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Abstract

We report high angular resolution observations, made with the Atacama Large Millimeter Array in band 6, of high
excitation molecular lines of CH CN3 and SO2 and of the H29α radio recombination line toward the G345.0061
+01.794 B HC H II region in order to investigate the physical and kinematical characteristics of its surroundings.
Emission was detected in all observed components of the J= 14 →13 rotational ladder of CH CN3 and in the
304,26–303,27, and 324,28–323,29 lines of SO2. The peak of the velocity-integrated molecular emission is located
∼0 4 northwest of the peak of the continuum emission. The first-order moment images and channel maps show a
velocity gradient of 1.1 km s−1 arcsec−1 across the source and a distinctive spot of blueshifted emission toward the
peak of the zero-order moment. The rotational temperature is found to decrease from 252±24 K at the peak
position to 166±16 K at its edge, indicating that our molecular observations are probing a hot molecular core that
is internally excited. The emission in the H29α line arises from a region of 0 65 in size, where its peak coincides
with that of the dust continuum. We model the kinematical characteristics of the “central blue spot” feature as due
to infalling motions, suggesting a central mass of 172.8±8.8Me. Our observations indicate that this HC H II region
is surrounded by a compact structure of hot molecular gas, which is rotating and infalling toward a central mass,
that is most likely confining the ionized region. The observed scenario is reminiscent of a “butterfly pattern” with
an approximately edge-on torus and ionized gas roughly parallel to its rotation axis.

Unified Astronomy Thesaurus concepts: Star formation (1569); Radio astronomy (1338); H II regions (694);
Molecular clouds (1072); Molecular gas (1073)

1. Introduction

The formation of high-mass stars begins inside dense and
massive molecular cores where high-mass protostellar objects
accrete at rates between 10−5 and 10−3 Me yr−1 (Tan et al.
2014). These objects finish their Kelvin–Helmholtz (K–H)
contraction very rapidly and reach the main sequence (Norberg
& Maeder 2000; Keto & Wood 2006). At this point, the star
radiates extreme-ultraviolet (UV) photons that ionize its
surroundings, producing very small regions of ionized gas,
observationally characterized by sizes �0.03 pc, densities
ne> 106 cm−3, and emission measures (EMs) > 108 pc cm−6

(Kurtz 2000). These hypercompact (HC) regions are thought to
signpost an early stage of the evolutionary path of high-mass
young stellar objects (HMYSOs).

Theoretical calculations show that almost half of the mass of
O-type stars is accreted after the K–H contraction and the onset
of ionizing radiation (Hosokawa & Omukai 2009; Zhang et al.
2014). How high-mass stars keep accreting despite the onset of
the ionizing radiation is not well established. Theoretical works
have shown that, under steady spherical accretion, radiation
pressure inhibits the growth of the protostars. An effective way
to circumvent the radiation and ionized gas pressure is accretion
from a disk, allowing the accreting material to reach the young
high-mass stars much more easily by flowing inward, mainly
through the plane perpendicular to the angular momentum
vector of the system (Nakano 1989; Kuiper et al. 2011).
Accretion through a disk may only choke the ionized region near
the disk plane, allowing for H II region development in the polar
regions (Keto 2007). In this scenario, an HC H II region should
consist of an ionized biconical cavity confined by a rotating and
contracting predominantly neutral molecular core.
How does accretion proceed after the onset of the ionizing

radiation? How does the envelope material avoid being ionized
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and blown away by its own pressure? To answer these
questions, we undertook Atacama Large Millimeter/submilli-
meter Array (ALMA) Band 6 observations toward a set of
luminous, embedded HMYSOs associated with HC HII regions
in order to simultaneously observe molecular emission in
highly excited transitions of SO2 and CH CN3 and emission
from the ionized gas in the H29α hydrogen recombination line
(HRL). The two molecules have been used to trace velocity
gradients, indicative of rotation, toward hot molecular cores
around luminous, young, high-mass stars in several cases (e.g.,
Sánchez-Monge et al. 2013; Beltrán et al. 2014; Guzmán et al.
2014). Our molecular observations are intended to assess
whether or not HC H II regions are associated with rotating hot
molecular cores on scales of 3000 au, as well as to detect inflow
motions from the surrounding gas. Our goal is to find evidence
of disk accretion and to settle the question as to whether or not
accretion onto the HMYSO is maintained after stellar
contraction and UV photon injection.

In this work, we present observations toward the HC H II
region G345.0061+01.794 B (hereafter G345.01 B; Guzmán
et al. 2012) associated with IRAS 16533-4009. The Spitzer-
GLIMPSE survey shows that it is associated with a bright,
compact, mid-infrared source prominent in the 4.5 μm band.
The G345.01 B HC H II region has the kinematic near and far
distances of 1.7 and 14.7 kpc (Urquhart et al. 2007),
respectively. The ambiguity can be resolved through spectro-
photometric estimation (e.g., Guzmán et al. 2020). In this
study, we adopt the spectrophotometric distance of 2.38 kpc
(Moisés et al. 2011). Choosing the far distance not only results
in an unrealistically massive cluster but also places it at an
impractical distance above the Galactic plane.

The paper is organized as follows: in Section 2 we describe
the observations performed with the ALMA; in Section 3 we
present the observational results; in Section 4 we discuss the
analysis of the data, including the physical relationship
between the hot molecular core and the HC H II region; and
in Section 5 we present a summary of the main points
addressed in this paper.

2. Observations

We observed, using ALMA in Band 6 between 256.3 and
259.6 GHz, the dust continuum and molecular line emission
toward the HC H II region G345.01 B (see Table 1). The
observations were carried out, as part of ALMA Cycle 3,
during 2016 May 21, using the 12 m array. The ALMA field of
view at this wavelength is ∼22″, defined as the FWHM of the
primary beam. The phase center of the array was (R.A., Decl.,
J2000)= (16h56m47s, −40°14¢25″). We observed four spectral
windows in dual polarization mode. The first window was
centered at the frequency of 256.302035 GHz and has a
bandwidth of 1875.00 MHz and a spectral resolution of 1.129
MHz. This setup was chosen to map the H29α radio

recombination line (RRL) emission from the HC II region.
The second and third windows were centered, respectively, at
the frequencies of 258.388716 and 259.599448 GHz each with
234.38 MHz bandwidths and 488.281 kHz (∼0.564 km s−1)
channels. These two setups were chosen to observe the
emission from the purported hot core in two high-excitation
temperature lines of SO2. The fourth window, centered at the
frequency of 257.325000 GHz, has a bandwidth of 468.75
MHz and a resolution of 488.281 kHz. This setup was chosen
to observe the emission of CH3CN, a good temperature probe
of both the large-scale diffuse and small-scale dense gas, in the
J= 14–13 ladder. Zapata et al. (2015) point out that, based on
the analysis of IRAS 16547-4247, to detect emission from the
inner regions of the rotating core, it is important to use
molecular transitions with high upper energy levels (> 300 K).
The selected SO2 transitions, 304,26–303,27 and 324,28–323,29,
have upper level temperatures of 471 and 531 K, respectively,
and those of the lines in the CH CN3 14–13 ladder range
between 92 and 670 K.
J1427-4206 was used as a bandpass calibrator, J1717-3342

was observed as a phase calibrator, and J1617-5848 was
measured as a flux calibrator. Table 1 lists the parameters of
each spectral window, the synthesized beams, and the rms
noise achieved. The integration time on source was 35 minutes.
Calibration and reduction of these data were done using the
Common Astronomy and Software Applications (CASA;
McMullin et al. 2007).
The continuum was subtracted by selecting the line-free

channels from the visibilities using the CASA task uvcontsub.
These line-free channels in turn were used to create the
continuum images directly in tclean.

3. Results

3.1. Molecular Emission

3.1.1. CH CN3

Figure 1 presents the spectrum of the emission in the J= 14
→13 rotational transition of CH CN3 integrated over a region of
0 5 in diameter, centered on the G345.01 B HC H II region.
Other lines are also present. The stronger ones are indicated in
Figure 1 and briefly addressed in Section 4.3. Their transitions,
line frequencies, and upper-state energy levels are given in
Table 2. The J= 14 →13 rotational transition of CH CN3
consists of 14 K components (K= 0, 1, ...13; K being the
projection of the total angular momentum of the molecule onto
its principal rotation axis), of which ten lie within the observed
spectral window (red dotted lines).
Figure 2 displays images of the zero-order (upper panels)

and first-order moments (lower panels) of the emission in the
K= 2, 3, 4, 6, 7, and 8 components of the J= 14–13 ladder of
CH CN3 . Moments of the K= 0, 1, 5, and 9 components are not
shown since they are blended with each other or with other

Table 1
Observational Parameters

Transition Center Freq. Bandwidth Vel. Res. Synthesized Beam P.A. of the Synthesized Beams rms Noise
(GHz) (GHz) (km s−1) (arcsec) (deg) (mJy beam−1)

H29α 256.302035 1.875 1.320 0.52 × 0.40 –65.3 3.8
SO2 v = 0 30(4,26)–30(3,27) 259.599448 0.23438 0.564 0.51 × 0.40 –64.9 4.4
SO2 v = 0 32(4,28)–32(3,29) 258.388716 0.23438 0.566 0.51 × 0.40 –66.1 3.9
CH CN3 v = 0 14–13 ladder 257.325000 0.46875 0.569 0.52 × 0.40 –65.2 4.0
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molecular lines (see Figure 1). Superimposed are contours of
the continuum emission. The peak of the velocity-integrated
intensity CH CN3 emission is located ∼0 4± 0 1 northwest of
the peak of the continuum emission. The first-order moment
images show a velocity gradient from roughly east to west with
average velocities preferentially blueshifted on the western side
and redshifted on the eastern side. A spot of blueshifted
emission is seen toward the peak of the zero-order moment.
The “blue spot” feature is present in all K components shown in
Figure 2, confirming that its detection is a robust result.

Figure 3 presents channel maps of the emission in the K= 3
component, which clearly exhibits the shift in velocity, from
blueshifted velocities in the west to redshifted velocities in the
east. Additionally, a “butterfly pattern” is also noteworthy,
which may indicate the presence of accretion disks around
high-mass stars.

The “blue spot” feature and a velocity change are illustrated
in Figure 4, which presents position–velocity diagrams of the
emission in the K= 0, 1, 2, and 3 components along a direction
from the red part to the blue part, with a position angle (P.A.) of
255° passing through the continuum peak. There is a clear
change in velocity across the source of 4.3 km s−1 over a
region of 3 8 (equivalent to 98 km s−1 pc−1 at a distance of
2.38 kpc). If this velocity gradient is due to gravitationally
bound rotation, it implies a dynamical mass within a 0.023 pc
radius of 51 Me, less than half the mass of the central object as
derived in Section 4.3. We conclude that the hot molecular gas
is likely bound and rotating around the central object.

3.1.2. SO2

In addition to the high-excitation lines of SO2 observed on
purpose in this work, the spectral window of the RRL
encompasses four additional transitions of SO2, all of which
connect levels with less than 50 K above the ground state. The
transitions and their parameters are listed in Table 3; column
(2) gives the frequency, column (3) gives the energy of the
upper state, column (4) gives the Einstein A coefficient, and
column (5) gives the statistical weight of the upper state.
Figure 5 shows images of the velocity-integrated intensity

(upper panels) and intensity-weighted velocity (moment 1;
lower panels) in all six observed SO2 lines, in order of
increasing excitation temperature. The peak position of the
integrated intensity in SO2 is similar (<0 01) to that in the
CH CN3 lines. The “blue spot” signature is also present in the
SO2 moment-one maps.

3.2. Ionized Gas: H29α RRL Emission

Since at Band 6 frequencies the continuum is likely to be
dominated by dust emission, HRLs become the most direct
way to trace the ionized gas. Figure 6 (left panel) shows an
image of the velocity-integrated H29α emission along with the
dust continuum contours. Intensities were integrated from
VLSR=−44 to 8 km s−1. The position of the peak in the
velocity-integrated line emission, of 18.7 Jy beam−1 km s−1, is
coincident with that of the dust continuum (R.A., decl.) (J2000)
=(16h56m47.6±0 1, −40°14¢26 07±0.10).
A Gaussian fit to the observed H29α brightness distribution

indicates that the HC HII region has a deconvolved angular size
(FWHM) q =  ´  » 0. 75 0. 56 0. 65s , corresponding to the
geometrical mean of the deconvolved major and minor axes. At
the distance of 2.38 kpc, this implies a diameter of 0.0075 pc.

Figure 1. Spectra of the methyl cyanide emission, integrated over a region of 0 5, centered on the G345.01 B HC H II region. K components of the CH CN3 14–13
transition are marked with red dotted lines (VLSR = −14 km s−1). In addition, some other lines detected in this spectral window are marked with blue dashed lines.

Table 2
Observational Parameters of CH CN3 J = 14 → 13 Rotational Lines and Other

Lines Detected in This Spectral Window

Species Transition Frequency Eu/k
(GHz) (K)

CH CN3 140 → 130 257.527 92.70
141 → 131 257.522 99.85
142 → 132 257.508 121.28
143 → 133 257.483 156.99
144 → 134 257.448 206.98
145 → 135 257.404 271.23
146 → 136 257.349 349.72
147 → 137 257.285 442.45
148 → 138 257.210 549.38
149 → 139 257.127 670.50

13CH3OH 15(3,13)–15(2,14) +– 257.422 321.79
CH3OH 18(3,16)–18(2,17) +– 257.402 446.53
CH3

13CN 14(1)–13(1), F = 14–13 257.393 99.80

14(2)–13(2), F = 14–13 257.380 121.23
14(3)–13(3), F = 14–13 257.355 156.94
14(4)–13(4), F = 14–13 257.321 206.93

(CH3)2CO 24(3,22)–23(3,21) EE 257.373 165.68
24(3,22)–23(2,21) AE 257.338 165.75

CH3CH2CN 30(0.30)–29(0,29) 257.310 193.54
CH3OCHO 21(9,13)–20(9,12)A 257.298 377.19

23(2,22)–22(2,21)E 257.242 342.23
20(5,15)–19(5,14)E 257.227 142.79

CH3OCHO 20(5,15)–19(5,14)A 257.253 142.79
29SiC2 11(4,8)–10(4,7) 257.276 105.23
SO2 7(3,5)–7(2,6) 257.100 47.84
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Figure 6, right panel, shows a spectrum of the H29α RRL
emission integrated over the source. A Gaussian fit to the line
profile gives a line width of 33.7± 2.3 km s−1 and a line-center
velocity of VLSR=−18.1± 0.9 km s−1. This velocity differs
from those of the CH CN3 and SO2 molecular lines. It may be
due to the fact that ionized gas and molecular cloud are slightly
displaced.

The electron temperature *Te can be derived from the
following expression (Gordon & Sorochenko 2002) assuming
local thermodynamic equilibrium (LTE) conditions:
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where Sff is the free–free continuum flux density, SH29α is the
H29α peak flux density, α(v, Te) ∼1 is a slowly varying
function of frequency (Mezger & Henderson 1967), and N
(He+)/N(H+) is the He+ to H+ abundance ratio. The free–free
flux density, Sff, cannot be derived from the continuum
emission at 256 GHz because of the contribution of dust
emission at this frequency. We estimate it using the parameters
of the HC HII region (EM and size) derived by Guzmán et al.
(2012), from a fit to the observed radio continuum spectra at
lower frequencies, obtaining a value of Sff= 325± 65 mJy.
Using the observed values of SH29α= 883± 47 mJy and
ΔVH29α= 33.7± 2.3 km s−1 and adopting a value of 0.096 for
the He+ to H+ abundance ratio (Mehringer 1994), we get an
electron temperature *Te = 8094± 1534 K.

Further parameters of the region of ionized gas can be
computed using the equations presented in Mezger &
Henderson (1967) and Mezger et al. (1974). Assuming that
the HII region is spherical and homogeneous, using the values
of the continuum flux density at 256 GHz (325± 65 mJy), the

angular size (0 65), electron temperature (8094± 1534 K), and
distance (2.38 kpc), we determine an electron density of
(2.1± 0.2) × 105 cm−3, an EM of (4.6± 0.9) × 108 pc cm−6, a
mass of ionized gas (3.6± 0.3) × 10−3 Me, and the number of
ionizing photons required to excite the H II region becomes
(2.6± 0.6) × 1047s−1. The errors neither include the distance
uncertainty nor potentially strong density gradients as
suggested by Kurtz et al. (2000). If we consider the near and
far distances of 1.7 and 14.7 kpc, the inferred Lyman
continuum flux suggests the presence of a massive star
equivalent to a zero-age main-sequence star of type B0 and
O5.5, respectively, within the G345.01 B HC H II region
(Panagia 1973) which corresponds to a stellar object with a
mass of 10 Me to 30 Me.

3.3. Dust Continuum

Continuum contours are overlaid on all moment maps
depicting CH CN3 , SO2, and H29α RRL in Figures 2, 3, 5, and
6(a). Continuum contour levels are set at 10σ, 20σ, 40σ, 100σ,
200σ, 400σ, and 800σ, with σ being 0.3 mJy beam−1. The peak
position, measuring 0.234 Jy beam−1, aligns (<0 01) with that
of the ionized gas (H29α RRL), while the peak of the velocity-

Figure 2. Images of the velocity-integrated intensity (moment 0; upper panels) and intensity-weighted velocities (moment 1; lower panels) in the CH CN3 J = 14–13
K = 2, 3, 4, 6, 7, and 8 transitions toward the G345.01 B HC H II region. Superimposed are contours of the continuum emission. Contour levels are 10σ, 20σ, 40σ,
100σ, 200σ, 400σ, and 800σ, where σ is 0.3 mJy beam−1. The black dashed line shown in the lower left panel indicates the position of the position–velocity cut
mentioned in Section 3.1.1. The black ellipse shown at the bottom right corner of the lower left panel indicates the beam size.

Table 3
Parameters of the Observed SO2 Transitions

Transitions Frequency Eu/k Aul gu
(GHz) (K) (10−4 cm−1)

High-excitation Lines
304,26–303,27 259.599 471.50 2.07 61
324,28–323,29 258.389 531.10 2.1 65
Low-excitation Lines
33,1–32,2 255.958 27.62 0.66 7
43,1–42,2 255.553 31.29 0.93 9
53,3–52,4 256.247 35.89 1.07 11
73,5–72,6 257.100 47.84 1.22 15
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integrated intensity of CH CN3 and SO2 emissions is situated
(as mentioned before) approximately 0 4 northwest of the
continuum emission peak. We estimate the dust continuum flux
of 565± 112 mJy by subtracting the contribution of the free–
free emission of 325± 65 mJy from the total flux of the
continuum map of 890± 47 mJy.

The mass of the core (central star) is obtained from the
following equation using the dust continuum flux:

=
´

´
M

S D

k B T
, 2dust

1.1mm
2

1.1mm 1.1mm dust( )
( )

where S1.1mm is the dust continuum flux, D is the distance to
the object, and T1.1mm is the dust temperature. B1.1mm(Tdust)
represents the Planck function (blackbody radiation) at the
dust temperature Tdust, and we adopt a grain emissivity,
k1.1mm= 0.0078 cm2 g−1, which is the value calculated by
Ossenkopf & Henning (1994) for bare grains and dense gas,
where a gas-to-dust ratio of 100 is assumed. Adopting
Tdust= 250 K (see Section 4.1), we derive a dust mass of
∼4 Me (for a distance of 2.38 kpc). This dust mass is
significantly smaller than the mass of the central object as
derived in Section 4.3, while its gas mass is larger. We

conclude that the gravitational field is significantly influenced
by the central star.

4. Discussion

4.1. Rotational Temperature of CH CN3

Rotational temperature and total column density of
CH CN3 were derived from the Madrid Data Cube Analysis
(MADCUBA;15Martín et al. 2019) software assuming LTE.
Figure 7 displays rotational diagrams of the emission at the

peak position (“blue spot” in Figure 2) and in half rings going
from the peak position toward the southeast (diameters at P.A.s
of 135°) with different radii (R1–R5) from the peak position.
The rings are centered at the peak position and have widths of
0 15. The inner ring (R1) has an inner radius of 0 33. The
rotational temperature decreases outwards with distance from
the “blue spot” (exciting star), being 252±24 K at the peak
position and 166±16 K at the edge of the molecular (CH CN3 )
structure (∼0.01 pc). Figure 8 plots the computed rotational
temperature versus the projected distance from the “blue spot.”

Figure 3. Channel maps for the K = 3 component of the CH CN3 J = 14–13 transition. The contours provide the continuum emission already presented in Figure 2.
The white ellipse shown in the lower right corner of the bottom left panel indicates the beam size.

15 MADCUBA is a software developed in the Madrid Center of Astrobiology
(INTA-CSIC), which enables to visualize and analyze single spectra and data
cubes: https://cab.inta-csic.es/madcuba/.
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A power-law fit to the observed dependence gives
Trot= 154 r−0.35±0.19. This result suggests that the molecular
gas is heated via collisional excitation with hot dust, which in
turn is heated by the absorption of radiation emitted by the
central star (Scoville & Kwan 1976). Using Expression (11) in
Garay & Lizano (1999), we infer that the power-law index of
dust emissivity at far-infrared wavelengths, β, is 0.55 with an
emissivity, f, of 0.08 and that the luminosity of the central
object is 1.1× 104 Le. This luminosity is in good agreement
with the luminosity of the star ionizing the HC H II region as
determined by Guzmán et al. (2012) from radio continuum
observations.

4.2. Rotational Temperature of SO2

From the emission of the four low-excitation lines of SO2

shown in Table 3, we obtain the rotational temperature of the
envelope with MADCUBA. Figure 9 plots a rotational diagram of
emission from the whole region. A linear fit to the observed
trend implies a temperature of 40± 6 K. Since the data are well
matched by a linear fit, all SO2 lines appear to be optically thin.

4.3. Infall Motions

Within the spectral window covered by the ALMA data (see
Figure 1), additional spectral features are also detected. Not

Figure 5. Same as Figure 2 for 304,26–303,27; 324,28–323,29; 33,1–32,2; 43,1–42,2; 53,3–52,4; and 73,5–72,6 SO2 emissions.

Figure 4. Position–velocity diagrams of K = 0, 1, 2, and 3 components of the CH CN3 J = 14–13 transition along a direction from the red to the blue part, with a
position angle (P.A.) of 255° passing through the continuum peak (see Figure 2). Contour levels are 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 90% of the
peak value of 0.7 Jy beam−1.
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only the line profiles of CH CN3 and SO2 but also the lines of
other species such as CH3OCHO and 13CH3OH, integrated
over a region of 0 5 in size and centered on the G345.01 B HC
HII region, show a blue asymmetry in their line profiles.
Figure 10 shows the observed line profiles of several K
components of the CH CN3 J= 14–13 transition (marked with
red dashed lines) toward the “blue spot” position. These spectra
also show a blue asymmetry in their line profiles. The

appearance of the line profiles is consistent with the detection
of the “classic” asymmetric-line profile-infall signature
(Narayanan et al. 1998). Furthermore, Mayen-Gijon et al.
(2014) and Estalella et al. (2019) suggested that the “blue spot”
feature mentioned above (see Section 3.1) is a clear signature of
infall. The observation of a blue spot, coupled with the absence
of a corresponding red spot, aligns well with the proposed infall
scenario. This discrepancy can be attributed to the obscuration

Figure 6. Left panel: an image of the velocity-integrated H29α RRL emission along with the dust continuum contours (see Figure 2). Right panel: a spectrum of the
H29α RRL emission integrated over the source. A Gaussian fit to the line profile gives a line width of 33.7 ± 2.3 km s−1 and a line-center velocity of VLSR =
–18.1 ± 0.9 km s−1.

Figure 7. Rotational diagrams of CH CN3 derived from the peak position (“blue spot,” in lower panels of Figure 2) and in half rings going from the peak position
toward the southeast (P.A.: 135°) with different radii (R1 to R5) from the peak position using MADCUBA. The rings are centered at the peak position and have widths of
0 15. The inner ring (R1) has an inner radius of 0 33. The rotational temperature decreases from the peak position to the edge of the source (∼1″) from 252±24 to
166±16 K.
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of the putative red spot, which lies adjacent to and directly in
front of the stellar object, by more extended redshifted gas
situated in the foreground. The central region of the first-order
map appears blueshifted because the blueshifted emission,
arising from gas close to and mainly behind the central stellar
object, is stronger than the redshifted emission from gas farther
away and in front of the stellar object. This asymmetry is
produced when the optical depth is high enough so that at a
given line-of-sight velocity, the gas facing the observer hides
the emission from the gas behind it (Anglada et al. 1987, 1991).

At larger distances from the center, the integrated intensity
decreases, the blue- and redshifted intensities become similar,
and the intensity-weighted mean velocity approaches the
systemic velocity of the cloud. Therefore, the first-order
moment of an infalling envelope is characterized by a compact
spot of blueshifted emission toward the position of the zeroth-
order moment peak.

In order to determine the infall velocity, central mass, and
infall radius, we use the hallmark model of Estalella et al.
(2019). The value of the first-order moment as a function of
the angular distance was obtained for the unblended K
components of the J= 14–13 transition of CH CN3 by
averaging the first-order moment in concentric rings of width

0 05 centered on the average position of the peak of the “blue
spot,” (R.A., decl.) (J2000) = (16h56m47 6, −40°14¢25 98).
The first-order moment profiles of the different components are
presented in Figure 11. They seem to belong to two separate
groups, with the first-order moment values for the K= 2, 3, and
4 components being higher than those of the K= 6, 7, and 8
components, especially near the peak position. However, the
K= 7 component follows the K= 2, 3, and 4 components
beyond 0 5 distance from the peak. The difference is likely due
to the higher-K lines probing the hotter gas close to the HC H II
region. The best fit is obtained for an infall radius much
larger than the beam size, an ambient-gas velocity of VLSR=
−12.49± 0.16 km s−1, and a central mass of 172.8± 8.8 Me
(for a distance of 2.38 kpc, and the error does not include the
distance uncertainty). To ensure accuracy and assess sensitivity
of the model to distance variations, we also fit this model using
the near distance of 1.7 kpc, and we get an ambient-gas velocity
of VLSR=−12.46± 0.16 km s−1 and a central mass of
126.0± 8.7 Me. This central mass is much larger than that
derived from the number of Lyman photons presented in
Section 3.2. This difference could be attributed to forming a
very massive star, which is still undergoing infall, emitting
fewer ionizing photons than a main-sequence star of the same
mass. The clear detection of the “central blue spot” signature in
the G345.0061+01.794 B HC H II region indicates that infall
motions play a fundamental role in the gas kinematics of this
source.

4.4. Butterfly Pattern

In the channel maps (in Figure 3) a “butterfly pattern”–like
structure is observed. The body of the butterfly, a potentially
inflated rotating torus, showing redshifted emission in the east
and blueshifted one in the west, extends across the center of the
source. Roughly parallel to the rotation axis of this torus we
find ionized gas on both sides, i.e., in the north and south. The
extent and thickness of the torus are similar, and the ionized gas
in the north is oriented slightly eastwards, and the one in the
south is also oriented somewhat eastwards. Hence, the butterfly
pattern is not perfectly fulfilled, but the observational data
come close to it. Apparently, we see the source from a suitable
viewing angle, i.e., the torus is seen approximately edge-on.

5. Conclusion

We carried out high angular resolution observations, using
ALMA, of emission in highly excited molecular lines of
CH CN3 and SO2 and in the H29α RRL toward the G345.0061
+01.794 B HC H II region. The main results and conclusions
are summarized as follows:

1. Emission was detected in all ten observed K components
of the J= 14 →13 rotational ladder of CH CN3 and in the
304,26–303,27 and 324,28–323,29 lines of SO2. The peak of
the velocity-integrated molecular line intensity is located
slightly NW (about 0 4± 0 1) of the peak of the
continuum emission.

2. The first-order moment images of the molecular emission
show a central spot of blueshifted emission, with respect
to the systemic velocity of the cloud, located at the peak
of the zero-order moment, seen in all K components of
CH CN3 , in the SO2 lines and in transitions of other
species serendipitously detected in the measured
frequency band.

Figure 8. Rotational temperature of the CH CN3 versus projected distance from
the “blue spot” (see the lower panels in Figure 2). A power-law fit to the
observed dependence gives Trot = 154 r−0.35±0.19.

Figure 9. Rotational diagram using the emission from the low-excitation lines
of SO2 integrated over the whole source. A linear fit to the observed trend
implies an excitation temperature of 40 ± 6 K.
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3. Rotational diagrams of the emission of the methyl
cyanide lines show that the rotational temperature has a
peak value of 252±24 K at the position of the “blue spot”
and decreases outwards, reaching a value of 166±16 K at
the edge (∼1″, 0.01 pc for a distance of 2.38 kpc) of the
molecular structure, indicating that our observations are
probing a hot molecular core that is internally excited. In
addition, from the emission of four low-excitation lines of
SO2, we estimate a rotational temperature of 40± 6 K for
the envelope integrated over the whole source.

4. The first-order moment images and channel maps of the
molecular emission show a velocity gradient from
roughly east to west with average velocities preferentially
blueshifted on the western and redshifted on the eastern
side. The change in velocity amounts to 4.3 km s−1 over a
region of 3 8 (equivalent to 98 km s−1 pc−1 at the
distance of 2.38 kpc).

5. Emission was detected in the H29α line, having a line-
center velocity of VLSR=−18.1± 0.9 km s−1 and a line

width (FWHM) of 33.7± 2.3 km s−1. The position of the
peak in the velocity-integrated emission is coincident
with that of the dust continuum. The RRL observations
indicate that the ionized gas emission arises from a region
having a radius of 0.0037 pc, a mass of ionized gas of
(3.6± 0.3)× 10−3 Me, an electron temperature of
8094± 1534 K, an EM of (4.6± 0.9)× 108 pc cm−6,
and an electron density (2.1± 0.2 )× 105 cm−3 (for a
distance of 2.38 kpc).

6. We modeled the kinematical characteristics of a “central
blue spot” feature as due to infalling motions, deriving
a central mass of 172.8± 8.8 Me (for a distance of
2.38 kpc). We conclude that the HC H II region is
surrounded by a compact structure of hot molecular gas,
which is rotating and infalling toward a central mass of
172.8± 8.8 Me, which is most likely confining the
region of ionized gas.

7. The properties for the source are reminiscent of the
theoretically proposed “butterfly pattern,” with the
rotating torus seen almost edge-on and the ionized gas
extending roughly perpendicular to it.
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average position of the peak of the “blue spot,” (R.A., decl.)
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bars are the standard deviation of uncertainties of the velocity inside each ring.
The black solid line shows the best fit to the data. The best fit is obtained for an
infall radius much larger than the beam size, an ambient-gas velocity
VLSR = −12.49 ± 0.16 km s−1, and a central mass of 172.8 ± 8.8 Me (for a
distance of 2.38 kpc).
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