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ABSTRACT

We present a multiwavelength study of the cometary H II region G12.21-0.10
using the VLA and OVRO. Both radio continuum (0.3, 0.7, 2 and 3.6 c¢cm) and
spectral lines of H4la, 3CS(2—1) & (1-0), and NH3(2,2) & (4,4) observations
are included. We find two 3 mm continuum peaks toward G12.21-0.10; one of
them is spatially coincident with the UC H II region, while the other coincides
spatially with a molecular clump. We also find that the 0.7, 2 and 3.6 cm continuum
and H4la line are only detected toward the UC H II region, while the '3CS, and
NHg are spatially associated with the molecular clump. Based on the morphology,
kinetic temperature (~86 K), volumetric density (=~1.5x10° cm~2) and linear size
(~0.22 pc) of the molecular clump, we suggest this source is consistent with a hot
molecular core.

RESUMEN

Presentamos un estudio de la region H II cometaria G12.21-0.10 usando el
VLA y OVRO. Se incluyen observaciones de radio continuo (0.3, 0.7, 1.3, 2 y
3.6 cm) y de las lineas espectrales Hdla, 2CS(2—1) & (1-0), NH3(2,2) & (4,4).
Encontramos que la emisiéon de continuo a 3 mm se divide en dos méaximos, de los
cuales uno estd asociado con la regién H II ultra compacta (UC), mientras que el
otro coincide espacialmente con un niicleo molecular. La emision de continuo a 0.7,
2 and 3.6 cm y de la linea H41la se detectan tinicamente hacia la regién H II UC,
mientras que la emisién de las lineas moleculares esta asociada espacialmente con el
nticleo molecular. En base a la morfologia, temperatura cinética (=86 K), densidad
volumétrica (=1.5x10% cm~3) y tamafio lineal (~0.22 pc) del nicleo molecular,
sugerimos que esta fuente es consistente con un nticleo molecular caliente.

Key Words: ISM: clouds — ISM: molecules — molecular processes — radio contin-

uum: ISM — radio lines: ISM — stars: formation

1. INTRODUCTION

Hot molecular cores (HMCs) are considered to be
the birthplace of high-mass stars (e.g., Kurtz et al.
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2000; Garay & Lizano 1999). Thus, to study their
physical properties, dynamics, and evolution is cru-
cial for advancing our understanding of high-mass
star formation. HMCs are detected mainly by emis-
sion of high—excitation molecular lines (e.g., CH3CN
and NHj3) and by millimeter continuum emission
from warm dust. A detailed overview of star forma-
tion was presented by Stahler & Palla (2005), while
a review of high—mass star formation was published
by Zinnecker & Yorke (2007).

Water maser emission is a common phenomenon
in the neighborhood of newly-formed high-mass
stars (e.g., Codella et al. 2004; Trinidad et al. 2003;
Hofner & Churchwell 1996). However, the relation-
ship of the HoO masers to the star formation envi-
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TABLE 1

PREVIOUS MOLECULAR OBSERVATIONS
TOWARD G12

Molecule Tk n(Hs) Size N(Hz) Ref?
(K)  (em™®) (arcsec) (cm™?)

NH;3 S 4.8x10° 4.0 5.2x10% 1
CS S 8.1x10° 2.0x10%® 25
CH3CN 8090 10°-10° 2.0x10%*® 3,1
CHsOH 56°%) 107 13 1.2x10%® 4

#(1) Cesaroni et al. 1992; (2) Plume et al. 1997; (3)
Olmi et al. 1993; (4) Hatchell et al. 1998, (5) Shirley et
al. 2003.

ronment is still not fully understood. It is accepted
that their presence implies the existence of at least
one embedded YSO (e.g., Garay & Lizano 1999). For
ultra compact H II regions (UC H II) with cometary
morphologies, Hofner & Churchwell (1996) showed
that the water masers were almost always located in
clusters, near, yet offset, from the cometary arc; and
for other morphologies the masers were often pro-
jected onto the ionized gas. Hofner & Churchwell
(1996) also found that water masers were related to
hot NHj3 clumps (and YSOs) rather than to the ion-
ized gas of the H II regions. The latter was also ob-
served by Cesaroni et al. (1994) in a sample of 4
molecular cores.

G12.21-0.10 (G12 hereafter), located at a dis-
tance of 13.5 kpc (Churchwell et al. 1990), has been
classified as a cometary UC H II region with ex-
tended emission (de la Fuente et al. 2009a; de la
Fuente 2007; Kim & Koo 2001). C7O observations
finding a molecular clump coincident with the UC
emission were reported by Hofner et al. (2000). This
region also presents emission of hot and dense chem-
ically enriched gas tracers (see Table 1), and has
been also observed in infrared (IR) surveys (de la
Fuente et al. 2009b; de la Fuente 2007; De Buizer et
al. 2003). Hence, it was deemed a prime candidate
for a HMC by De Buizer et al. (2003).

In G12, H5O and CH3OH maser emission is ob-
served toward the molecular clump, not towards the
ionized gas (Kurtz et al. 2004). In particular, the wa-
ter masers are offset by ~4” (or 0.26 pc at 13.5 kpc)
from the UC H II region, suggesting the location of
a deeply embedded, young high-mass star (Hofner &
Churchwell 1996). In addition, Kurtz et al. (2004)
found that a strong water maser feature in this clus-
ter coincides spatially with both Class I (44 GHz)
and Class IT (6.67 GHz) CH30H masers. Thus, G12
is an interesting candidate for studying the nature

and formation of water and methanol masers and
for understanding their relation to molecular gas and
high-mass star formation.

In § 2 we describe the radio continuum and spec-
tral line observations and data reduction. In § 3 we
present the observational results and analysis as fol-
lows: 1. We show that the **CS (1—0 and 2—1) tran-
sitions trace the hot and optically thin dust clump
in G12; 2. We calculate the physical characteristics
of this clump using NH3 data to confirm that it is a
hot molecular core. In § 4 we discuss the "*CS and
NHj data in the context of the HMC interpretation.
A summary is presented in § 5.

2. OBSERVATIONS AND DATA REDUCTION
2.1. Owens Valley Radio Observatory (OVRO)
Observations

The 13CS(2—1) and H41a line observations were
made with OVRO during March and April 1996.
The equatorial and high resolution configurations
were used, providing baselines from 30 to 240 m.
Cryogenically cooled SIS receivers provided typical
SSB system temperatures of 220-350 K. The digital
correlator was split into two bands to observe the
13CS(2—1) (vo = 92.49430 GHz) and Hdla (v =
92.03445 GHz) lines with 30 MHz (~100 km s 1!)
and 60 MHz (~200 km s~!) bandwidths, and 62 and
60 Hanning—smoothed channels, respectively. This
configuration gives a spectral resolution of 0.5 MHz
(1.6 km s~!) for the 3CS(2—1) line and 1 MHz
(3.3 km s~ 1) for the H41la line.

In addition, simultaneous continuum observa-
tions at 3 mm were made using a 1 GHz bandwidth
analog correlator. The quasars NRAO 530, 3C 454.3,
B1908—-202, and B1749+096 were observed to track
amplitude and phase variations. The bandpass cali-
bration and flux scale were established by observing
3C 273. The absolute flux uncertainty was estimated
to be ~20 %, and the initial calibration was carried
out using the Caltech MMA data reduction package
(Scoville et al. 1993). Further data reduction and
mapping were done with the AIPS software package.
The continuum obtained from the line—free channels
was subtracted from the '*CS and H4la emission
lines in the (u,v) plane using the program UVLIN
in AIPS. Finally, Gaussian fits to the observed spec-
tra were made with the CLASS software package.

2.2. Karl G. Jansky Very Large Array (VLA)
Observations
2.2.1. Radio—Continuum Emission

High angular resolution continuum observations
at 0.7, 2, and 3.6 cm toward G12 were made with the
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VLAS® in its CnB configuration on 1996 January 29.
Two 50 MHz bands were observed, each one includ-
ing both right and left circular polarizations. We
used a subarray of 12 antennas for 7 mm observa-
tions and the remaining 15 antennas were employed
for 2 and 3.6 cm observations. The flux and phase
calibrators were 3C286 (1.45, 3.40 and 5.23 Jy at
0.7, 2, and 3.6 cm) and B1923+210 (1.0, 1.8 and
1.0 Jy; flux densities meassured at 0.7, 2, and 3.6 cm
respectively).

In addition, low angular resolution VLA obser-
vations at 3.6 cm in the D configuration toward G12
were made on 2005 April 03. As before, two 50 MHz
bands were observed, each one including both right
and left circular polarizations. The flux and phase
calibrators were 3C 286 (5.23 Jy) and J1832—105
(1.28 Jy), respectively.

The calibration and imaging for both high and
low angular resolution observations were made fol-
lowing standard procedures in AIPS. Self-calibration
in phase only, and Multi-Resolution Cleaning were
performed for the low angular resolution data.

2.2.2. NHj and *CS(1—0) Emission

Observations of NHz were made with the VLA
in its DnC configuration on 2004 June 06. Both
transitions (2,2) and (4,4), with rest frequencies of
23722.631 and 24139.417 MHz, respectively, were ob-
served. In order to include the main line and one pair
of hyperfine satellites, the spectral line correlator was
split into two overlapping bands of 64 channels each,
centered at 2.30 and 0.76 MHz higher and lower than
the expected line frequency for (2,2) and 1.06 and
1.24 MHz for (4,4). The Doppler tracking center ve-
locity was set to 24 km s~} (Visr) and the total ve-
locity coverage was 94 km s~!, obtaining a frequency
resolution of 97.656 kHz (1.25 km s~!). The flux,
phase and bandpass calibrators were 3C 286 (2.6 Jy),
J1820—254 (0.53 Jy) and J1924—292 (9.1 Jy), re-
spectively. Calibration and data reduction were done
following standard line procedures of the AIPS soft-
ware package. All images were obtained using the
task IMAGR with ROBUST = 0, while the spectra
were obtained with task ISPEC after combining the
two overlapping bands into a single 71 channel cube;
the cube moment maps were made using the task
XMOM. Gaussian fits to the observed spectra were
made using the CLASS software package.

8The National Radio Astronomy Observatory is a facility
of the National Science Foundation operated under coopera-
tive agreement by Associated Universities, Inc.

During the same run, '3CS(1—-0) observations at
the rest frequency of 46.24757 GHz, were also carried
out. A central bandpass velocity of 24 km s=! was
used. Flux, phase and bandpass calibrators were the
same as for NHs, as well as the calibration and data
reduction. A natural weighting was used to generate

the images.

3. OBSERVATIONAL RESULTS AND ANALYSIS
3.1. Radio Continuum Emission

The 21 ¢cm NVSS contour map (Condon et al.
1998) superposed on the 3.6 cm low angular resolu-
tion VLA-D map in gray—scale toward G12 is shown
in Figure la Left. The morphologies of both emis-
sions match at different scales in this region, and are
in agreement with 21 cm observations from Kim &
Koo (2001, their Figure 1g). Six continuum peaks
are detected at 3.6 cm, one of which corresponds to
the UC source.

The 3 mm continuum emission toward the UC
source is split into two peaks (see Figure la Right).
They are separated by =~4” (0.26 pc at a dis-
tance of 13.5 kpc); one of them corresponds to the
UC H II region (labeled as 1), while the other (la-
beled as 2) coincides with a water maser group re-
ported by Hofner & Churchwell (1996). Due to
the possible relation between these masers and the
molecular clump reported by Hatchell et al. (2000),
we will refer to Peak—2 as the molecular clump. The
peak positions of the 3 mm continuum emission from
the UC H II region and the molecular clump are re-
ported in Table 2.

High angular resolution continuum observations
at 0.7, 2, and 3.6 cm are displayed in Figure 1b. They
show that the radio continuum emission is only asso-
ciated with the UC H II region. Then, the observed
emission at 3 mm and the lack of emission at 0.7, 2
and 3.6 cm toward the 3 mm peak-2, suggest that
the 3 mm continuum emission toward the molecu-
lar clump could arise from dust rather than ionized
gas. Integrated continuum flux densities of the ion-
ized gas, rms noise, beam, and deconvolved sizes for
these wavelengths are given in Table 3.

3.2. Line Emission
3.2.1. Hjl«

The H4la (/3.3 mm) emission is only detected
toward the UC H II region; no emission is detected
toward the molecular clump. The H41la emission
has a similar distribution as the radio continuum ob-
served at 7 mm shown in Figure 1b.
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Fig. 1. G12.21-0.10 (G12). a) Left: 21 cm NVSS map (contours) superposed on the 3.6 cm VLA D-configuration image
in gray-scale (de la Fuente 2007). The NVSS beam size is 45", while that of the 3.6 cm beam, shown in the lower-left
corner, is 1275 x 7”3 at P.A. = —13°. Contours are -3, 3, 6, 12, 24, 48, 68, 96 x 3 mJy beam™'. The gray-scale
is 0.16 to 8 mJy beam™'. These maps represent the extended emission in G12. Right: A close up view of the UC
component traced by radio continuum emission at 3 mm (see § 2). Contours are at -3, 3, 9, 18, 27, 48 times RMS
noise of 1.7 mJy beam™'. The beam size is shown in the bottom left panel. The positions of the the UC H II region
and the molecular clump are labeled as 1 and 2 respectively. In all panels, the crosses mark the position of the water
masers from Hofner & Churchwell (1996). b) Radio continuum emission at 0.7, 2, and 3.6 cm (VLA-CnB) toward G12.
The contour levels correspond to —1, 1, 2, 4, 8, 16, 32, 64 x RMS noise presented in Table 3 for each wavelength. The

synthesized beam for each map is shown in the lower left corner (see Table 3).

The H41a spectrum toward G12 is shown in Fig-
ure 2 (upper panel). Line emission was detected in
the velocity range of ~10 to 45 km s~ !, with a peak
at about 30 km s~!. The results of the Gaussian fit
of this recombination line are presented in Table 4.

The H4la velocity, 20—25 km s~ lis similar to
that of the molecular emission from #CO(1-0),
C318(2—1), and C**S(3—2) both from Kim & Koo
(2003) and this work (see below). In addition, the
H41la LSR central velocity is in agreement with that
reported by Kim & Koo (2001) using H76« for three
positions in the extended emission (~27 km s~! on
average, see their Figure 1g). The ionized gas in
G12, present at different scales (UC and extended
emission; see Figure 1), coexists with the molecular
gas and originates in the same star forming region.

3.2.2. 1308(2—1)

Figure 3 shows the channel maps of the
13CS(2—1) line emission superposed on the 3.6 cm
continuum emission. The deconvolved size of this
molecular region is &~ 45 x 270 (0.36 x 0.16 pc)
with the major axis oriented approximately in the
E—W direction, while the 3CS(2—1) peak emis-
sion observed at Vigr = 24 km s~! is blueshifted
(=5 km s~1) with respect to the H4la. The
13CS(2—1) line spectrum is shown in Figure 2 (lower
panel). Observed parameters (flux densities, rms
noise, beam, and deconvolved sizes) for 13CS(2—1)
toward G12 are presented in Table 4.

Comparing the *CS(2—1) line and the 3.6 cm
(VLA-CnB) continuum emission, we note that the
13CS(2—1) emission is not spatially associated with
the UC region in G12, but rather with the molec-
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TABLE 2

DETECTION SUMMARY

Observation Wavelength ~ Right Ascencion  Declination Source
(cm) (J2000) (J2000)
VLA continuum 0.7, 2, & 3.6 18" 12 39.85  —18° 24’ 21" UC H II region
OVRO H41la 0.33 18" 12™ 39.6° ~18° 24’ 21" UC H II region
OVRO continuum 0.30 18" 12 39.8° -18° 24’ 21”7  UC H II region (Peak-1)
OVRO continuum 0.30 18" 12m 39.8°  -18° 24’ 17” molecular clump (Peak-2)
OVRO 13CS(2-1) 0.32 18" 12m 39.7°  -18° 24’ 18" molecular clump
VLA NH;3(2-2) 1.26 18" 12 39.8° -18° 24’ 18" molecular clump
VLA NH;3(4-4) 1.24 18" 12 39.8° -18° 24’ 18" molecular clump
VLA 13CS(1-0) 0.65 18" 12m 39.8°  -18° 24’ 18" molecular clump
VLA continuum? 1.3 18M 12 39.7  —18° 24’ 21” UC H II region

2This is the continuum obtained from NHjs observations.

TABLE 3

CONTINUUM PARAMETERS

Region Telescope A Sy Beam Size; P.A RMS Noise Deconvolved Size
(cm)  (mJy)® (arcsec; deg) (mJy beam™1) (arcsec)
UCHII VLA CnB 3.6 220 2.31 x 0.91; =70 0.31 5 x4
VLA CnB 2.0 200 1.04 x 0.55; +80 0.21 8 X7
VLA CnB 0.7 160 1.65 x 0.83; +77 0.58 4 x5
Molecular
clump OVRO 0.3 150 2.82 x 2.32; —43 1.70 3 x1
Extended
emission VLA D 3.6 1320 12.50 x 7.30; —13 0.15 210 x 156

#Uncertainties in the integrated flux densities are estimated to be about 5% at 3.6, 10% at 2 cm, and 20% at
7 mm. The deconvolved sizes and uncertainties in flux densities were obtained using the task IMFIT in AIPS.

ular clump and the group of water masers. This
result suggests the presence of a molecular clump
spatially associated with the 3 mm continuum emis-
sion (Peak—-2), not far from the UC H II region (see
Table 2).

Figure 2 (lower panel), shows that in addition to
the 13CS(2—1) line at Vpsg = 24 km s™1, a weaker
component at 92.49284 GHz is marginally detected
at Visr = 4.540.5 km s~ assuming the 13CS(2—1)
rest frequency; and AV = 3.6+1.1 km s~'. A pos-
sible candidate to explain this weak emission is the
molecule C3S (g = 92.48849 GHz; Morata et al.
2003) at Vigr = 14.140.5 km s~1. Although this
molecular line seems to be real, given the low signal—
to—noise (=2.50 at the peak), we cannot determine

the physical parameters of the molecular gas from
which this emission arises.

3.2.3. 130S(1-0)

Figure 4 shows the channel maps of the
13CS(1-0) emission towards G12 superposed on the
13CS(2—1) integrated map as comparison. Although
13CS(1-0) and '3CS(2—1) present different mor-
phologies, both are spatially associated with the
molecular clump (3 mm Peak—2). This morpho-
logical difference could in part be due to the dif-
ferent spatial resolution achieved for each molecu-
lar line. However, the 3CS(1—0) emission presents
a complex morphology as revealed by each chan-
nel map (see also the integrated emission shown in
the inset of the 27.2 km s~! panel). This mor-



6 DE LA FUENTE ET AL.

TABLE 4
13CS(2—1) AND H41low RESULTS

RMS noise
(mJy beam~1)

Line® Beam Size; P.A.
(arcsec; deg)

(mJy) km s~

Visr AV s Deconvolved Size®

1 -1

km s (arcsec)

1808(2-1)  3.18 x 2.51; —43 35
Hdla  3.18 x 2.51; —43 35

300 23.7+0.1
335 29.4+1.2 23.9£3.1

9.44+0.5 4.5 x 2.0

2The spectral resolution of the CS line is 1.6 km s~! and that of the H41l« line is 3.3 km s~ .
PFrom peak channel at 23 km s~* for **CS(2—1), and at 30 km s~* for H4la.

“The size of the source was obtained from the moment 0 image using IMFIT in AIPS.

[T
rGi2 H4la
300 - I
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Fig. 2. H4la and *CS(2—1) spectral lines. The solid line
represents the best adjusted Gaussian in each spectrum.
The CS spectrum also shows an unexpected weaker line
at ~4.5kms™ ' A possible candidate for this line is C3S.

phology shows a central double-component roughly
in the East-West direction (labeled as E and W
in the inset) with peak line emission observed at
Visr = 20 km s—! and 23 km s~ !, respectively. An-
other weak emission peak to the North (labeled as

N) is also observed at Viggr = 26 km s~ 1.

3.2.4. NHs

The NHj emission is only detected toward the
molecular clump (3 mm peak-2). The integrated
NH;3 spectra of the (2,2) and (4,4) transitions are
shown in Figure 5. In the (2,2) transition the satel-
lite lines are marginally resolved, and in (4,4) the
satellite lines are blended into a single component.

The two electric hyperfine components were fit with
two Gaussians and the results of the fits are given in
Table 5.

The (4,4) main peak line flux density is weaker
than that measured in the (2,2) line. The observed
widths of 89 km s~! are evidence of highly super-
sonic turbulent motions in the molecular gas (Garay
& Lizano 1999). The observed line parameters, flux
densities, rms noise, beam, and deconvolved sizes for
both transitions (2,2) and (4,4) are presented in Ta-
ble 5. Within the uncertainties, the (2,2) and (4,4)
Visr and AV s are in mutual agreement. The mea-
sured LSR velocities of both transitions are slightly
smaller (~1 km s~1) than those reported by Church-
well et al. (1990) and Cesaroni et al. (1992) for (2,2)
and (4,4) using the Effelsberg 100 m telescope, while
the AV, for (2,2) and (4,4) are ~1 km s~! and
~4 km s~ greater, respectively. The line width dif-
ference indicates motion of the hotter compact (4,4)
gas relative to the cooler extended (2,2) gas as dis-
cussed in Cesaroni et al. (1992).

Neither the (2,2) nor the (4,4) spectra show de-
tectable anomalies in the satellite hyperfine compo-
nents like those observed toward S106 in the NHs
(1,1) transition (Stutzki et al. 1982). Hence we can
assume that the populations in the metastable lev-
els are in LTE. To calculate physical parameters of
the region based on the NHjs spectra, we also as-
sume that true intrinsic widths, AVy, are equal to
the observed values, AV ps.

Optical depths for the main lines, 7Tyain, of
3.54+0.5 and 8.0+£0.5 for (2,2) and (4,4) transi-
tions, respectively, were calculated numerically (Ho
& Townes 1983, equation 1). The total optical depth
can be calculated as Tiot = (1/b)Tmain Where b rep-
resents the normalized (to total intensity) relative
intensities of the main line. Parameter b values of
0.8 and 0.93 for (2,2) and (4,4) respectively were
assumed (Ho 1977), obtaining 727 = 4.440.5 and

Té;:l = 8.6£0.5. In addition, excitation temperatures
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Fig. 3. '®CS(2—1) channel maps (contours) with channel width of 1.62 km s™" are shown between 16 and 29.0 km s™* su-
perposed on the radio continuum emission at 3.6 cm (VLA-CnB, gray-scale) of G12. The gray-scale goes from —1.24
to 79.83 mJy beam™'. Contours are at 3, 3, 4, 5, 6, 7, 8, 9 x 35 mJy beam™" (RMS noise). The synthesized beam of
the *CS(2—1) observations (3718 x 2751 with a P.A. of —43.3°) is shown in the top left panel. The crosses mark the

position of water masers from Hofner & Churchwell (1996).

(Texe) of 7845 K and 3545 K for (2,2) and (4,4) were
calculated in a standard way by solving the transfer
equation (Ho 1977; Ho & Townes 1983). The col-
umn densities for (2,2) and (4,4) transitions in terms
of Tain, Texe and AVy were computed through the
Tiot definition given by Ungerechts et al. (1986) us-
ing the respective Einstein coefficient for sponta-
neous de—excitation: A4(2,2) =2.23x10""s7! and
A1 (4,4)=2.82x10"" s~ 1. Hence N(2,2) = 2.6+1.0x
1016 ¢cm™=2 and N(4,4)=2.041.0x10'6 cm 2.

The rotational temperature, Tyo = 77£10 K, was
computed in terms of the (2,2) and (4,4) peak flux
densities and velocity widths (see Table 5) consider-
ing the same solid angle for both emissions. Using
this rotational temperature, a rotation level diagram

for para-NHjs (Walmsley & Ungerechts 1983; Poyn-
ter & Kakar 1975) considering collisional transitions
between K-ladders and transitions which follow the
parity transition rule, and doing the calculations in
statistical equilibrium derived by Walmsley & Un-
gerechts (1983) with the numerical computations of
Danby et al. (1988) in detailed balance, we obtained
a value for the kinetic temperature of T, = 86+12 K.

4. DISCUSSION
4.1. The Hot Molecular Core
The kinetic temperature (86 K), volumetric den-
sity (1.5x10° ecm™3) and linear size (=0.22 pc,
assuming a distance of 13.5 kpc) generally coin-
cide with the operational definition of HMC: hot
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Fig. 4. 13CS(l—O) maps of individual velocity channels from the main line spectra of G12 (contours), superposed on the
13CS(2—1) integrated map (in gray scale). Velocities from 18.9 to 28.4 km s™' are shown in each map. The *CS(1-0)
integrated emission map (inset in the 27.2 km s~ 'panel) shows a complex edge-like structure morphology with three
components labeled E (East), W (West), and N (North). The maximum of emission for each of these components
corresponds to ~20, 23 and 26 km s~ ' respectively. The contours are -3, 3, 4, 5 x 3.6 mJy (RMS noise). The beam
size is 1744 x 1726 with a P.A. of —~79°, shown in the bottom left of the first map. The crosses mark the position of
water masers from Hofner & Churchwell (1996).

(> 100 K), dense (~10° to 10® cm~3), and small Several maps of the molecular line emission from
(size < 0.1 pc) molecular gas structures (Cesaroni the G12-HMC region are presented in Figure 6.
et al. 1992; Garay & Lizano 1999). So, based on No radio continuum source was detected toward the
these characteristics, we suggest that the molecular G12-HMC position (Figure 6a) where the group of
gas clump detected in G12 is a hot molecular core H50 masers is located. This could be explained

(G12-HMC hereafter). following the suggestion of Walsh et al. (2003)
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TABLE 5
NH; LINE PARAMETERS

Transition Beam Size; P.A. RMS Noise* Peak S, Visr AVops  Deconvolved Size
(J,K; line) (arcsec; deg)  (mJy beam™!) (mJy) (kms!) (kms!) (arcsec)
(2,2; main) 3.54x1.36; 460 4.4 260+5 23.1+£0.3*  8.140.7 3.8 x 3.0
(2,2; inner satellites) 3.54x1.36; +60 5.7 59+2 6.5, 39.7° 9.5¢
(2,2; outer satellites) 3.54x1.36; +60 6.1 5942 2.7, 48.9" 8.5¢
(4,4; main) 4.29x1.18; 456 3.2 10645 23.3+0.3*  8.94+0.7 3.0 x 1.0
(4,4; inner satellites) 4.29%x1.18; 456 3.3 16.0+0.8 —0.7,27.3>  13.2¢
(4,4; outer satellites) 4.29x1.18; +56 3.3 16.0+0.8 6.7, 53.3P

#Uncertainties are from Gaussian fits. The flux densities are from a box covering the HMC.

PThese two velocity values correspond to satellite lines without fitting.

“Average values between the corresponding pair from the Gaussian fitting.

0.3

i

o
N
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°
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-20 o 20 a0 60

LSR VELOCITY (km s ™%
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Fig. 5. NHs integrated spectra of (2,2) and (4,4) transi-
tions in the G12-HMC . The solid lines show Gaussian
fits.

that 6.67 GHz CH3OH masers appear before an
H IT region is created. However, higher sensitivity
observations are needed, since Rosero et al. (2016)
have a 100% detection rate in the radio continuum
toward 25 HMCs, when observed with much higher
sensitivity of ~3-10 uJy beam ™" rms.

TABLE 6

PHYSICAL PARAMETERS OF THE HOT
MOLECULAR CORE

Tu2 @ Ty N(Hz) M(NH3) N(NH3) X(NHz)
(K) (K) (10**cm—2) (Mg) (107 em™2) (1077)

7710 86£12 1.0+0.4 830+40 1.1+£0.4 1.1+0.7

*Rotational temperature estimated from NHz(2,2) &
(4,4) observations.

The NH3(2,2) and (4,4) emission clearly coincides
with the molecular clump observed at 3 mm (see
Figure 1a), as well as with the group of masers. The
distribution of molecular gas from both transitions,
NH;3(2,2) and (4,4), is similar, although the NH3(4,4)
emission is slightly more compact than the NH3(2,2)
emission, suggesting that the hotter and denser gas
is confined to a smaller—scale structure. Note that
Figures 6¢ and 6d show the more extended and more
compact emission, respectively.

The first moment map of the (2,2) transition
shows a velocity gradient from E to N (following the
nomenclature of the inset in Figure 4) from 21 to
28 km s7! over ~4” (=30 km s~! pc™!). A similar
behavior is observed for the (4,4) moment—1 map (de
la Fuente et al. 2010), but from 21 to 27 km s~! over
~3" corresponding to 25 km s~! pc~!.  For
13CS(1-0), from ~20 to ~26 km s~!, we ob-
tain a velocity gradient of ~3 km s~!arcsec™! (or
45 km s~tpc!), and for the 3CS(2—1) emission
~28 km s~ !'pc~!, which is similar to that of the
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Fig. 6. G12-HMC. a) NH3(2,2) moment—1 map (gray-scale), superposed on the radio continuum emission at 1.3 c¢cm
(contours; UC H II region) obtained from line—free channels of the NH3(2,2) observations. Gray—scale is in the interval
~ 19-27 km s~ '. Contours are 4, 4, 6, 10, 15, 20, 25, 30, 35, 40 x 2 mJy beam ™' (RMS noise). b) NH5(2,2) moment—1
map (gray-scale) superposed on the NH3(4,4) integrated emission (contours). Contours are at 20, 50, 100, 140, 180, 220,
260 mJy beam 'km s~ !. Axes labeled as X and Y at the lower right corner show the directions used to generate the
PV diagrams presented in Figure 7. ¢) '*CS (2—1) moment-1 map (gray-scale) of the emission presented in Figure 4,
superposed on the NH3(2,2) integrated emission with countours at 50, 150, 250, 350, 450, 550 mJy beam 'km s~

d) '3CS (1-0) moment-1 map (gray-scale), superposed on the NH3(4,4) integrated emission in contours as in b).
Synthesized beams are shown at the bottom left of each plot and correspond to NHj in a) and b), **CS(2—1) in c), and
13CS (1-0) in d). In all figures, the crosses mark the position of water masers (Hofner & Churchwell 1996).

NH;3(2,2) map (compare the grey—scale bars in Fig-
ures 6a and 6¢). The *CS and NH3 emission coin-
cide in position and kinematics, which suggests no
chemical differentiation in the HMC.

In addition to the velocity gradient from E to N
for 13CS(1-0), a velocity gradient from W to N of
~1.5 km s~! arcsec™® (or 23 km s~'pc!) is also
estimated. A comparison of these results with those
reported for Orion—IRc¢2 HMCs (Chandler & Wood
1997) suggests that 3CS(1-0) is a good candidate
line to trace the internal structure of HMCs as ob-
served in Figure 6d.

Assuming that the 3 mm flux density is
due to warm dust, we derive a clump mass
Meump = 9S,d*> | k,B,(Tq) (e.g., Beltrdn et al.
2006) for the G12-HMC of ~ 2.0x10% Mg, where
a gas—to—dust ratio of g = 100 and a dust mass
opacity coefficient of #1712 = 0.2 cm? g=! (Ossenkopf
& Henning 1994) were adopted. A flux density of
0.15 Jy (Table 3), a distance of 13.5 kpc, and a tem-
perature Ty = 86 K (Table 6) were assumed. In
addition, considering a 3 mm deconvolved angular
size of 1.7£0.5”, and assuming that all hydrogen
is in molecular form and that the clump is spher-
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Offset (arcsec)
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Fig. 7. NH3(2,2) position—velocity (PV) diagram of the
HMC presented as grey-scale in Figure 6a and 6b. The
plots are slices in the directions X and Y shown in the
lower-right corner in Figure 6b. The origin of the po-
sition axes is located at asgoo = 18%12™40°, da000 =
—18°24’15"”. Contours are at —4,4,5,6,7,8,9,10,11 x
1.6 mJy beam™!. Dashed lines mark the systemic veloc-
ity of the core at ~23 km s '.

ical, we determine a n(Hs)smm ~ 6.3x10% cm—3,

and thus a central hydrogen column density of
N(Hz) ~ 4.2x10%* ecm™2 (following e.g., Sdnchez-
Monge et al. 2017). Both values of n(Hy) and N(Hy)
are in agreement with those reported in Table 1.

The gas mass can be estimated from the
130S(2—1) integrated line flux density assuming
LTE, optically thin emission, and a fractional abun-
dance for the '*CS molecule. Then, assuming the
12CS abundance is CS/Ha = 1078, as estimated for
the Orion Hot Core (van Dishoeck & Blake 1998), a
120S/13CS ratio of 40 (Turner et al. 1973), and an
excitation temperature ~ 86 K from NHj data, we
obtain a gas mass of 6.3x103 My. Then, the mass
ratio for G12-HMC is M(*3CS)/M(Hz) ~ 3. This
discrepancy in the estimated mass can be explained
in terms of the uncertainties in the adopted abun-
dances, in the hot dust emission law, and in the gas
to dust ratio.

Assuming a uniform density, a 3CS(2—1) virial
mass of ~2200 My is derived. This virial mass
is in a better agreement with the NHjs virial mass
(=1500 Mg, and ~1800 M) in comparison with that
determined by Hatchell et al. (1998) via JCMT ob-
servations of CH3OH (1300 Mg).

The volumetric density of Hy was also determined
using equation 2 of Ho & Townes (1983). Consider-
ing the Einstein coefficient A(s~!) for the NH3(2,2)
transition, the collision rate C(s~!) from Danby et al.
(1988), we obtain n(Hs) ~ 1.5x10°% cm~3. The total
NHj3 column density was determined by summation
of N(J,K) over all metastable rotational levels up to
level J = 5, using Boltzmann’s Equation and assum-
ing LTE. This density is somewhat less than that cal-
culated using the 3 mm emission (~6.3x105cm~3).

In addition, the Hy column density was calcu-
lated as N(Hz) = Og n(Hz) where Og is the decon-
volved linear size in cm (37440.1 ~ 0.22+0.01 pc at
13.5 kpc; using ©g = /0,0, from Table 5). The rel-
ative abundance (Xnm,) between NH3 and Hy was
calculated as N(NH3)/N(Hsz). A molecular gas mass
of the clump using ammonia, M(NHs), was deter-
mined using equation 12 of Garay & Lizano (1999)
with a radius R = 0.11£0.01 pc, giving a value of
M(NH3) = 830+£40 M.

Since the virial mass estimations (2200 Mg
from 3CS(2—1), and ~1500 My to ~1800 M
from NHj) are about twice the ammonia gas mass
(= 830 +40 My) we conclude that the G12-HMC
may not be gravitationally bound. The physical pa-
rameters of this HMC are summarized in Table 6.

4.2. HMC Internal Heating Source

From the flux density at 3 mm and the upper
limit at 7 mm from the molecular clump emission
(30 = 1.8 mJy), a spectral index of a>4.5 is ob-
tained. This value suggests that the 3 mm emission
arises from optically thin dust. If we consider that
the dust in the molecular clump is only heated by
external radiation, a lower limit to the dust temper-
ature can be obtained using the formulation of Scov-
ille & Kwan (1976, equation 9), under the assump-
tion that no absorption exists between the ionizing
star of the UC H II region and the clump. Using the
3 mm integrated flux density (see Table 3) and as-
suming an external 06.5 ZAMS ionizing star (Kim
& Koo 2001, Lgar = 1.5x10° L), a dust absorptiv-
ity k, o< v72, and a projected separation between
the clump and the ionizing star (which is presumed
to be at the focus of the cometary UC H II region)
of 0.26 pc (4" at 13.5 kpc), we obtain Tq = 130 K.
This temperature is slightly greater than the values
obtained with other molecular tracers (see Table 1,
§ 3.2.4 and § 4.2). However, not all luminosity of the
06.5 ZAMS ionizing star reaches the HMC. Consid-
ering a dilution factor of Q /41 ~0.06 (where  is the
solid angle subtended by the ammonia core as seen
from the ionizing star of the UC H II ), the fraction
of incident luminosity from the UC H II on the HMC
would be Lijy,. =~ 9000 Ly. Using this quantity as
the energy budget of the HMC, a dust temperature
of about 70 K is estimated, which is similar to the
kinetic temperature obtained in § 3.2.4 (86+12 K).
This implies that an external heating source is not
needed to explain the temperature of the core. How-
ever, the detection of water and methanol masers
suggests the presence of a YSO in the HMC.
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4.3. HMC Kinematics

There are different types of gas motion that can
ocurr in HMCs, i.e., infall, rotation, and expan-
sion/outflows. Outflows and rotation have been in-
voked to explain velocity gradients toward several
HMCs (Cesaroni et al. 1998). In the case of rota-
tion, flattened compact ‘disk—like’ structures with
diameters greater than 0.1 pc (Garay & Lizano 1999,
and references therein) are observed, and the velocity
gradient may indicate the kind of rotation: differen-
tial or rigid body.

The NH;3(2,2) position—velocity (PV) diagrams of
G12-HMC are presented in Figure 7. We find no ev-
idence of infall (e.g., redshifted absorption features).
The central parts of the G12-HMC present larger
velocity widths compared to the edges (6 versus
2 km s~ 1), and the overall structure of the HMC is
elongated. The rotation scenario is possible.

The velocity widths across the HMC in the PV
diagrams are also consistent with expansion motions.
Two components on each side of the HMC central
position(systemic velocity of ~23 km s~1!), have ve-
locities of ~26 km s~! and ~20 km s~!, suggesting
that G12-HMC could be a structure with expansion
motions at velocities of a few km s~! in the SE-NW
direction.

We have obtained images of integrated velocities
from ~30 to 23 km s~! and from 23 to 18 km s~! us-
ing only the main line, and we do not see a clear spa-
tial separation between this red—shifted and blue—
shifted components. The opposite was found in
the high-mass star forming regions G25.65+1.05
and G240.314-0.07, where high velocity molecular
gas is associated with bipolar outflows (Shepherd &
Churchwell 1996). Higher angular resolution obser-
vations are needed to confirm the rotation hypothesis
and whether an outflow is present in the core.

5. SUMMARY AND CONCLUSIONS

We present observations of radio continuum
(0.3, 0.7, 2 and 3.6 cm) and spectral lines (H4le,
130S(2—1) and (1-0), NH3(2,2) and (4,4)) toward
the cometary H II region G12.21-0.10. Continuum
emission is detected at all wavelengths toward the
UC H II region. We also find 3 mm continuum
emission toward a molecular clump located about 4"
from the UC H II region. *CS and NH3 emission is
only detected toward the molecular clump and we do
not find any chemical differentiation between these
species.

We find evidence that the molecular clump is con-
sistent with a hot (86 K), dense (1.5x10% cm™3),

large (0.22 pc), and turbulent (AVops ~ 8 km s~ 1)
molecular core. We also find that this hot molecular
core shows a marginal velocity gradient in the SE-
NW direction. Given that the HMC coincides with a
water and methanol maser group, we speculate that
a YSO, not detected in the centimeter radio contin-
uum, could be forming inside the HMC.

Finally, we find that *CS and NHj are good
candidates to trace the internal structure of HMCs.
However, high angular resolution and higher sensi-
tivity observations are needed to fully characterize
this HMC.
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