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Abstract

We present high-angular resolution observations, conducted with the Atacama Large
Millimeter /Submillimeter Array (ALMA) in Band 6, of high-excitation molecular lines
of CH3CN, CH30H, and the H29« radio recombination line, towards the G333.6-0.2
ultracompact (UC) H1I region. Our observations reveal three hot molecular cores: A, B,
and C, where emission is detected in ten components of the | = 14 — 13 rotational ladder
of CH3CN and in the CH30H | = 5; 4 — 4, 3 transition. Rotational diagram analysis of
CH3CN reveals excitation temperatures ranging from 380 to 430 K. First-order moment
maps of CH3CN and CH30H reveal distinct velocity gradients in all cores, suggesting
rotating structures, with core A also showing evidence of expansion motions. The H29«
recombination line shows a linewidth of 30.2 4+ 0.12 kms~!, dominated by dynamical and
thermal broadening, indicative of large-scale motions in ionized gas. Analysis of the ionized

3, an emission measure

gas properties yields an electron density of (4.8 + 0.4) x 10° cm™
of (1.23 + 0.06) x 10° pccm %, and a Lyman continuum photon flux consistent with an
05-06 V (Zero-Age Main Sequence; ZAMS) star. Our results suggest that G333.6-0.2 is in
an intermediate evolutionary stage between hypercompact (HC) and ultracompact (UC)
H 11 regions, hosting active high-mass star formation with rotating hot cores and ionized

gas dynamics.

Keywords: H1I regions; individual object (G333.6-0.2); star formation; massive stars; hot
molecular cores; molecular gas; ionized gas

1. Introduction

High-mass star-forming regions (HMSFRs) exhibit rich chemistry that significantly
influences the evolution and composition of the interstellar medium (ISM) [1]. Over the
years, numerous complex organic molecules (COMs) have been identified in hot molecular
cores [2], which are compact, hot, and dense regions associated with luminous infrared (IR)
sources or UC H1I regions [3,4].

Various complex physical processes, including accretion, infall, and outflows, occur
during the early evolutionary stages of HMSFRs. They begin within dense and massive
molecular cores, where high-mass protostellar objects accrete material at rates of 107>
to 1073 M yr~! [1]. These objects complete their Kelvin—-Helmholtz (K-H) contraction
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rapidly and transition to the main sequence [5]. At this stage, the star emits extreme
ultraviolet (UV) photons, ionizing its surroundings and creating compact regions of ionized
gas. Observationally, these regions are characterized by sizes (r) < 0.03 pc, densities
(ne) > 10° em ™3, and emission measures (EM) exceeding 108 pc cm 0 [6].

The object of our study, G333.6-0.2, is a bright HII region extensively observed at
radio and infrared wavelengths [7,8], but completely obscured at optical wavelengths. This
region is located at a distance of approximately 3.1-3.6 kpc from the Sun [8-10] and is
thought to be ionized by a cluster of massive O-B type stars [11].

(G333.6-0.2 is classified as an UC H1I region [12], embedded within the giant H IT complex
RCW 106 [13]. Its total luminosity is estimated to be less than 9.0 x 10°, L [9], indicating
ongoing high-mass star formation. Based on radio continuum analysis, G333.6-0.2 is suggested
to harbor the equivalent of 19 O7V-type stars [8]. However, it has also been argued that the
ionizing sources may include even earlier spectral types, ranging from O3 to O5 [9].

In this work, we present high-angular resolution interferometric observations (ALMA
archival data) toward G333.6-0.2. We report the detection of high-excitation lines of CH;CN
and CH30H, as well as the H29« radio recombination line, and analyze the kinematics
and physical properties of the hot molecular cores associated with this UC H1I region. In
Section 2, we describe the observations and data reduction process. Section 3 presents
the analysis of the molecular gas environment. In Section 4, we analyze the rotational
diagrams to derive physical parameters. Section 5 focuses on radio recombination line
(RRL) fitting and the estimation of broadening parameters. In Section 6, we discuss the
derived properties of the H1I region. Finally, all results are summarized in Section 7.

2. Observations

We analyze archival ALMA data (Project 2016.1.00577.S) covering the 240.8 to
260.625 GHz frequency range (Band 6) to investigate molecular line emission towards
the UC H,11 region G333.6-0.2. Observations were conducted in August 2017 using forty
12 m antennas. The array configuration provided baseline lengths ranging from 108.440 m
to 864.182 m, resulting in a synthesized beam size of 0163. The observations covered four
spectral windows spanning the frequency ranges 240.82-241.288 GHz, 243.72-244.188 GHz,
256.119-256.587 GHz, and 257.156-257.625 GHz. The phase center of the array was set to
ap000 = 16122M09%, 815000 = —50°15'59". The flux calibrator was Titan, the phase calibrator
was J1427-4206 and the bandpass calibrator was J1603-4904. The data cube has a spectral
resolution of 488 kHz and a synthesized beam of 0”23 x0”.14 with a position angle (PA)

of ~—41.9°. The systemic velocity of the source is known to be ~—47kms1.

Image
analysis was performed using the CASA 4.7.2 software package [14]. Spectral line identifi-
cation and processing analysis presented in this article were performed using the software
packages CASA, CARTA, and MADCUBA, while final visualization was performed using

AstroPy [15].

3. Molecular Gas Environment

The molecular gas environment surrounding the G333.6-0.2 UC H1I region has been
analyzed using high-resolution ALMA observations. We present the results obtained for
typical hot core tracers, such as CH3CN, CH%3CN, and CH3;OH.

Based on the analysis of moment maps and spectral profiles, we identified three cores
around the G333.6-0.2 H1I region. Cores A and C are identified as hot core candidates
based on the detection of CH30OCHO lines at 216.1 GHz [16]. From the G333.6-0.2 H1I
region, core A is located at a distance of 0.29 pc, core B at 0.25 pc, and core C at 0.33 pc,
assuming a distance of 4.2 kpc [17,18].
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Figure 1 presents the moment 0 map of CH3CN emission shown in color scale, with
the moment 0 contours of the H29 a recombination line overlaid in gray. Three distinct
molecular cores are identified in the CH3CN emission map and are labeled as A-core,
B-core, and C-core. Three distinct molecular cores are identified in the CH3CN emission
map and are labeled as A-core, B-core, and C-core. We estimate the size of the emission
regions by fitting a two-dimensional Gaussian. We also estimate the deconvolved source
sizes using the following formula:

Source Size = \/ FWHM o x FWHMpip, — 0

2
beam”’

where FWHM 5 and FWHMy,, are the major and minor FWHM size obtained from the
two-dimensional Gaussian fit, and 6pean, is the geometric mean of the beam’s major and

Obeam = \/ bmaj X bmin-

The sizes and coordinates of the cores, along with the peak velocities of the molecular

minor axes, calculated as

lines, are listed in Table 1. These molecular cores are spatially separated and exhibit
different peak intensities, with A-core being the brightest. A zoomed-in view and further
characterization of each core are provided in the corresponding moment maps.
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Figure 1. Moment 0 map of CH3CN emission (color scale) overlaid with H29« moment 0 contours.
Three molecular cores labeled A, B, and C.

Figure 2 shows the emission spectrum of the | = 14 — 13 rotational transition of
CH3CN, integrated over a region corresponding to a beam diameter. Other molecular lines
are also present.
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Figure 2. Spectra of CH3CN emission in the | = 14 — 13 transition. (Top) Core A (central region);
(Second) core A; (Third) core B; (Bottom) core C. The K-components (K = 0-9) are marked with red
dashed lines (Vg = —47 kms~1). Additional molecular lines detected in core A are marked with
blue dashed lines.
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Table 1. Coordinates, peak velocities, and sizes of the hot cores.
Coordinates (RA, Dec) Visr [kms™1] Size® ["'] Sizel ., ["]
(16h 22™ 11.061%, —50°05'56" 64) —52.3 0.360 0.315
(16h 22™ (8.892%, —50°06'1003) —46.9 0.237 0.162
(16h 22™ (08.559%, —50°06'12"34) —46.2 0.247 0.176

7 Observed source size from a 2D Gaussian fit (FWHM, not deconvolved). b Deconvolved source size, corrected
for beam broadening using the geometric mean beam size.

We detected the emission of CH3CN in three cores, identified as A, B, and C. The ten
components (K =0,1,...,9) of the | = 14 — 13 ladder of CH3CN are detected in these
cores. For core A, the spectra were extracted from a region located northeast of the center
(indicated by a blue plus sign), while the central region exhibits saturation and significant
line blending (see Figure 3).

In addition, seven components (K = 0 to K = 6) of the ] = 14 — 13 transition of
the CH*CN molecule were identified (indicated by blue dash-dot lines). Other molecular
species identified within this spectral window are marked in green and Table 2 lists the
identified transitions, line frequencies, and upper-state energy levels for the three cores.

Table 2. Observational parameters of CH3CN | = 14 — 13 rotational transitions and other detected
lines within this spectral window.

Species Transition Frequency (GHz) E,/k (K)

149 — 139 257.527 92.70

14; — 134 257.522 99.85

14, — 13, 257.508 121.28

145 — 133 257.483 156.99

CH;CN 144 — 134 257.448 206.98
145 — 135 257.404 271.23

14¢ — 13¢ 257.349 349.72

147 — 13, 257.285 442 45

14g — 13g 257.210 549.38

149 — 139 257.127 670.50

149 — 13g, F = 14-13 257.400 92.65

14; — 131, F=14-13 257.395 99.80

14, — 13,, F = 14-13 257.380 121.23

CH;3CN 145 — 135, F = 14-13 257.355 156.94
144 — 134, F = 14-13 257.321 206.93

145 — 135, F = 14-13 257.276 271.17

146 — 134, F = 14-13 257.222 349.67

23 (2.22)-22 (2.21) E 257.242 342.23

CH3;0OCHO 20 (5.15)-19 (5.14) E 257.227 142.79
20 (5.15)-19 (5.14) A 257.253 142.79

13CH,0H 15 (3.13)-15 (2.14) 257.422 321.79
CH;3;CH,CN 30 (0.30)-29 (0.29) 257.310 193.54
CH,CHCN 27 (16.11)-26 (16.10) 257.130 1718.76

Note: The letters “A” and “E” refer to torsional species of the CH3 group caused by internal rotation.
These symmetry labels arise from the quantum mechanical treatment of the hindered rotation of the
methyl group in asymmetric top molecules such as CH30OCHO.

Figure 3 shows the moment maps of the CH3CN | = 14 — 13, K = 2 transition for
cores A (left panels), B (middle panels), and C (right panels). For core A, the zero-order
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moment map shows a brightness increasing from the edge toward the center, reaching ap-
proximately 1.2Jybeam ~! kms~!. The first-order moment map shows that the molecular
gas exhibits two distinct velocity gradients: one from southwest (SW) to northeast (NE),
suggesting gas expansion, and another from southeast (SE) to northwest (NW), indicative of
rotational motion [19,20]. The second-order moment map (bottom panel) displays a velocity
dispersion reaching up to ~25 km? s~2, which may be related to line saturation. For core B,
the brightness in the zero-order moment map is ~0.4Jybeam ~! kms~!. The first-order
moment map shows a velocity gradient oriented from southeast to northwest. For core
C, the zero-order moment map displays a brightness of ~0.25Jybeam ~! kms~! and the
first-order moment map reveals a velocity gradient directed from west to east. The average
velocity for both cores is approximately —46 kms~!. The second order moment map indi-
cates a velocity dispersion of about 5 km? s 2 for both cores.The velocity gradients observed
in the first-order moment maps suggest the presence of ordered rotational kinematics.
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Figure 3. Images of the velocity-integrated intensity (moment 0; upper panels), intensity-weighted
velocities (moment 1; middle panels), and velocity dispersion map (moment 2; lower panels) in the
CH3CN ] = 14 — 13 K =2 transition for cores A, B, C. The black ellipse shown at the bottom right
corner of the lower left panel indicates the beam size.

The spectral emission of the CH3OH molecule for cores A, B, and C is shown in
Figure 4. The molecular line corresponds to a frequency of 243.916 GHz with a transition
] = 514 — 413. To compare the results obtained for molecular gas, we analyzed the
moment maps (see Figure 5) of CH30OH emission for the A, B, and C cores.

Figure 5 shows the moment maps (Moment 0, 1, and 2) of CH30H emission toward
cores A, B, and C. For core A, the zero-order moment map (top panel) shows a centrally
peaked brightness distribution, reaching up to ~0.25Jybeam~!kms~!. The first-order
moment map (middle panel) reveals a velocity gradient oriented from southeast (SE)
to northwest (NW), indicative of ordered gas motions. The second-order moment map
(bottom panel) displays a velocity dispersion up to ~3.0 km? s~2.

For core B, the CH30H zero-order moment map (top panel) shows lower brightness
compared to core A, with an integrated intensity of ~0.15]Jy beam ! kms~!. The velocity
gradient seen in the first-order moment map (middle panel) is directed from south to north.
The second-order moment map (bottom panel) indicates a velocity dispersion of up to
~2.0 km? s2.
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For core C, the zero-order moment map (top panel) exhibits a peak intensity of
~0.10Jybeam ! kms~!. The first-order moment map (middle panel) shows a velocity
gradient extending from southwest to northeast. The velocity dispersion shown in the

second-order moment map (bottom panel) reaches ~1.5 km? s 2.
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Figure 4. Spectral emission features of CH30OH toward cores A, B, and C. The red line shows the
detected CH3OH spectrum.

These velocity gradients observed in the first-order moment maps suggest the presence
of organized gas motions within the molecular cores.

In Figure 6, the position—velocity (PV) diagrams for the three core structures are
presented. PV cuts were extracted along the axes of the local velocity gradients, as identified
from the moment 1 (intensity-weighted velocity) maps (see Figure 3). The PV axes are
overlaid on the moment 1 images for reference. The velocity gradient in core A is oriented
from northeast to southwest (position angle 30°); in core B, from southeast to northwest
(PA —45°); and in core C, from northeast to southwest (PA 78°).

The position—velocity (PV) diagram of core A reveals an asymmetric velocity structure.
The redshifted side shows a butterfly-like pattern indicative of Keplerian-like rotation,
whereas the blueshifted side is less prominent.
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Figure 5. Same as Figure 5 for CH30H | = 57 4—4; 3 emission.

In contrast, the PV diagrams of cores B and C exhibit more symmetric velocity gra-
dients on both sides of the central position. These features are consistent with rotational
motion within the molecular cores, though without clear signatures of Keplerian dynamics.
The observed kinematics suggest that cores B and C are rotating structures, potentially in
earlier or less compact evolutionary stages than core A.

Core A Core B Core C
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o) 2 Q
i Rt i
B Z Z
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-50
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Figure 6. Position—velocity (PV) diagrams of cores A, B, and C. The color scale represents the emission
intensity in Jy beam ™! for each core. For core A, the intensity ranges from 0.075 to 0.2 Jy beam~!; for
core B, from 0.015 to 0.048 Jy beam™1; and for core C, from 0.014 to 0.04 Jy beam™1.

4. Rotation Diagram Analysis: Estimation of Gas Temperature

We employed rotation diagram analysis to derive the rotational temperatures. We
performed the derivation of the rotational temperature and total column density of CH3CN
using the Madrid Data Cube Analysis (MADCUBA) software, assuming local thermodynamic
equilibrium (LTE) [21].

Figure 7 shows the rotational diagrams of the cores A and B. The derived rotational
temperatures for cores A and B are 430 + 65 K and 383 =+ 46 K, respectively, with corre-
sponding column densities of 2.24 x 102 cm~2 and 7.94 x 10'? cm~2.
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The data points corresponding to energy levels of 271 K (K = 5) and 670 K (K = 9) were
excluded from the fit. This is because the K = 5 component of methyl cyanide overlaps
with the K = 0 transition of CH?CN, while the K = 9 transition at 670 K is blended with a
line from CH,CHCN.

In addition, the rotational temperature and column density were also derived for
core A using the CHI3CN isotopologue. These values were obtained based on seven
detected components (K = 0 to K = 6) of the | = 14 — 13 transition. The resulting
temperature is 140 4 14 K, and the corresponding column density is 3.44 x 10! cm~2.

Core A

N(Nyp/Gup)
®  ®
(9} D

|
®
=~

®©
w

T =430.3+65.1K
8.21 N =107(13.35) cm 2 + 12.88 x

0 100 200 300 400 500 600
Core B

T=382.5+46.0 K
78l N=107(12.90) cm 2 + 12.34

0 100 200 300 400 500 600

Figure 7. Rotational diagrams of cores A and B. The black open triangles represent the observed data
points of CH3CN rotational transitions, and the solid blue lines indicate the best-fit linear regressions
used to estimate the excitation temperature and column density.

5. Radio Recombination Lines: H29« and He29«

We identified the radio recombination lines (RRLs): H29« (256.302 GHz) and He29«
(256.317 GHz). Figure 7 shows the spectrum of the H29« and He29« recombination lines,
integrated over the peak position (0.26”) of the recombination emission indicated by the
white cross in Figure 8. A Gaussian fit to the H29« line profile yields a linewidth (FWHM)
of 30.2 + 0.12kms~! and a central velocity of Visg = —40.57 +0.05kms™!, a peak
amplitude of 0.418 £ 0.001 Jy.

For the He29« line, the fitted linewidth (FWHM) is 28.57 + 1.23kms~!, with a
central velocity of Vigr = —37.52 +0.5kms™!, and a peak amplitude of 0.0399 & 0.0015 Jy.
A Gaussian fit to the He29« line profile yields a full width at half maximum (FWHM)
of 17.41 4+ 0.43 km s~!, a central velocity of Visg = —37.52 4+ 0.18 km s~!, and a peak
amplitude of 0.00887 £ 0.00019 Jy. The corresponding integrated intensity is measured
to be 0.164 & 0.004 Jy km s~ 1. Notably, the central velocities of the recombination lines
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differ from those of the molecular lines, which may indicate a slight spatial offset be-
tween the ionized gas and the molecular material [22]. As an initial estimate for the
relative He-to-H line brightness, we calculate a helium-to-hydrogen number abundance of
Npe/ Ny = 0.09 £ 0.005 [23]. This value is typical for the interstellar medium (ISM) in the
Milky Way [24].

Figure 9 presents the velocity-integrated intensity (moment 0) and intensity-weighted
velocity (moment 1) maps of the H29« line. The integration was performed over the
velocity range —73kms~! to —5kms~!. The position of the peak emission in the
velocity-integrated map, marked with a white cross, reaches a maximum intensity of
3Jybeam ~'kms~!. The moment 1 map reveals a clear velocity gradient from northwest to
southeast, suggesting rotational motion or an outflow/infall.
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Figure 8. Spectrum of the H29x and He29« radio recombination lines (RRLs). The blue line indicates
the observed data and the red line denotes the Gaussian model fit.

The observed linewidth (AV) of the H29« radio recombination line is determined by a
combination of pressure broadening (AVp) and Doppler broadening (AVp). The Doppler
broadening itself consists of two components: thermal broadening (AVy,e,), caused by the
thermal motion of particles and dynamical broadening (AV4yn), which arises from large-
scale motions such as infall, outflow, or rotation. Thus, the total observed linewidth can be
expressed as the quadrature sum of these contributions. The line broadening mechanisms
can be described as follows [25]:
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Figure 9. Maps of the velocity-integrated intensity (moment 0; left panel) and intensity-weighted
velocity (moment 1; right panel) of the H29x radio recombination line. The black ellipse at the bottom
right corner indicates the synthesized beam. The white plus sign marks the peak of RRL emission at
RA = 16M"22™09.617¢, Dec = —50°06/00"110.

AV = \/AV3E + AV3 1)

AV = \[AVE, + AV3 . = \/AVagn +0.0458(T;) )

AVp =374 x 107 x n** x ne x A x T, 01, 3)

where n = 29 is the principal quantum number of the H29x. The line broadening is
estimated using the local electron density and electron temperature for the UC HI re-
gion. The thermal broadening is AVj,er &~ 19.56 kms~!. The pressure broadening is
AVp =~ 0.02 kms~! and contributes little to the total linewidth. The dynamical broadening
is AVgyn =~ 23.01 km s~ 1. Dynamical broadening dominates, indicating contributions from
large-scale motions; this is further supported by intensity-weighted velocity (moment 1)

maps of the H29« line.

6. Properties of the H 11 Region

We use the size 6; = /0729 x 023 ~ 0”26 of the maximum peak, indicated by the
white cross (see Figure 9), to calculate the parameters of the ionized gas. The emission
measure (EM) is a crucial parameter for the H1I region. We derive EM using the equation
from [26-28]:

_ _6f SL A Te AV 0s -
EM = 7.1pcem (]y> (mm) (K) (kmsl> (arcsec) 4)

We used electron temperature T, = 8350 K from [12]. For the H29« line, the
peak line intensity is S; = 0.42 Jy. Based on the parameters above, we calculated an
EM = (1.23 £ 0.006) x 10° pcem~®. The corresponding volume electron density is ob-
tained 7, = (4.8 4 0.4) x 10° cm ™2 from EM = n?Lf, where L = 4.2kpc x tan(0”26) =
0.0053 pc = 1092 AU is the path length and fy = 1 is a volume filling factor. We employ
a mass of HII region, the Lyman continuum photon number (N7), and the excitation




Galaxies 2025, 13,73 12 of 15

parameter (U) to infer the corresponding star type. The corresponding equations are
expressed [29-31].

0.05 05 0.175 15 25
Min _ 57 10-5( - R b b (5)
Mo GHz mJy 104K arcsec kpc

2 —0.45
_ 48 _—1 v\ (D Sv\ (T 6
Ny = 4.761 x 10%s1a (v, T,) (GHZ) <kpc> (]y < 6)
B B T 4/15 N 1/3
U = 2.706 x 10~ °pccm 2 (KE) (SLl) ?)

where D = 42 + 0.7 kpc is the source distance, a(v,T,) ~1 is a slowly varying
function [30,32]. We used continuum flux density (S,) at 250 GHz [13]. Based on our previ-
ously obtained parameters, we get a mass of ionized gas Myy = (3.9 4+ 2.5) x 1072Mg,
and Np = (7.5 + 25) x 104 s71, U = 126.6 + 14 pccm 2. The estimated Lyman contin-
uum photon flux suggests the presence of a massive star with a spectral type of O5-O6 V
(ZAMS) [33]. The physical parameters of the H II region indicate an intermediate evolution-
ary stage between hypercompact (HC) and ultracompact (UC) H I regions [34].

7. Conclusions

We have reported high-angular resolution ALMA Band 6 observations of highly
excited molecular lines of CH3CN and CH30H, along with the H29« radio recombination
line, toward the UC H1I region G333.6-0.2. The main results are summarized as follows.

We identified three hot molecular cores, designated A, B, and C, in which all ten
observed K components of the ] = 14 — 13 rotational ladder of CH3CN were detected,
along with emission in the CH3OH line. Rotational diagrams of the methyl cyanide
(CH3CN) emission show excitation temperatures and column densities of 430 + 65 K and
2.24 x 102 cm~2 for core A and 383 + 46 K and 7.94 x 10'2 cm~2 for core B.

The first-order moment maps of the CH3CN and CH3OH lines show that the molecular
gas exhibits two distinct velocity gradients: one from southwest (SW) to northeast (NE),
indicating gas expansion, and another from southeast (SE) to northwest (NW), suggesting
rotational motion in core A. In addition, velocity gradients were identified in cores B and C:
in core B, the gradient is oriented from southeast to northwest and in core C, from west to
east. The velocity gradients observed in the first-order moment maps are consistent with
rotational motion.The position-velocity analysis confirms differential rotation in all three
cores, with core A showing a Keplerian-like profile.

Emission was detected in the H29a line, with a line center velocity of
Visg = —40.57 +0.05kms~! and a linewidth (FWHM) of 30.2 + 0.12kms~!. The ob-
served linewidth is attributed to dynamical and/or turbulent motions of hot ionized gas,
with contributions from dynamical broadening AV, =~ 23.01 km s~!, thermal broaden-
ing AViper = 19.56kms~! and negligible pressure broadening AVp =~ 0.02 kms~!. The
dominance of dynamical broadening suggests the presence of large-scale motions, further
supported by the intensity-weighted velocity map of the H29« line. The He29« line exhibits
a central velocity of Vigg = —37.52+0.5kms~.

The radio recombination line indicates that the ionized gas originates from a region
with a radius of 0.0053 pc, an ionized gas mass of (3.9 + 2.5) x 1072 M, an emission
measure of 1.23 x10° £ 5.71 x 10°, and an electron density of (4.8 +0.41) x 10° cm 3,
assuming a distance of 4.2 kpc. We also calculated the Lyman continuum photon flux,
which indicates the presence of a massive star with a spectral type of O5—-06 V (ZAMS).
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We conclude that the physical parameters of the HII region suggest an intermediate
evolutionary stage between the HC and UC HII regions.
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