir region with a size
of 0.01 pc, an electron density (n.) of 5.5x10* cm™3, an emis-
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sion measure (EM) of 1.0x107 cm™® pc, an ionized gas mass of
9.1x107> M, and an ionizing photons flux of 2.5x10* s~! (cor-
responding to a B1 ZAMS star, Panagia 1973). The size of VLA1
suggests that it could be a hyper-compact Hun (HCHu) region,
however, HCHu regions should have EM~1.0x10'" cm™ pc or
ne ~ 5.5 x 10° cm™ which means the emission is typically opti-
cally thick at cm wavelengths (spectral index a = 2, Kurtz2005j
Churchwell|2002), thus VLAT is considered as a typical UCHu
region. Note that these definitions of HCHn and UCHn used
here differ from those of |Beuther et al.| (2007) and |Tan et al.
(2014), where HCHus are defined primarily based on size, i.e.,
as being <0.0lpc in diameter, and similarly UCHus as being
<0.1pc in diameter. It is worth noticing that at 20 cm we did
not exclude the emission of VLA2, so the fitting result is derived
with a 20 cm flux that could be overestimated. As shown in Ta-
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Fig. 1. The Spitzer/IRAC and (E)VLA continuum emission images. Top: Spitzer/IRAC 3.6 um, ELVA (D-config) 6.0 cm and 3.6 cm continuum
images. Bottom: The VLA 6.0 cm (A-config), 3.6 cm (A-config), 1.3 cm (B-config), and 0.7 cm (C-config) continuum images. The boxes in the
EVLA continuum images in the top mark the region zoomed in bottom panels. All the contour levels start at 40, and the steps are shown in each
panel. The o values are listed in Table[d] The crosses in the top-panels mark the two radio sources we detected. The synthesized beams are shown
in the bottom left corner of each panel. The Spitzer/IRAC post-bcd data processed with pipeline version S18.25.0 have been downloaded from the

Spitzer archive to create the image.

Table 4. Centimeter continuum properties of VLA1 and VLA2.

A Beam PA. I, S,
(cm) ("x") ) (mJy beam™)  (mlJy)
VLA1 22:15:09.23 +58:49:08.9 (J2000)

20.0 45%45 0 1.3+0.47 2.9+0.70
6.0 14.3%x10.0 +33 4.2+0.03 4.6+0.08
6.0 0.41x0.36 -17 1.6+0.03 3.5+0.11
3.6 8.3x5.9 +44 3.6+0.02 4.1+0.08
3.6 0.24x0.19 +25 0.8+0.02 3.5+0.09
1.3 0.30x0.22 +31 0.8+0.06 2.1+£0.20
0.7 0.63%x0.39 +68 1.5+0.18 2.1+0.36
VLA2 22:15:07.26 +58:49:17.9 (J2000)

6.0 14.3%x10.0 +33 0.7+0.1 0.8+0.05
3.6 8.3x5.9 +44 0.4+0.1 0.6+0.06

Notes. ) Error in intensity is the rms noise level of the map. Error in flux density is estimated as

\/(0' \/gsource/gbeam)2 + (o-ﬂux—scale)za where 95011rce

is the size of the source which we used to calculate the flux density (outlined by the lowest contour in Fig. ED, Opeam 18 the size of the synthesized
beam, 0 ux—scate 18 the error in the flux scale which takes into account the uncertainty of the calibration and is estimated as S, X %uncertainty (%uncertainty

is listed in TableT)).

ble ] at 3.6 and 6.0 cm the flux of VLA2 is only about 1/6 of
VLA 1. If VLA2 shares the similar SED to VLA as we shown
in Fig. 2] about 1/7 of the total emission at 20 cm might be due
to VLA2. If VLA2 keeps the same power law spectral index be-
tween 3.6 and 6.0 cm to 20 cm, about 1/2 of the total emission
at 20 cm might be due to VLA2. If we remove the potential in-
fluence of VLA 2 to the 20 cm flux the fit we obtained did not

change (less than 1%) and the shape of the SED is basically the
same.
3.2. Millimeter continuum emission

Figure [3] shows the millimeter continuum maps of 122134 ob-
tained with CARMA (3 mm), PdBI (2 mm) and SMA (1.3 mm),
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Table 5. Flux density for VLA1 with the same uv-range and same circular beam of 0”7x0"7.

A L* S,* Deconv. Size PA.
(cm) (mJy beam™')  (mly) ("x") )
6.0 2.7+0.04 3.6+0.1 0.48x0.38 +0.05 80«10
3.6 2.7+0.04 3.5+0.1 0.44x0.34 £0.05 80«10
1.3 2.0+0.07 25402 0.44x0.32+0.1 85+25
0.7 1.9+0.17 28404 0.62x0.37+0.3 85%30

Notes. ) The errors are estimated with the same method described in the note of Table 4]
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Fig. 2. Spectral energy distribution for radio source VLA1. Diamonds
correspond to the VLA high-angular resolution flux measurements
listed in Table [5} The triangle corresponds to the 20 cm flux measure-
ment in Table 4] The dashed line shows the linear fit (S, o« v*) to the
high-angular resolution data (diamonds) with @ = —0.19. The solid line
shows a homogeneous Hi region fit to all the data points in the figure.

and Figure [d] shows the continuum maps overlaid on the UKIRT
K-band (2.2 um) and Spitzer/IRAC 3.6 um images. At 3 mm,
we detected one main millimeter clump with weak extended
emission towards the southeast. With much better angular res-
olution, the clump is resolved into multiple cores at 2 mm and
1.3 mm. In the 3 mm continuum map the size of the clump
is outlined by the 30~ contour (10=0.38 mJy beam™', Fig.
For the 2 mm and 1.3 mm continuum maps, we employ the ap-
plication FINDCLUMPS?] Figure [3| shows that the 2 mm core
MM1 is associated with one 1.3 mm core, MM3 is resolved

¢ FINDCLUMPS is a part of the open source software package Star-
link, which was a long running UK Project supporting astronomi-
cal data processing. It was shut down in 2005 but the software con-
tinued to be developed at the Joint Astronomy Centre until March
2015, and is now maintained by the East Asian Observatory. with
the algorithm ClumpFind (Williams et al.||1994) and 30 boundaries
(16=0.26 mJy beam™' for 2 mm and = 0.50 mJy beam™! for 1.3 mm
continuum map) to identify the cores. The identified cores which are
located outside the FWHM of the primary beam (32" for the PdBI, and
55" for the SMA) or have a peak intensity less than 5o are rejected man-
ually. Eventually, we identified 6 cores at 2 mm and 5 at 1.3 mm. The
properties of the cores we identified are listed in Table[6] The sizes and
fluxes are derived from ClumpFind, the peak intensities and positions
are measured from the continuum maps directly.
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into two 1.3 mm cores, named MM3a and MM3b. The 2 mm
core MMS is resolved into two cores at 1.3 mm, named MM5a
and MM5b. MM2 is associated with one near-infrared source
at seen in the K—band image (Fig. and the UCHu region
VLA1 (Fig. [I). Figure ] shows that MM1 coincides with one
near-infrared source at K—band. MM3a show no emission at
K—-band, but strong emission is detected towards this source at
longer wavelengths at Spitzer/IRAC bands (Fig. d)), which indi-
cates MM3a is still relatively deeply embedded. We do not detect
the 1.3 mm counterparts of MM2, MM4 and MM6, which could
be due to the 2 mm observations having a better uv-coverage
and/or sensitivity than the 1.3 mm observations. If we assume
the dust emissivity index of § = 1.8 and convert the peak in-
tensity of MM2, MM4 and MM6 we measured at 2 mm (Ta-
ble[6), the results would be above the 3¢~ detection limit we have
with the SMA observations, so the better sensitivity of the PdBI
is not the reason we do not detect the 1.3 mm counterparts of
these cores. Following the method described in the appendix of
Palau et al.| (2010), we estimated that the largest structure from
the shortest baselines of our observations that our PdBI obser-
vations could recover is ~ 9.5”, while for the SMA observation
itis ~ 5.7”. Thus the relatively smooth distributed MM2, MM4
and MM6 were filtered out by the SMA observations. VLA2 is
not detected at millimeter wavelengths, probably due to the low
sensitivity of our mm observations. The open squares in Fig. 3]
mark the continuum cores detected by [Palau et al.| (2013)), and
the southwest one is associated with MM 1. We will discuss the
detailed comparison in Sect. [4.1]

Assuming optically thin dust emission and following Equa-
tion [I]and [2] (Hildebrand|[1983}; [Schuller et al.[2009) we estimate
the gas mass and peak column density of the continuum sources:

RS, d&?
My = 004 (1)
£ B, (Taust) Ky
RI,
NHz ()

© B(Taus) Q &y pt my

where §, is the total flux density integrated over the source, I,
is the peak intensity of the source (Table[6), d is the distance to
the source ~2.6 kpc, R is the gas-to-dust ratio ~100, Q is the
beam solid angle, u is the mean molecular weight of the inter-
stellar medium ~ 2.3, my is the mass of an hydrogen atom, B,
is the Planck function for a dust temperature Ty,, and «, is the
dust opacity ~ 0.899 cm” g~! at 1.3 mm (0.41 cm? g~! at 2 mm,
and 0.18 cm? g~! at 3 mm for the thin ice mantles at density
of 10% cm?, a dust emissivity index of 8 = 1.8, |Ossenkopf &
Henning||1994). Assuming Local Thermodynamic Equilibrium
(LTE), the rotational temperature (7,) obtained from the NH;
observations (Sect. [3.4.T) approximates kinetic temperature 7.
At the densities of our cores (10° cm™3), the dust and gas is well
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Fig. 3. The millimeter continuum map obtained with the CARMA (left), PdBI (middle) and SMA (right). Contour levels start at 3¢ in steps of 20
The o of the contours in each panel, from left to right, is 0.38, 0.26, 0.50 mJy beam™', respectively. The dashed box in the left panel marks the
region plotted in the middle and right panel. The color-scales in the PdABI and SMA panels show the core structures and boundaries derived from
the ClumpFind procedure, the triangles and the numbers mark the peaks as listed in Table[6] The star marks the UCHu region VLA1. The squares
mark the cores detected by (2013). The dotted contours are the negative features due to the missing flux with the same contour levels

as the positive ones in each panel. The synthesized beam is shown in the bottom right corner of each panel.

coupled, thus we take Ty to be equaled to dust temperatures
T 4ust. In cores for which the T, measurements are not available,
a dust temperature of 20 K is assumed. The results are shown in
Table [6] Adopting the spectral index @ = —0.19 we derived for
the centimeter emission of VLA in Sect. 3.1 we estimate the
free-free flux at 2 mm (2.0 mJy) and 3 mm (2.2 mJy), and cor-
rect the mass and column density estimations which are listed
for MM2 and the CARMA clump in Table [f] We took into ac-
count only the error from the intensity and flux measurement to
estimate the error for the mass and column density estimations
as listed in Table |§l The uncertainty for the Ty, measurements

is ~ 10 — 20% (Busquet et al]2009), which would also bring
< 30% uncertainty in our mass and column density estimation.

3.3. Molecular line emission
3.3.1. Large scale

The CARMA and VLA molecular line observations are used to
study the large scale structure of the molecular cloud in this re-
gion. Most of the molecular gas is concentrated at the southeast
edge of the NIR cluster, and the cometary arc of the Hm region
VLAL is also pointing towards this direction. Figure 5 shows
that the molecular cloud traced by NoH*(1 — 0) and NH;(1, 1)
consists of several clumps forming an extended structure around
the UCHII region and the NIR cluster. Two main structures can
be identified in the NoH*(1 — 0) and NH3(1, 1) maps, one to
the southeast of the NIR cluster and the other one to the south-
west. The two main structures are not associated with any em-
bedded infrared source (Fig. [5), thus we name them high-mass
starless clump east (HMSC-E) and west (HMSC-W). Several
small clumps are detected in NoH*(1 — 0) and NH3(1, 1) maps,
which are located in the north and northwest of the NIR cluster.
Additionally, the NH3(1, 1) emission also reveals an elongated
filament extending from the southeast to the northwest across the
center of the ring shape of the NIR cluster, we name it central fil-
ament (Fig. [B). Three deuterated ammonia ortho-NH,D clumps
are detected surrounding the NIR cluster, we name them NH,D-
N (north), NH,D-E (east), and NH,D-S (south), respectively.
NH,D-N is associated with NH3(1, 1) and NoH*(1-0) emis-
sion, NH,D-S is associated with the southern peak of HMSC-W,
and NH,D-E sits close to the southeastern tail of the HMSC-E.

58°49'20"

58°49'00"

58°48'40"

58°49'20"

58°49'00"

Dec. |2000]

58°48'40"

58°49'20"

58°49'00"

58°48'40"

22"15M10°

R.A. [2000]

Fig. 4. The millimeter continuum map obtained with the CARMA,
PdBI and SMA overlaid with UKIRT K-band (2.2 um, left) and
Spitzer/IRAC 3.6 um (right) images. Contour levels start at 3™ in steps
of 20 in all panels. The stars in the top-panels mark the UCHu region
VLA1. The UKIRT K-band image is from [Kumar et al.| (2003)). The
Spitzer/IRAC post-bed data processed with pipeline version S18.25.0
have been downloaded from the Spitzer archive to create these images.

Single dish observations done by [Fontani et al.| (2015) detected
ortho-NH,D emission towards the UCHn region and HMSC-E
with the same peak intensity of 0.05 K (corresponding 200 mJy
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Table 6. Millimeter continuum peak properties.

Cores

Mass?

R.A. (J2000) Dec. (J2000) L S.¢ Nth T qust size
(mJy beam™") (mly) (M) (x102 cm™?) (K) arcsec?
3 mm
clump® 22:15:09.30 58:49:08.7 8.8+0.38 48.8+ 10.4 159.5+33.9 2.3+ 0.1 254 736.0
2 mm
MM1 22:15:08.87 58:49:07.8 4.9+0.26 93+2.0 6.1+ 1.3 2.5+ 0.1 20 20.8
MM2¢ 22:15:09.17 58:49:08.8 1.5+0.26 29+ 1.1 1.9+ 0.7 0.8+ 0.1 20 11.0
MM3 22:15:09.56 58:49:13.2 2.6+0.26 47+ 1.1 22+ 0.5 0.9+ 0.1 274 15.3
MM4 22:15:09.25 58:49:06.0 2.2+0.26 44+ 1.1 2.9+ 0.7 1.1+ 0.1 20 16.1
MMS5 22:15:10.67 58:49:05.9 2.1+0.26 2.6+ 0.7 1.7£ 04 1.1+ 0.1 204 8.6
MM6 22:15:09.02 58:49:11.0 1.9+0.26 2.0+ 0.6 1.3+ 04 1.0+ 0.1 20 7.2
1.3 mm
MM1 22:15:08.84 58:49:07.8 5.3+0.5 9.5+2.2 1.5+0.3 2.0+ 0.2 20 4.9
MM3a 22:15:09.66 58:49:13.2 4.5+0.5 8.4+ 2.0 0.9+ 0.2 1.2+ 0.1 274 4.6
MM3b 22:15:09.38 58:49:11.6 2.9+0.5 42+ 1.2 0.5+ 0.1 0.8+ 0.1 254 29
MM5a 22:15:10.62 58:49:06.0 4.4+0.5 47+ 1.2 0.7+ 0.2 1.7+ 0.2 204 2.6
MM5b 22:15:10.72 58:49:05.2 3.7+£0.5 2.2+ 0.7 0.3+ 0.1 1.4+ 0.2 204 1.2

Notes. @ The errors are estimated with the same method described in the note of Table and %yncertainty €quals to 20% for all the mm observations.
® The error in the mass and column density is estimated with taking into account of the error in intensity and flux measurements only.

(© The results for these sources are corrected for free-free emission.

@ T, for these sources are derived from T, obtained from the NH; observations (Sect. [3.4.1)), and for the rest of the sources Ty is assumed to

be 20 K.

with a beam size of ~ 28"), and this intensity is only one third
of the intensity they detected towards HMSC-W. The 30 limit
for our ortho-NH,D observation is ~273 mJy beam™' (Table ,
and larger than the peak intensity [Fontani et al.[(2015) detected
towards the UCHm region and HMSC-E. Strong C;H(N =1-0)
and CH3OH emission is also detected towards the southeast of
the NIR cluster, and extended towards the “cavity” of the NIR
cluster.

3.3.2. Small scale

In addition to the continuum emission, our extended configura-
tion SMA observations also detect the CO(2-1) and SO(65 — 54)
lines. The '2CO(2-1) outflow maps are shown in the left-panels
of Fig. [} The '>CO(2-1) spectra (right-panels, Fig. [6), which
were extracted from the respect peaks of the red- and blue-
shifted emission (left-panels, Fig. @ show that most of the
emission close to the vigg is filtered out by the interferome-
ter. The 2CO(2-1) spectrum towards the blue-shifted emission
peak shows strong blue-shifted emission but no red-shifted emis-
sion. Similarly, the spectrum extracted towards the red-south
peak shows strong red-shifted emission but no blue-shifted emis-
sion. The spectrum towards the red-north peak shows weak blue-
shifted emission at low velocity ( —26.5 to —23 km s71), and
strong red-shifted emission at both high and low velocity. The
12C0O(2-1) outflow maps shows a bipolar outflow that is roughly
in the south-north direction. The outflow maps show that the
candidate driving source could be MM2, MM4 or the infrared
source IRS1 suggested by Palau et al.|(2013)) (see Fig. 3 in Palau
et al.|2013)), which is marked with cross in Fig. @ However, it
seems less likely that MM2 could be powering such a collimated
outflow while being in an advanced evolutionary stage where it
has already cleaned up most of the surrounding gas (see Sect.[4.3]
and [£-4). The red-shifted emission resembles the Hubble-law
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with the increasing velocity emission at a longer from the driv-
ing source (Arce et al.[|2007). Previous single dish studies also
detect outflow activity with a direction of southeast (blue) -to-
northwest (red) in this region (e.g., [Beuther et al.[2002b; [Lopez-
Sepulcre et al.|[2010). With a higher angular resolution PdBI A
configuration observations (0758x0749), |[Palau et al. (2013) fil-
ter out all the large scale extended emission and resolve two out-
flow knots, one blue-shifted in the south and one red-shifted in
the north, with the size of ~ 1 — 2”. These outflow knots co-
incide with the main south-north direction blue and red-shifted
peak in our outflow map (Fig.[6). NIR narrow band observations
done by [Kumar et al.|(2002) detected knotty, nebulous H, emis-
sion in the northeast direction of the red-shifted outflow compo-
nent (marked with green ellipses in Fig. [6), and they claim the
H, emission is tracing the outflows. The blue-shifted emission
detected in both outflow maps in the northeastern of the region
could be associated with the H, emission. It is clearly shown in
the outflow map (Fig. [6) that the blue and red-shifted compo-
nents are not lined up straightly, which might be due to the in-
homogeneous distribution of the ambient molecular gas or to the
strong influence of the cluster and nearby stars as suggested by
Kumar et al.[(2002). Besides the main south-north outflow, the
outflow maps also show many other red and blue-shifted lobes
spread through the image, which could be due to the fact that
this outflow is extended and we filter out a lot of the large scale
structure, or multiple outflows driven by different sources. Multi-
configuration observations as well a complementing short spac-
ing single-dish data, in order to have a good uv-coverage, are
necessary to understand the outflow emission structure in this
region. We combined the low and high velocity outflow emis-
sion, and estimated the mass My, momentum poy and energy
Ey of the bipolar outflow which is in the south-north direction
(outflow lobes marked with squares in Fig. [6). For the calcula-
tions, we applied the method of |Cabrit & Bertout| (1990, 1992),
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Fig. 5. The UKIRT K—-band image and large scale molecular line integrated intensity maps. The contour levels start at 3 o and increase with a step
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, respectively. As the integrated velocity ranges show, we include all the hyperfine components N,H*(1-0) for the integrated
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intensity map, for NHs(1, 1) we integrate only the main group of hyperfine components. The star marks the UCHu region, and the crosses mark
the ring-shaped cluster of infrared sources identified by [Kumar et al.| (2003)). The dotted contours are the negative features due to the missing flux
with the same contour levels as the positive ones in each panel. The synthesized beam is shown in the bottom left corner of each panel.

assuming that '3CO(2-1)/'2CO(2-1) line wing ratio is 0.1 (Choi
et al.|1993; Beuther et al.[2002b), and H,/'>*CO= 89x 10* (Cabrit
& Bertout||{1992) and Ty = 30 K. For the blue shifted emission
we derived Moy ~0.07 My, pou ~0.85 My km s~!, and for the
red shifted emission My, ~0.11 Mg and poy ~1.52 Mg km s~
The total energy of the outflow E. ~ 3.24 x 10* erg ( cor-
responding to 16.29 M, (km s~')?). From single-dish measure-
ments, [Beuther et al.| (2002b)) derived that the total outflow mass
Moy =17 Mg, total outflow momentum pg,e =242 My km s7L,
and E,,=3.4x10% erg, which indicates that we only recovered
~1% of the outflow emission.

The integrated intensity map of SO(6s — 54) (left-panel,
Fig.[7) shows one emission peak at the continuum source MM1
and another peak in the position of R.A. ~22"15™09°.7 Dec.
~+58°4903" (J2000), which could be tracing part of the large
scale molecular cloud surrounding the NIR cluster (Fig. [5)), and
is mostly filtered out by the extended configuration SMA obser-
vations.

Figure[7]and[§]show the integrated intensity map of N,D*(2—
1). Three N,D* cores are detected with a peak intensity >
4 o, we name these cores No,D*-E (east), NoD*-C (center),
and N,D*-W (west), respectively. N,D*-E is associated with
HMSC-E with strong NoH* emission, and the other two N,D*
cores lie very close to the continuum cores and the UCHm re-
gion VLA1 and have no N,H* emission (left panel, Fig.[8). It is
worth noting that N,D*-C and N,D*-W lie just between the NHj
peaks, this anti-correlation may indicate some peculiar chemical
process. The non-detection of NoH* emission towards the other
two NpD* cores might be due to a sensitivity issue, the rms of

N,D* observations being about 20% of the rms for N,H* obser-
vations (Table . The NHs(1, 1) filament that the N,D* cores
are associated with is observed with the VLA and also has a
much better sensitivity and uv—coverage than the N,H" obser-
vations (Table . Still these are the closest N,D* cores to an
UCHu region detected so far (projected distance ~8,000 AU at
d = 2.6 kpc). With a primary beam size of ~ 32”at 2 mm, our
PdBI observations can only cover HMSC-E and the UCHu re-
gion but not HMSC-W, so we do not have N,D* for HMSC-W.

3.4. Analysis
3.4.1. Column density and temperature of NH; and N,H*

NH;(1, 1), (2, 2) and N,H*(1-0) emission are used to study
the column density and temperature properties of the molecu-
lar cloud clumps. To compare with the NoH* results, we first
convolved the NH3(1, 1) and (2, 2) data cube to the same angu-
lar resolution as the NoH*(1-0) one, 5749 x 4709, P.A.= —82°.
Then we extracted the spectra of NH3(1, 1) and (2, 2) lines for
positions in a grid of 077x07, and fitted the hyperfine struc-
ture of the NHj3(1, 1) transition, and a Gaussian profile to the
NH;3(2, 2) using CLASS. Following the procedure described in
Busquet et al.|(2009), we derived the rotational temperature, and
the column density maps of the NH3 emission. For N,H*(1-0)
transition, we also extracted spectra towards each position and
fitted the hyperfine structure of each line (Caselli et al.||1995),
and following the procedure outlined in the appendix in |Caselli
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Fig. 6. The SMA '2CO(2-1) outflow maps overlaid with the SMA 1.3 mm continuum map (leff), and the average '>CO(2-1) spectra extracted from
the peaks of the red- and blue-shifted emission marked with squares in the left panels. Top-left panel shows the high velocity outflow map and the
bottom-left one shows the low velocity outflow map. In both panels, the full and dashed contours show the blue-shifted and red-shifted '2CO(2-1)
outflow emission, respectively. All the contour levels start at 40 and increase with a step of 2o/level. The o value and velocity-integration range
of each outflow emission are shown in the bottom of the left panel in the units of mJy beam™' and km s~!, respectively. Two open ellipses mark
the nebulous H, emission detected by [Kumar et al.|(2002). The cross marks the infrared source which was suggested by |[Palau et al.|(2013)) as the
driving source of the outflow. The triangles mark the positions of our 2 mm cores. The dotted contours are the negative features due to the missing
flux with the same contour levels as the positive ones in the panel. The synthesized beam of the outflow map is shown in the bottom right corner of
the left panel. The squares at the peaks of the red and blue outflow lobes with the size of 1”74 X 1’4 mark the area where we extracted the spectra
shown in the right panels. In the right panels, the dashed lines mark the velocity regimes we used to define the outflow emission, the dashed-doted
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maps. Contour levels start at 30~ and increase with a step of 1o. The o0 and NHj(1, 1) integrated intensity maps. The contour level parameters

value and the integrated velocity ranges of each transition are shown in  of N,D*(2-1) integrated intensity map are the same as in Fig. [/} The

the respect map in the units of mJy beam™' km s~! and km s~!, respec-  thin black contour in each panel indicate the 3¢ level of the N,H* (1-0)

tively. The star marks the UCHn region, the triangles mark the 2 mm  and NH;(1, 1) integrated intensity emission. The o values and inte-

continuum sources. The dotted contours are the negative features due  grated velocity range are the same as in Fig. [7]and [} respectively. The

to the missing flux with the same contour levels as the positive ones in  star marks the UCHu region. The dotted contours are the negative fea-

each panel. The synthesized beam is shown in the bottom right corner tures due to the missing flux with the same contour levels as the positive

of each panel. ones in each panel. The synthesized beam of N,D*(2-1) is shown in the
bottom left corner of each panel, and the one of NoH*(1-0) and NH3(1,
1) is shown in the bottom right corner of respect panel.

et al.| (2002b) we derived the excitation temperature and column

density maps of NoH* emission. The parameters of the molecule

for the calculations are obtained from CDMS (Miiller et alJ2001, NH3 column density for HMSC-E is ~ 5 x 10'* cm™2, the gas

2005). The resulting maps are shown in Fig. [9] While the peak close to the UCHu region shows a lower NH3 column density
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Table 7. Deuterium fraction of N,H* and NH;.

Cores Drrac

N,D*-E  0.0035
N,D*-C  0.035*
N,D*-W  0.048*
NH,D-E  0.040
NH,D-S  0.012
NH,D-N  0.014

Notes. ® Lower limit.

of ~ 1 x 10" cm™2. The NH3 column density reaches its high-
est value in the western clump HMSC-W of ~ 1 x 105 cm™2.
In contrast to the NH; emission, the column density of NoH*
peaks close to the NH3(1, 1) integrated intensity peak, with a
value of ~ 6 x 103 cm™2, and the western clump HMSC-W
has only a peak column density of ~ 2 x 10'* cm~2. Concern-
ing the temperature, the Ty, map derived from NH; observa-
tions shows the main part of HMSC-E has a temperature of ~20
to 25 K, and achieve the highest value of 30 K at the position
close to the UCHu region. The western clump HMSC-W has a
much lower T, of ~ 14 K. These results are consistent with the
values reported in Sanchez-Monge et al.| (2013), that the tem-
perature increases when approaching the UV-radiation source.
For the N,H* observations, the excitation temperature T, also
shows a higher temperature at position close to the UCHu region
of ~ 17 K and a lower value towards HMSC-W of ~ 10 K.

The deuterated fraction (hereafter Dg,.) of NoH*, defined
as the column density ratio of the species containing deuterium
to its counterpart containing hydrogen, is reported to be anti-
correlated with the evolutionary stages of the high-mass cores
(Fontani et al.|[2011)). Following the procedure outlined in the
appendix in (Caselli et al.| (2002b)), we also estimate the column
density of N,D* and NH,D, and then derive Dg,.(No,H") and
Do (NH3). The results of Dy, (NoHY) and Dy, (NH3) are listed
in Table |7} NoH* 30 upper limit is used to estimate Dy,.(N,H*)
of the two N,D* cores close to the UCHu. For simplicity, we
assumed T.x =20 K and a beam filling factor of 1. Every 10 K
change from T¢x would bring < 22% to our estimation for D.

3.4.2. Kinematics

To study the kinematic properties of the molecular cloud clumps,
we construct velocity maps of C;H(N =1-0), CH30H(2¢, —
1o.1)A+, NHi(1, 1) and NH*(1-0) with the same spatial and
velocity resolution. We convolved all the data cubes to the
same spatial (6749x5723, P.A.= 22.21°) and velocity resolu-
tion (0.42 km s~!) in order to compare the velocity structure
among these tracers. Single velocity component hyperfine struc-
ture fitting for NH3(1, 1) (Busquet et al.[2009) and NoH*(1-
0) (Caselli et al|[1995) are performed towards each point and
produce the velocity map. For CH3OH, the emission close to
the UCHu also shows a double peaked velocity structure, and
the rest part shows only one velocity component. The signal-to-
noise ratio of the CH3;0H(2(, — 1¢,1)A+ is not good enough to
perform the multi-component fit, so we performed one veloc-
ity Gaussian fitting. We found that the C,H(N =1-0) spectrum
shows strong double velocity peaks in some positions, so we fol-
lowed the routine described by |Henshaw et al.|(2014) and |Hacar|
et al.| (2013) to perform a multiple components Gaussian fits.
The process is as follows: we first compute an average spectrum
in a square area with a size of 6749 (about the size of the syn-

thesized beam), and decide whether the average spectrum has
to be fitted with one or two velocity components. The fit results
from the average spectrum are used as the initial guesses for all
the spectra inside the square area. If one spectrum is fitted with
two velocity components, we apply the following quality check:
the separation of the two components must be larger than the
half-width at half-maximum of the stronger component and the
peak intensity of each component must be larger than 3 o (with
o =0.45 Jy beam™! ), otherwise, the spectrum is fitted with one
velocity component (see Henshaw et al.|2014; Hacar et al.|2013
for the details of the fitting routine). While most of the C,H emis-
sion can be fitted with one single velocity component, emission
in the north and southwest requires of two velocity components.
The blue-shifted component shows similar velocity to its adja-
cent emission, thus it is associated with the main emission struc-
ture. We combined the velocity map of the blue-shifted com-
ponent with the one of the main emission and the resulting ve-
locity map is shown in the top-left panel in Fig. ['1;0] (Vi(C,H) ).
The velocity map of the red-shifted component is shown in panel
V»(C,H) in Fig. [I0]

All the velocity maps in Fig. |10|are presented with the same
velocity range and were clipped at the 4 o level of the respec-
tive line channel map. The V;(C,H) velocity map shows a clear
velocity gradient suggesting that the region close to the UCHn
region and the NIR cluster is more red-shifted than the region
far away from the UCHu region. The CH3;0H(2¢, — 10,1)A+ ve-
locity map shows a more complicated velocity gradient along
the filament, where the velocity of the structure shifts from
—-19.6 km s~! to —18.9 km s~! and back to —19.6 km s~! again
following the arrow in Fig. The whole CH3;0H(2¢,—1¢,1)A+
emission structure is also blue-shifted by ~1 km s~! compared
to other molecular line emission. Single velocity component hy-
perfine structure fitting for NH3(1, 1) (Busquet et al.|[2009) and
N,H*(1-0) (Caselli et al[|1995) are performed towards each
point and produce the velocity map.

The NH3(1,1) velocity map shows that the majority of the
emission is at ~ —18.7 km s~!. Interestingly, the Central Fil-
ament in the NH3(1, 1) velocity shows blue-shifted emission
from the main component by ~ 1 km s~!, while the southern
and eastern region of HMSC-E shows red-shifted emission by
~ 1kms ! Itis interesting to notice that the N,D™* cores show
similar velocity ~ —19.3 km s! (Fig. , which further con-
firms that these N,D* cores are associated with the NH3(1, 1)
filament. This velocity structure of NH3(1, 1) is also reported
by [Sanchez-Monge et al| (2013). HMSC-E also shows similar
velocity structure in the NoH*(1-0) velocity map, that the south-
eastern part is red-shifted and the emission peak is blue-shifted.

The line width maps of C;H(N =1-0), CH30H(2¢, -
1o.1)A+, NH3(1, 1) and N,H*(1-0) are shown in Fig. The
line width maps of NH3(1, 1) and NoH*(1-0) both show that
the line width towards western clump HMSC-W is ~0.4 km s~!
smaller than the eastern one HMSC-E, and N,H*(1-0) also
shows a large line width (~ 2 km s™!) to the southeast of HMSC-
E. For C,H(N =1-0) and NH3(1, 1), most of the emission shows
line widths around 1 km s~!, while close to the UCHu region
the line widths get larger than 2 km s~!, which might be due to
the feedback effects from the UCHu region. The NH3(1, 1) spec-
trum extracted from the joint region (approximately the size of
one beam) between the Central Filament and the emission clump
shows two velocity components one at ~—18.0 km s~! and the
other at ~—19.3 km s~! (Fig. . Furthermore, the Central Fil-
ament has only one velocity component and is ~1 km s~! blue-
shifted from the main clump, these features together indicate that
the Central Filament is at a slightly different plane from the main
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Fig. 9. Left: NH; column density map (top) and rotational temperature map overlaid with 3 mm continuum and NH;(1, 1) integrated intensity
contours, respectively. Right: the N,H* column density map overlaid with NH;(1, 1) integrated intensity contours (top), and N,H* (1-0) excitation
temperature map overlaid with N,H*(1-0) integrated intensity contours. 3 mm continuum contours start at 3¢~ in steps of 4¢-. All the other contour
levels parameters are the same as in respect panel in Fig. [5] The synthesized beam of the temperature and column density map is shown in the
bottom left corner of each panel, the synthesized beam of the contour map is shown in the bottom right corner of each panel.

clump and the NIR cluster in space. Since the N,D* cores are as-
sociated with the NH3(1, 1) Central Filament, the proximity of
these deuterated cores to the UCHu region could just be a projec-
tion effect. Furthermore, the Center Filament could also produce
the center “cavity” seen in the NIR image (Kumar et al.|2003]
see also Fig.[3) via absorbing the background emission as it is in
the foreground of the cluster.

Figure [T3] shows the Position-Velocity (PV) diagrams for
CH(N =1-0) and CH30H(2p, — 1¢,1)A+. The corresponding
PV cuts of each panel are shown in Fig.[I0] The PV cut marked
as arrow “pv-1” in the C,H(N =1-0) velocity map cuts through
the two dust continuum cores MM1 and MM3 (Fig. [I0). The PV-
diagram shows a “C” shape velocity structure, which indicates
the C,H emission is tracing an expanding bubble/shell struc-
ture (Arce et al.|[2011). The PV cut marked as arrow “pv-2” in
C,H(N =1-0) velocity map in Fig.[I0]is perpendicular to the PV
cut pv-1. The PV-diagram shows a clear velocity gradient with
increasing velocity as we move along the PV cut pv-2, which
might be indicating that the emission structure is expanding to-
wards the observer or rotating. As C,H is often considered as
a tracer of photo-dominated regions (PDR, e.g., Millar & Free-
man| 1984} Jansen et al.|[1995)), the expanding velocity structures
might be tracing the expanding PDR driven by the stellar clus-
ter. The PV cut of CH3;0H(2p, — 1¢,1)A+ follows the CH;0H
filament (Fig. [I0). The PV diagram also shows an ring shape
velocity structure with the center near the UCHn region (off-
set 0), which is expected if the emission structure is expanding
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(Arce et al.[2011). CH3OH is well known as a shock tracer (e.g.,
Beuther et al.[2005}; Jgrgensen et al.|2004)), the expanding veloc-
ity structure could be tracing the interaction front of the molec-
ular cloud and the stellar wind from the cluster members.

We selected five typical positions, indicated in Fig. [I0] by
the red circles, and extracted the spectra of C,H(N =1-0),
CH30H(2¢, — 101)A+, NHi(1, 1) and NoH*(1-0) to compare
the kinematic properties in different location. Position A is cho-
sen because it shows two velocity components in C;H(N =1-
0) and large line width in NH;3(1, 1) and N,H*(1-0). Position
B is close to the emission peak of NH3(1, 1) and also shows
two velocity components in CH3;0H(2¢, — 1¢,;)A+. Position C
shows two velocity components in Co,H(N =1-0) and large line
width in N,H*(1-0). Position D and E are the peak positions
of N,H"(1-0) integrated emission towards HMSC-W. We com-
pute the average spectra within the circular area with a radius of
3”5 (the synthesized is 6”749x5/23) at each position, then sin-
gle or two velocity components are fitted to the average spectra.
The spectra and fitting results are shown in Fig. [I4]and Table|[§]
In Table[8] for positions that the line was fitted with two velocity
components, the red-shifted one is marked with subscript 1 (e.g.,
A/) and the red-shifted one is marked with subscript 2 (e.g., As).
While the spectra of C,H(N =1-0) at position A and C show
clear double peaked features, the spectrum at position B has only
one peak. Furthermore, position B is at the peak position of the
integrated intensity of C;H(N =1-0) (Fig.[3)), while A and C are
situated at the edge of the emission structure. Thus the double
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Fig. 10. Molecular line velocity maps overlaid with 2 mm, 3 mm continuum map and NH;(1, 1) integrated intensity map. The contour level
parameters are the same as the ones in Fig. [5]and[5] The dashed arrows in the rop panels mark the PV-cuts used for PV diagrams in Fig.[I3] The
star marks the UCHu region. The cross in the top-right panel marks the reference position in CH;OH PV diagram in Fig.[T3] The circles mark the
area where the average spectra are extracted and shown in Fig. [T4] The synthesized beam of the velocity maps is shown in the bottom left corner
of each panel, and the one of the contours is shown in the bottom right corner of respect panel.

peaked feature at position A and C should be due to that two
components coincide along the line of sight, not due to self ab-
sorption. These two components may trace different parts of the
PDR. As we mentioned above and showed in Fig.[T4] two veloc-
ity components are found in CH3;0H(2(, — 1¢,;)A+ line at posi-
tion B, but we could not fit the spectrum properly, thus we ex-
clude this line from the discussion below. For NH3(1, 1), we do
not find double peaked features towards these five positions. All
the N, H*(1-0) spectra can be fitted with one component, except
the one from position C. The isolated component of the average
spectrum at position C shows a clear double peaked feature. The
double peaked feature is shown in the average spectrum but very
difficult to identify in each single spectrum, because the isolated
component of the N,H*(1-0) hyperfine transitions we used to
determine the number of components to fit is relatively weak and
double peaked feature is only shown towards the southeast edge.
The red-shifted component of the N,H*(1-0) and C,H(N =1-0)
emission at this position shows similar velocity, which indicates
they are associated with each other.

To estimate the contribution of the non-thermal component
in the molecular emission, we assumed the relation oy =

T2 — T4 — Ofesor Where oo is the measured velocity dis-

persion, oy, is the thermal velocity dispersion, and e i the
velocity dispersion introduced by the velocity resolution of our
data. For a Gaussian line profile with the FWHM line-width

Av is obtained from the fittings, then oo,y = Av/ V8In2, and

Oreso = 0.42/ V8In2. Assuming a Maxwellian velocity distribu-
tion, oy, can be calculated from +/kg Ty /(umy), where kg is the
Boltzmann constant, u is the molecular weight, my is the mass
of the hydrogen atom, and T is the kinetic temperature. We as-
sumed LTE conditions, so that 7, obtained from NH; observa-
tions approximates the kinetic temperature Ty, and that T is the
same for all molecules. The non-thermal to thermal velocity dis-
persion ratio oy /07y are listed in Table @ In Table @ we also
list the Mach number \@amh/cs, where ¢ is the sound speed
estimated using a mean molecular weight y = 2.3.

As listed in Table [§] the ratios between oyy/oy, for all the
lines are all above 2.3. For C,H(N =1-0) and NH;3(1, 1) the
non-thermal contribution to the velocity dispersion is more pro-
nounced towards position C than A and B. For N,H"(1-0), the
O nth/0 7 Tatio towards position C is much larger than B, but com-
parable to A. Considering the S/N ratio for N;H*(1-0) line to-
wards A is not very high, we could not rule out the possibility
that the spectra contain two velocity components. The spectra of
NH;(1, 1) and N,H*(1-0) show that the non-thermal contribu-
tion to the line widths towards position E is larger than towards
D. For the Mach number \/§(rmh/cs we obtained, all of them are
above 1.0. The Mach numbers for the NH3(1, 1) lines towards D
and E fit the average Mach number for quiescent starless cores
(Sanchez-Monge et al.|2013)).

Assuming uniform density across the molecular clump, we
estimate the virial mass of the starless clump HMSC-E and
HMSC-W as M,y = 210RAvV M, (MacLaren et al||1988}
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Fig. 11. Molecular line-width maps overlaid with 2 mm, 3 mm continuum map and NH;(1, 1) integrated intensity map. The contour level param-
eters are the same as the ones in Fig.[3]and[5] The dashed arrows in the fop panels mark the PV-cuts used for PV diagrams in Fig. [[3] The star
marks the UCHu region. The cross in the top-right panel marks the reference position in CH;OH PV diagram in Fig.[T3] The circles mark the area
where the average spectra are extracted and shown in Fig.[T4] The synthesized beam of the line-width maps is shown in the bottom left corner of
each panel, and the one of the contours is shown in the bottom right corner of respect panel.

Table 8. Fitting results of the spectral lines showed in Fig.

Lines Position Vpeak Av O nth %‘: V3 ‘Tc—s‘h
(kms™) (kms) (kmsh)
C,H(N =1-0) A -18.8 0.69 0.21 2.4 1.3
A, -17.7 0.67 0.20 2.3 1.2
B -18.7 1.03 0.39 4.5 2.4
C -19.3 1.27 0.50 6.7 3.5
C, -17.3 0.68 0.21 2.9 1.5
NH;3(1, 1) A -18.2 1.52 0.61 5.7 3.6
B -18.8 1.40 0.53 5.0 3.2
C -18.4 1.44 0.58 6.3 4.1
D -18.7 0.76 0.26 3.1 2.0
E -19.1 0.87 0.31 3.9 2.5
N>H*(1-0) A -18.0 1.57 0.64 7.7 3.8
B -18.7 0.94 0.35 4.3 2.1
C -18.6 1.30 0.52 7.4 3.6
(@) -17.3 0.84 0.30 4.3 2.1
C,* -18.1 1.92 0.79 11.4 5.6
D -18.7 0.82 0.29 4.6 2.3
E -19.1 1.14 0.45 7.3 3.6

Notes. ® The results from single Gaussian component fitting.
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—18.3 km s~! and the reference position are marked by vertical and horizontal dashed lines.

[Sdnchez-Monge et al.|2013), where R is the radius of the main

NH; emission structures which have the column density mea-
surements (top-left panel, Fig.[9), and Av is the average NH3(1,
1) line width of the starless clump. The virial mass we obtained
for HMSC-E is ~50 Mg and for HMSC-W is ~14 M. To derive
the LTE gas mass for HMSC-E and HMSC-W, first we estimated
the NHj3 fractional abundance by comparing the average gas col-

umn density and the average NH3; column density of HMSC-E.
The average gas column density was determined from the 3 mm
continuum map with the same area as HMSC-E shown in the
NHj3 column density map in Fig. 9] To avoid the contamination
from the center continuum source, we excluded the area within
the Full Width 1% Maximum (similar to FWHM but at the 1%
of maximum for a 2D Gaussian function) from the 3 mm con-
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Fig. 14. Extracted spectra from the regions marked in Fig. and The thick lines show the fitted profile of the spectra. Gaussian fittings are
performed for CH;OH spectra and C,H(N =1-0) spectra at positions A and C with two velocity components. The spectrum of C,H(N =1-0) at
position B is fitted with one velocity component. Single velocity component hyperfine structure profile fittings are done for all NH3(1, 1) spectra
and N,H"(1-0) spectra except the one from position C, in which the thick green line shows the two velocity component fitting and the thin line red
shows the one component fitting. The velocity of N,H*(1-0) spectra is offset by ~ 8 km s™! because the rest frequency was set at the frequency
of the isolated hyperfine component (Fy, F = 0,1 — 1,2). The results from the fittings are listed in Table[§]

tinuum peak. We also took some random points in the area we
used for the abundance estimation and estimated the local frac-
tional abundance to estimate the error in the average fractional
abundance we derived. The derived NH; fractional abundance is
~ 6.3 +4.0 x 107, With this abundance, we derived the LTE gas
mass of HMSC-E to be ~ 62*1° M. Assuming HMSC-W and
HMSC-E share the same abundance of NH3, we can estimate the
LTE gas mass of HMSC-W to be ~ 60*)%° Mo The error for the
LTE mass were estimated by taking into account only the error
from the NH; fractional abundance. The LTE masses we derived
for these two clumps are larger than the virial masses, which
indicates that these clumps could be gravitationally bound and
will probably collapse. This also agrees with the study done by
Shimoikura et al.| (2013)) with single-dish observations towards
giant molecular clouds showing that clumps without IR clusters
are mostly located below the Myi;=Myrg in the My;; vs MrTg
plot. Previous studies show that the NH; fractional abundance in
the cold and dense clouds is on the order of a few 10~ to 1077
(e.g., [Tafalla et al.|[2006} [Pillai et al.|2006; Foster et al.[2009;
Friesen et al.[2009). The low NH; fractional abundance we de-
rive also suggests that the N-bearing molecules might start to
be depleted, at least in the northern part of the HMSC-E clump
(Aikawa et al.[|2005}; |[Flower et al.|[2006; |[Friesen et al.|[2009).

4. Discussion
4.1. The nature of the continuum cores

To compare the continuum emission at different wavelengths, we
made 2 mm and 3 mm continuum images with the same range of
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projected baselines (9.54-28.1 kA), and convolved the resulting
images to the same resolution of 6”75 x 5”74, P.A.= 18.5°. Sim-
ilarly we also made 1.3 mm and 2 mm continuum images with
the same range of projected baselines (16.00-88.88 k1), and con-
volved the resulting images to the same resolution of 2’77 X 1’76,
P.A.= 88°. The images are shown in Fig.[I5] As we can see in the
left panel of Fig. the 3 mm continuum is consistent with the
2 mm one, although the 3 mm emission peak is offset by ~ 2”
from the 2 mm one, it is smaller than the size of the synthe-
sized beam. The right panel in Fig. [15|shows that the 2 mm and
1.3 mm continuum images are consistent with each other. The
1.3 mm continuum emission associated with core MM1 shows
extended emission towards VLA, which is probably filtered out
in the original higher spatial resolution map (right-panel, Fig.[3).
With the identification level of 60, |Palau et al.| (2013)) detected
four continuum sources with higher angular resolution at 1.3 mm
with PdBI (marked with open squares in Fig. [3|and Fig.[I5]). One
of their cores located in the southwest is associated with MM1.
The southeast core from [Palau et al.| (2013) locates close to our
continuum core MM4 and offsets by ~1”/6 from it. The other two
cores in the north could be part of our continuum core MM3.

Among the dense cores we detected at different wave-
lengths, MM2 is associated with the UCHu region VLAI,
and extended emission at NIR wavelengths. Although the size
of VLA1 (0.01 pc) fits a hyper-compact (HC) Hu, the SED
and the fitting results for the radio emission (Fig. [2) sug-
gest VLA1 to be a UCHu (Churchwell| 2002), which hosts
an intermediate/high-mass protostellar object. Other continuum
sources are located around MM2/VLA1, among which MM1 is
the strongest source at both 1.3 mm and 2 mm, it is associated
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with one infrared source and can only be detected in K—band and
longer wavelengths, indicating the source is a deeply embedded
intermediate/high-mass protostellar object. MM3a is associated
with one IRAC source and shows no emission at K—band, which
is considered to be an embedded intermediate- to high-mass pro-
tostellar object. All the other continuum sources, MM3b, MM4,
MMS5 (MMS5a and MM5b) and MMG6 are not associated with any
infrared source, thus all these dense cores could be starless cores.

Single-dish millimeter measurements for 122134 at 1.2 mm
(240 GHz) with IRAM 30 m show a peak intensity of ~
229 mly beam™' with a beam of 11”” (Beuther et al[2002a), and
an integrated flux of 2.5 Jy. Assuming a dust emissivity index
B =1.8, that peak intensity corresponds to ~180 mJy beam™' at
1.3 mm, ~43 mJy beam™! at 2 mm and ~5 mJy beam™! at 3 mm
with a beam size of 11”. In our interferometer observations, the
flux recovered within a beam of 11” is 20 mJy at 1.3 mm, mean-
ing that ~90% of the flux is lost. Thus the masses we derive at
1.3 mm are a lower limit for the current mass of each source. At
2 mm we recover 24 mJy within a beam of 11”” with our PdBI ob-
servations, comparing to the single dish flux (~43 mJy) we miss
~ 44% of the flux within the IRAM 30 m beam. However, within
the PdBI main beam of 33" at 2 mm we only recover ~40 mlJy,
while the integrated flux reported by Beuther et al.| (2002a) con-
verts to 2 mm would be ~400 mJy, indicating that we are filtering
out more extend emission. At 3 mm, the flux derived from our
CARMA observations within the IRAM 30 m beam is 16 mJy,
which is much larger than the one we estimated from the 30 m
peak flux. Furthermore, the integrated flux reported by [Beuther|
et al.[(2002a)) (2.5 Jy) converts to 3 mm would be ~56 mlJy, and
the 3 mm flux we recovered within the CARMA main beam of
77" is ~49 mly, indicating we are recovering most of the cen-
tral and extended emission. The larger peak flux from CARMA
might be due to that we underestimated the 3 mm flux with a
large 8 and the free-free emission contribution at 3 mm.|Williams
et al| (2004) found a mean S of 0.9 towards a sample of high-
mass protostellar objects. If we adopt this value and take into
account the free-free emission measured from our VLA observa-
tions, the peak intensity reported by Beuther et al.|(2002a)) would
be ~15 mJy at 3 mm, which is similar to the 3 mm integrated flux
within the IRAM 30 m beam derived from the CARMA obser-
vations. Furthermore, taking the flux measurement from Beuther|
et al.| (2002a)) into Equation 1 and assuming a dust temperature
of 25 K, then the derived gas mass is ~259 M.

With a resolution of 07756x0/49, [Palau et al.| (2013)) recov-
ered a flux of ~2.8 mJy at 1.3 mm for MM1, which is about
25% of the flux we recovered from our SMA observations, thus
the gas mass we derived is several times larger than what they
obtained. Considering the shortest baseline for the observations
done by [Palau et al.|(2013) is 136 m, any structure larger than
0.9” would be filtered out (Palau et al.|2010), which is the rea-
son they only recovered 25% of the flux we did.

4.2. Chemistry
4.2.1. Deuterium

Previous observations and models show that deuterium fraction-
ations Dy, can be used as a good tracer of the evolutionary
stages for low mass dense cores. For earlier starless cores, CO
is depleted onto dust grains in cold (T <20 K) and dense cores
(n ~ 10° cm™3) which would lead to an enhancement of the
abundance of H,D* and the deuterated molecules formed from
it. As soon as the young stellar object is formed at the core cen-
tre it begins to heat its surroundings, the CO evaporates from the

dust grains and starts to destroy the deuterated species, thus Dipac
decreases (e.g., [Hatchell et al|/1998}; Roberts & Millar| 2000
Crapsi et al.|2005; Emprechtinger et al.|2009, N,D*, NH,D).
Single pointing observations towards massive star formation re-
gions indicate that Dg,.(No,H™) is high at the pre-stellar/cluster
stage, and then drops as the temperature of the cores increases
and the formation of the protostellar objects, similar to the low
mass regions (Fontani et al|[2011; (Gerner et al.|2015). On the
other hand Dy, (NH3) does not show significant differences be-
tween different evolutionary stages in high-mass star-forming
cores (Fontani et al.|2015)).

We detected three NH,D cores distributed around the NIR
cluster (Fig. E]), all of them are associated with NH3 emission
with Ty < 18 K (Fig. E]) No NH,D emission is detected towards
the main NHj3 peak of HMSC-E which could be due to the high
temperature and intensive UV radiation from the NIR cluster to-
wards this region (> 20 K, Fig. [9). Both main NH;3 peaks for
HMSC-W share similar temperatures, but no NH,D emission is
detected towards the northern peak, which might be due to the
fact that the northern peak is closer to the NIR cluster and suffers
from stronger UV radiation from the cluster members (Fig.[5]and
[9]). From single pointing observations, Fontani et al.| (2015) ob-
tained a Dgoc(NH3) of 0.04 and 0.057 for HMSC-E and HMSC-
W, respectively. With a beam size of ~ 28", the pointing [Fontani
et al.[(2015) performed towards HMSC-E does not cover NH,D-
E, and the pointing towards HMSC-W covers about one half of
NH,D-W. It is difficult to compare their results with ours, but the
D¢ (NH3) that [Fontani et al.| (2015) obtained are in agreement
with the number we derive for these three NH,D cores within
an order of magnitude. Although the Dy,.(NH3) we derive are
much higher than the [D/H] interstellar abundance (the order of
~ 1073, |Oliveira et al.|[2003), they are still about one order of
magnitude lower than the Dy,.(NH3) of pre-protostellar cores
derived from other interferometer observations (Busquet et al.
2010). Our results show that the NH,D cores share similar tem-
peratures, the one located furthest away from the NIR cluster,
NH,D-E, shows the largest Ds,.(NH3), which indicates that the
UV radiation form the NIR cluster and the UCHm region plays an
important role affecting the NH,D/NHj3 chemistry (Palau et al.
2007a; Busquet et al.|2010).

In contrast to the NH,D cores, the detected N,D* cores are
located very close to the UCHm region and the NIR cluster, i.e.
N,D*-C is only at a projected distance of ~ 8,000 AU from
the UCHu region VLA1. N,D*-W and N,D*-C are not associ-
ated with any NoH" emission, but these two cores are well as-
sociated with the Central Filament identified in NH3. We have
shown in Sec. [3.4.2]that the proximity of these deuterated cores
to the UCH1r region could just be a projection effect. Dy, (NoHY)
obtained from single-dish observations for HMSC-E (N,D*-E)
and VLA1 (N;D*-C, N,D*-W) are 0.023 and 0.08, respectively
(Fontani et al.|2011). The average Ds.,.(NoHY) we derive are
much lower, which for the core N,D*-E is ~0.0035, and the
lower limit of Dy,.(NoH*) for the N,D*-W core is ~0.048 and
~0.035 for the core N,D*-C (Table [7). The disagreement be-
tween the Dy,.(N,H*), which might be due to the fact that our
N,D™ observations filter out much of the extended emission, as
showed in Sect. [4.1] that 44% of the continuum flux was fil-
tered out by our PdBI observations. [Fontani et al.| (2011) did
found a higher Dy, (N H*) towards VLA1 than towards HMSC-
E, which agrees with our results. All these features indicate that
the relatively high Dy, in UCHn region VLA found by |Fontani
et al.|(2011) could be just a projection effect due to the presence
of nearby starless cores, not destroyed by the expansion of the
ionized region, and falling inside the 30 m beam.
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Fig. 15. The convolved mm continuum maps. Left: The 3 mm continuum map (red) overlaid on the 2 mm continuum map (grey scale and black
contours), that both maps were produced with the same uv-range and same beam size. Right: The 1.3 mm continuum map (red) overlaid on the
2 mm continuum map (grey scale and black contours), that both maps were produced with the same uv-range and same beam size. The triangles
mark the 2 mm cores, and the squares mark the 1.3 mm cores detected by [Palau et al|(2013). The star marks the UCHn region VLAI. All the
contours in both panel start at 40 and increase with a step of 20-. The o value, in mJy beam™!, and the uv-range are shown in respect panel. The
dotted contours are the negative features due to the missing flux with the same contour levels as the positive ones in each panel. The synthesized

beam is shown in the bottom right corner of each panel.

In the protocluster 105345, Fontani et al.| (2008)) detected two
N,D* emission structures, which are located ~ 10,000 AU from
the nearby young B stars. These N,D* emission structures ex-
tend towards a region where no N,H* emission is detected above
30, but they are associated with NH3; emission (Fontani et al.
2012)). This could be because that the NH; observations in both
their and our work are done with the VLA and have a much better
sensitivity and uv-coverage than the NoH" observations, consid-
ering the fact that the rms of our N,H* observation is > 20 times
larger than that of the NH; observation, and > 5 times larger than
that of the N,D* observation. An alternative possibility is that
N,H" is mostly destroyed by CO desorbed from grain mantles
by heating or outflow from nearby YSOs (Busquet et al.|2011)).

4.2.2. NH3/N,H* abundance ratios

While the NH3;/N,H* abundance ratios that we derive for
HMSC-E is ~ 15 and for HMSC-W is ~ 60, the abundance ra-
tios from single-dish measurements (Fontani et al.|[2011] [2015))
are ~ 17 and ~ 28, respectively. [Fontani et al.| (2015) estimated
ammonia column densities with a beam size of ~ 32" and the
assumed beam filling factor of 1, while the column densities
of NoH* were derived with a much smaller beam size (~ 9”)
and corrected for beam filling factor. We measured the size of
HMSC-E and HMSC-W from our NH3(1, 1) integrated intensity
map (Fig. [5)), the equivalent diameters are ~ 30” and 18", re-
spectively. Thus the beam size of the ammonia by [Fontani et al.
(2015) is similar to the size of HMSC-E and much larger than
HMSC-W, which might be the reason that the NH3/N,H* abun-
dance ratio we derive for HMSC-E is similar to the one from
Fontani et al.| (2011}, 2015)), but the ratio for HMSC-W is much
larger than the one from [Fontani et al.| (2011} 2015)).

The NH3/N,H* abundance ratio is reported as a chemical
tracer for the evolution of dense cores in low-mass star forming
regions. Low-mass starless cores are reported to have NH3/N,H*
abundance ratios of < 300, while when the YSOs form in the
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center of the molecular cores, the ratio drops to ~ 60 — 90 (e.g.,
Caselli et al.|[2002al; [Hotzel et al.| 2004} [Friesen et al.|2010). A
similar behaviour is found in high-mass regime, furthermore the
ratio in the starless cores grows as high as ~ 10* in the star-
less cores (e.g., [Palau et al.|[2007a} |Busquet et al.|2011). Fur-
thermore, Fontani et al.| (2012) and |Busquet et al.| (2011)) pro-
posed chemical models to explain the observed the enhancement
of NH3/N,H* abundance ratio in dense starless cores. Busquet
et al.| (2011)) suggested that in the starless stage, the CO deple-
tion favors the formation of NH; against NoH*, and their model
showed that the abundance ratio of a collapsing core grows from
~ 0.2 to ~ 10* within 0.5 million years. HMSC-W shows higher
NH;3/N,H* abundance ratio than that in HMSC-E, furthermore,
HMSC-W is at virial equilibrium and might be at the edge of
gravitational collapsing. All these features suggest that HMSC-
W might be more evolved than HMSC-E. While Table [§] shows
the line width towards HMSC-W and HMSC-E are all domi-
nated by non-thermal component, HMSC-E shows higher tem-
perature and line width than HMSC-W (Fig. [0] and [TT), which
might be due to it being closer to the UCHu than HMSC-W
where the feedback from UCH is also stronger.

4.3. The expanding “bubble”

As shown in Fig. [5] and N,H* and NH; emission are dis-
tributed around the NIR cluster and follow the outline of the
cluster well. The velocity structure in the C,H(N =1-0) emis-
sion suggests that the newly formed Hm region VLA1 and the
NIR cluster are disrupting and dispersing the natal cloud. The
elongated large scale CH3OH filament may trace the shock pro-
duced by the energetic wind which is pushing the gas away. In
the left panel of Fig.[16] we marked the outline of the expanding
structure with the big circle and name it as "bubble".

Zooming into the vicinity of the UCHn VLAI, |[Palau et al.
(2013) and [Sanchez-Monge et al.| (2013) found that the NH3
emission form a tilted “U” shape structure around VLA1 (right-
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panel, Fig. [I6). Except MM6 and MM2, the continuum cores
detected in this work and [Palau et al.| (2013) are all distributed
along the arms of the “U” shape NHj structure at the edges fac-
ing UCHu VLAT1; Furthermore, Palau et al. (2013) suggested
these continuum cores could be affected by the expanding ion-
ization front of the UCHu VLA1. One arm of the “U” structure,
the Central Filament, extends across the center of the ring shape
NIR cluster, which is suggested to be an empty cavity by Ku-
mar et al.| (2003). Our results show that the Center Filament is
in the foreground of the cluster, and the “cavity” is not empty
but might be tracing the absorption from the filament (Fig. [3).
We also found that NH3(1, 1) and C;H(N =1-0) show large line
widths towards the “U” structure (Fig. , furthermore the PV-
diagram pv-1 for C;H(N =1-0) in Fig. |16 shows the “C” shape
structure and might be tracing a expanding structure (Arce et al.
2011). All these features confirm the results from [Palau et al.
(2013) and the “U” structure might be tracing expansion of the
UCHI region VLAL.

To find out the driving source of the “bubble”, we first com-
pare the energy of the “bubble” and the gravitational binding
energy of the molecular cloud following the method outlined by
Arce et al.| (2011). We take the expanding velocity vy, from the
C,H(N =1-0) PV-diagram to be ~ 1 — 1.5 km s~ the mass de-
rived from single-dish 1 mm continuum measurements 259 M,
radius derived from N,H*(1-0) integrated intensity map ~ 40",
0.5 pc. Then the gravitational binding energy is estimated to
be ~ 9.5 x 10® erg. The kinetic energy of the “bubble” is
Ey, ~ 2.6 — 5.7 x 10% erg, which is not enough to unbind the
molecular cloud complex.

If the “bubble” is driven by stellar winds from the B1 ZAMS
star, which also drives the UCHu region VLA1, we can then es-
timate the wind mass loss rate i1y, we need to drive the “bubble”
(Arce et al.|2011):

Py

VwTw

My, =

Py, is the total momentum of the “bubble” ~ 259 —
389 My km s~'. v, is the wind velocity which is typically
(2-6)x 10> km s~! for A and B type stars (Lamers & Cassinelli
1999; |[Lamers et al.|[1995), we take 400 km s~!. 7, is the the
wind timescale ~ 10° yr (the duration that the wind has been ac-
tive). Then sy, is estimated to be ~ (7 — 10) x 10~7 M, yr~!. For
a B1 main sequence star, assuming an effective temperature of
2.4x10* K (Gray|2005), metallicity Z of 1, we could derive the
mass loss rate for the wind from VLA to be ~107® M, yr~! fol-
lowing the routine created by Jorick S. Vink (Vink et al.|2001}
2000, |1999). Thus VLAL itself is already powerful enough to
drive the “bubble”. The spectral type of other B stars in the clus-
ter is ~B3 (Kumar et al.|[2003)), and the wind from those B stars
would have a mass loss rate of ~107° Mg yr’l. Furthermore,
Figure [T6] shows that VLA2 falls quite close to the geometric
center of the big cavity traced by NoH* emission, therefore, we
conclude that with all these B stars (Fig. @ Kumar et al.|[2003)),
including UCHn VLA and VLAZ2, the stellar wind from the ring
cluster should be strong enough to drive the “bubble”. Then the
wind energy injection rate can be estimated (McKee1989):

. 1 .
Ey = E(mwvw)vrms

The rms velocity of the turbulent motions v.,s equals
\/g(robs. The average line-width for our N,H*(1-0) observation
is ~ 1.0 km s~!, which gives vy ~ 0.74 km s~'. We obtain
that the energy ejection rate needed to drive the “bubble” is

Ey ~ (1.2 - 1.8) x 10* erg s~!, which is similar to what |Arce
et al.|(2011)) found for the shells in Perseus.

Another possible driving source(s) of the “bubble” are the
outflows from the YSOs, as they are considered to have strong
influence on the kinematic properties of the parent clouds (e.g.,
Nakamura & Li| 2007). The total energy of the main out-
flow (south-north direction) we derived in Sect. is 3.24 x
10* erg, which is only ~10% of the gravitational binding energy
and is not enough to unbind the molecular cloud complex. From
single-dish observations, Beuther et al.|(2002b) obtained the to-
tal outflow energy to be 3.4 x 10* erg, which should be enough
to drive the “bubble”.

4.4. General picture

Combining all the kinematic properties we obtained from differ-
ent molecular tracers, we propose a general picture to illustrate
the star formation activity in 122134 (see Fig.[I7). In the center
part of 122134 sits the UCHu region VLA, radio source VLA2
and the ring shape B stars (Kumar et al.[2003)) that are part of the
NIR cluster. The PDR traced by C,H(N =1-0) and other dense
clouds traced by different molecules are distributed around the
cluster. The detected mm cores are located at the edge the dense
clouds facing the UCHm. We propose a possible star formation
scenario, that NIR cluster formed first in the same natal cloud, in-
cluding the YSOs associated with the UCHI regions VLA1 and
VLAZ2. Then the expanding UCHm region VLA created the “U”
structure maybe also triggering the formation of the other mm
dense cores, e.g., MM1, MM3a, around it. NIR cluster and the
UCHT region together are disrupting the natal cloud and HMSC-
W and HMSC-E around them, may or may not be triggered.

5. Summary

The protocluster associated with 122134 represents an excel-
lent laboratory to study the influence of massive YSOs on
nearby starless cores. We have characterized the different physi-
cal and chemical properties of the dense gas by means of VLA,
CARMA, PdBI and SMA observations of the centimeter and
millimeter continuum, as well as several molecular tracers (NH3,
NH,D, N,H*, N,D*, C,H, CH;0H, CO, SO). We summarize
the main results below.

Multi-wavelength (E)VLA observations resolve two radio
sources, VLA1 and VLA2. VLATI is considered to be a UCHnu
region, and shows basically constant flux at centimeter wave-
lengths. We can fit the SED with a homogeneous optically thin
HII region with a size of 0.01 pc, and the ionizing photons flux
corresponds to a B1 ZAMS star. Around the UCHu region, one
main clump is detected at 3 mm, 6 continuum sources are re-
solved at 2 mm, MM1-MM6. At 1.3 mm, MMI1 has a strong
counterpart, MM3 is resolved into MM3a and MM3b, and MM5
is resolved into MM5a and MM5b. MM2 is associated with the
UCHr region, MM1 are MM3a are associate with SO emis-
sion and NIR point sources, are considered to be intermedia-
to high mass protostellar objects. MM3b, MM4, MM5a, MM5b
and MMB6 are not associated with any NIR sources and could
be starless cores. We estimated the column density and mass of
each source.

At large scale, No,H* (1-0) and NH; emission show extended
structure around the UCHII region and the NIR cluster, and two
main structures seen in the N,H* map are considered to be star-
less clumps, we name them HMSC-E and HMSC-W. The rota-
tional temperature (7;,;) map obtained from NHj3 observations
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Fig. 16. Left: N,H* (1-0) integrated intensity contours overlaid on J (blue), H (green), and K (red) three color image obtained from Kumar et al.
(2003)). Contour levels start from 30~ with 60 per level. The big circle marks the size of the expanding bubble, the small circle in the center marks
the UCHu region VLAI1. The red squares mark the B stars identified by Kumar et al.|(2003)). Right: Zoom into the region marked with the green
box in the left panel, the integrated intensity contours of the NH3(1, 1) main group of hyperfine components (thin contours), 2 mm continuum
emission (thick contours) overlaid on H (blue), and K (green), and L’ (red) three color image (Kumar et al.|2003). The contour level parameters are
the same as in Fig.[8|and Fig.[5] The red squares mark the B stars identified by [Kumar et al. (2003), and the circle marks the UCHu region VLAL.

shows higher temperature towards HMSC-E (~25 K) and lower
towards HMSC-W (~ 15 K). HMSC-E also shows a smaller
NH3/N,H* abundance ratio (~15) than HMSC-W (~ 60). By
comparing the Virial mass and the LTE mass, we found that
both HMSC-E and HMSC-W are gravitationally bound and
will probably collapse. At small scale, we detected outflow from
12CO emission, but the driving source for the outflow is still
not clear. For the deuterium molecules, while NH,D cores dis-
tributed around the NIR cluster and are all associated with the
NHj; emission which is at a temperature of <18 K, N,D* cores
are associated with the NH3; Central Filament, close to the UCHn
region, with a projected distance of ~ 8000 AU (d = 2.6 kpc).
We found that the NH; Central Filament is blue-shifted from the
rest of the NH3 emission by ~ 1 km s7!, indicating it is at a
slightly different plane from the main clump in space.

By studying the velocity map of the molecular line emis-
sion, we found the southeastern part of the N,H"(1-0) and
NH;(1, 1) emission is red-shifted from the main emission peak
by ~ 1 km s~!, which may indicate that the emission structure
is expanding. The PV-diagram of C,H(N = 1 — 0) shows “C”
shape velocity structure, which indicates the emission is trac-
ing an expanding bubble/shell structure. We found that the “U”-
shape NH; emission structure might be tracing the expansion of
the UCHm region. We found the molecular cloud around the NIR
cluster is also expanding, form a “bubble”. We estimated the stel-
lar wind mass loss rate that is needed to produce the expanding
structure, and suggest that the stellar winds from the NIR cluster
are strong enough to drive the “bubble”. The outflows from the
YSOs also have enough energy to dissipate the parent clouds and
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drive the “bubble”. Given the kinematic properties of the molec-
ular line emission, we propose a general picture and a sequential
star formation scenario to illustrate the star formation activities
in 122134,
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