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Abstract. This study reports on high-angular-resolution observations of the massive star-forming region
G328.2551—-0.5321 obtained with the Atacama Large Millimeter/submillimeter Array at a wavelength of 0.89 mm.
The innermost core structure is investigated by targeting high-excitation transitions of methanol, sulfur dioxide,
and its sulfur-34 isotopologue. Analysis of the molecular emission reveals a compact and dense methanol
component located at the continuum peak, which is surrounded by more extended emission from sulfur-bearing
molecules. Kinematic analysis demonstrates a coherent velocity gradient along the major axis of the system.
Position—velocity diagrams exhibit a characteristic butterfly morphology, which is consistent with the presence of
a Keplerian rotation. Numerical model fitting provides dynamical mass estimates of approximately twenty solar
masses for the central object, confirming the existence of a massive, rotating disk-like structure. Rotational diagram
analysis of methanol transitions yields a rotational temperature of 187.9 + 23.7 Kelvin and a total column density
of 4.27 x 10" ecm™, indicating the presence of a hot molecular core. These findings suggest that a high-mass
protostar is actively accreting within a compact disk-envelope system embedded in a hot core environment. The
results contribute to the understanding of the physical conditions and gas dynamics in the early stages of massive
star formation.

Keywords: star formation, ALMA millimeter/submillimeter interferometry, hot molecular core, individual object
(328.2551-0.5321.

1. Introduction

Understanding the earliest stages of massive star formation is essential for constraining how these objects
shape the physical, chemical, and dynamical evolution of their natal environments. Massive stars profoundly
influence their surroundings through radiative, mechanical, and chemical feedback, yet the physical conditions
and internal kinematics of the dense gas from which they form remain incompletely understood [1].

Observational studies using a wide range of molecular tracers have significantly advanced our knowledge
of massive star-forming regions. Species such as NHs [2-4] and H.CO [5,6] are widely used to diagnose gas
temperature and density. Other molecules, including HNCO, SiO, and HCsN, trace shocks, outflows, and
chemical enrichment associated with massive protostellar activity [7]. These studies highlight that molecular
lines provide a powerful means of probing the physical conditions and energetics in dense molecular clouds.
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Kinematic studies play a central role in revealing the dynamical processes governing massive star
formation. Infall motions, rotation, and large-scale accretion flows are key indicators of early gravitational
collapse [8]. Many massive star-forming regions exhibit complex hub—filament networks, where converging
flows feed material into central dense cores [9-11]. Signatures of bipolar outflows, traced by molecules such
as SiO or CO, further demonstrate the dynamic nature of these systems. Feedback from nearby massive stars,
including expanding H Il regions, may additionally trigger or regulate subsequent star formation. Cloud—cloud
or core—core collisions have also been proposed as mechanisms for generating dense massive cores [12,13].
Additionally, the study of high-energy phenomena such as gamma-ray bursts, including early-time optical
spectral measurements of events like GRB 200925B, provides further insights into the late-stage evolution and
explosive feedback of the most massive stars [14].

Despite this progress, the initial conditions of massive protostellar evolution — particularly in mid-
infrared-quiescent, deeply embedded clumps — remain poorly constrained. In such early phases, hot molecular
cores may already be forming, but the heating, chemistry, and kinematics at <1000 AU scales are still largely
unknown [15]. Probing these regions requires molecular lines that selectively trace warm, dense gas close to
the protostar. High-excitation transitions of SO,, CHsOH, and %SO are particularly well suited for this purpose,
as they originate in hot cores and are sensitive to rotational motions and disk-like structures.

The target of this study, G328.2551—-0.5321, provides an excellent laboratory for examining these
processes. It is the only massive object embedded within the infrared dark cloud MSXDC G328.25-00.51,
located at a distance of 2.5 kpc. The source was initially identified at 870 um in the ATLASGAL survey [16-
18] and later followed up with ALMA as part of the SPARKS project (Search for High-mass Protostars with
ALMA Revealed up to Kilo-parsec Scales. Its systemic velocity of —43.1 km s [19-20] and its mid-infrared
guiescent nature strongly suggest a very early evolutionary stage, possibly preceding the emergence of an
ultracompact H Il region. Evidence for complex internal motions further indicates active mass accretion within
the core. Furthermore, ALMA observations of the environments of G301.1364-00.2249A and
(G333.0162+00.7615 have revealed compact molecular cores with clear velocity gradients, indicating that
rotational motion is a common feature of hot cores in the earliest stages of high-mass star formation [21, 22].

In this work, we present high-angular-resolution ALMA Band 7 observations of G328.2551-0.5321
targeting highly excited transitions of SO,, CH;OH and **SO. These molecular tracers allow us to investigate
the small-scale kinematics and physical conditions of the hot molecular gas surrounding the high-mass
protostar. Our analysis aims to characterize rotational structure, identify signatures of infall or disk-like
motions, and provide new constraints on the earliest phases of massive star formation within this quiescent
infrared dark cloud.

2. Observations and data reduction

The data analyzed in this study were retrieved from the Atacama Large Millimeter/submillimeter Array
(ALMA) archive. Observations toward the star-forming region G328.2551-0.5321 (phase center: R.A. (J2000)
=15"57M59.791%, Dec. (J2000) =—53°58'00.560") were carried out under project code 2018.1.01679.S between
2019 April 16 and 21. The array configuration provided baselines ranging from 37.7 m (L5) to 281.4 m (L80),
yielding a maximum recoverable scale of 5.16” and a primary beam of 17.06". The total on-source integration
time was 1632.96 s (= 0.45 hr), resulting in a synthesized beam size of 0.487".

The correlator was configured to cover the 333.468-349.091 GHz frequency range (ALMA Band 7) with
a total bandwidth of 16 GHz and a spectral resolution of 0.977 MHz, corresponding to a velocity resolution of
0.487 km s%. The achieved continuum sensitivity was 0.074 mJy beam™.

The raw visibility data were processed using the standard ALMA calibration pipeline (Pipeline-CASA54-
P1-B, CASA version 5.4.0-70 42254M), which applies standard bandpass, flux and phase calibrations. The
resulting calibrated measurement set was subsequently imaged and self-calibrated in the Common Astronomy
Software Applications package (CASA) [23] to improve the signal-to-noise ratio.

3. Results and discussion

The 0.89 mm continuum emission toward G328.2551-0.5321 is shown in Figure 1. Continuum contours
are drawn at 0.00267, 0.00405, 0.00615, 0.00934, 0.01418, 0.02152, 0.03267, and 0.04960 Jy beam™. The
beam, indicated by the black ellipse in the lower-left corner, represents the angular resolution, while the white
plus marks the continuum peak. From a two-dimensional Gaussian fit to the continuum emission performed in
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CARTA, we derive a peak position of R.A. (J2000) = 15"57™59.799° and Dec. (J2000) = —53°58'00.528" +
0.0043". The fitted peak flux density is 0.0496 = 0.0055 Jy beam™, with a deconvolved source size of 0.099 +
0.010" x 0.134 £ 0.016" (major x minor axis). The integrated flux density is 0.141 + 0.020 Jy.

Several masers and young stellar object (YSO) candidates are overlaid on the continuum map: Class I
and II methanol masers and an OH maser are shown as colored triangles [24,25] the IRAS 15541-5349 YSO
candidate is indicated with an orange dot, the extended green object (EGO) G328.25-0.53 is shown as a green
dot and the massive core G328.2551-00.5321-MM1 is marked with a brown dot [26]. These objects are
associated with the 0.89 mm continuum emission, but none of them coincides exactly with the continuum peak.
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Fig.1. Continuum map toward G328.2551-0.5321 at 0.89 mm.

Figure 2 shows spectra of the SO, (164,12-163,13), CHsOH (121,11-120,12 A) and **SO (7s-67) molecular
lines. Spectra taken directly at the continuum peak show noticeable asymmetry, likely caused by complex
kinematic and structural effects near the emission maximum. To obtain representative line profiles, spectra
were extracted from positions slightly offset from the continuum peak. These positions correspond to the
intensity peaks of each molecular line in the integrated maps and cover regions about one synthesized beam in
size. Gaussian profiles were fitted to all detected transitions. The spectral extraction and visualization were
performed using CARTA [27]. The derived central upper-state energy (Eu/K), velocity (Visr), peak intensity
(Ip) and full width at half maximum (FWHM; AV) are listed in Table 1.

Table 1. Observed line parameters toward G328.2551-0.5321

Molecule Transition Rest frequency = Visr lp AV
(GH2) /k (K) (km/s) (Jy beam 1) (km s)
SO; 16(4,12)-16(3,13) 346.523 166 —-45.5 £ 0.12 | 0.7+£0.01 15+0.3
CH;OH | 12(1,11)-12(0,12)A 336.864 197 —42.7 £ 0.06 | 0.8+0.01 89+0.14
30 7(8) — 6(7) 333.902 81 —-45.3 £ 0.07 | 0.29+0.01 5.7+0.17

Spectra extracted directly at the continuum peak exhibit noticeable asymmetry, likely due to complex
kinematic and structural effects near the emission maximum. To obtain representative line profiles unaffected
by these asymmetries, spectra were extracted from positions slightly offset from the continuum peak. These
offsets correspond to the intensity maxima of each molecular line in the integrated maps and were taken from
regions approximately one synthesized beam in size.
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Figure 2 presents the averaged spectra of SO,, CH;OH, and *SO together with their Gaussian fits. The
SOz line shows a slightly structured peak, with two closely spaced components, yet the profile remains broadly
symmetric around the systemic velocity. The CHsOH spectrum is well reproduced by a single Gaussian,
exhibiting smooth and comparable blue and red wings. The optically thin %SO line displays a clean, symmetric
Gaussian profile, indicating that it traces the intrinsic velocity field without significant radiative-transfer
distortions. The generally symmetric shapes of all three lines suggest that the gas motions are dominated by
ordered large-scale dynamics rather than irregular or multi-component structures.
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Fig.2. Molecular spectra with overlaid Gaussian fits. The blue curves represent the observed ALMA spectra, and the red
curves show the multi-Gaussian fits.

Figure 3 shows the moment maps of integrated intensity, velocity and velocity dispersion, corresponding
to moments 0, 1 and 2, of the SO2(164,10-16313), CHsOH (1211112012 A) and 4SO (7s—67) emissions toward
the G328.2551-0.5321 core. In the moment 0 map, the CH3;OH emission peak is shifted 0.089"” northeast of
the continuum peak, with an integrated intensity of 12 Jy beam™ km s, whereas the *SO peak is offset 0.082"
to the northwest, reaching 4 Jy beam™ km s™. The SO, emission peak coincides with the continuum peak and
extends northward, attaining an integrated intensity of 15 Jy beam™ km s*. The moment-1 maps of SO, (1641
163,13; velocity range —51 km s to —44 km s) and 3*SO (7s-67; velocity range —48 km s to —39 km s) display
smooth west (blue-shifted) to east 4 (red-shifted) velocity gradients along PA = 98°, consistent with organized
rotation. The corresponding moment-2 maps show enhanced turbulence near the core centers, with values of
~4-5km? s for SO, and ~ 10-15 km? s for 3*SO. Both SO, and SO show extended molecular line emission,
indicating that these molecules are distributed over a relatively large region. In contrast, CH3OH (121,11—120,12
A) exhibits compact emission coincident with the continuum peak, with a central velocity dispersion of ~7—
7.5 km? s that decreases outward, consistent with the findings of [25].

This compact morphology, spectral lines, combined with the observed velocity gradient, strongly
supports the presence of a rotating structure, such as a circumstellar disk. To verify the velocity gradient seen
in the moment-1 maps, a position—velocity (PV) diagram was extracted along PA = 98°, confirming that the
emission follows the NE-SW direction.

Figure 4 presents the PV diagrams of the massive star-forming region G328.2551-0.5321 for the CH3OH
(121,11-12012 A) and SO (16412-16313) transitions. The velocity axes span roughly —55 km s to =35 km s*
for CH30H and —60 km s to —35 km s! for SO,. The systemic velocities, indicated by the dashed horizontal
lines, are Vo =~ —45.135 km s for CHsOH and Vo =~ —49.119 km s for SO». Similar PV structures observed in
other massive cores, such as G333.6-0.2, exhibit clear velocity gradients along the major axis, providing strong
evidence for the presence of rotating molecular envelopes or disk-like structures [28].

The dynamical mass (Mayn) was estimated from the PV diagrams by applying the Keplerian rotation
model, according to the following equation:

v2R

Mdyn = a2 (1)

Gsin?i

where v is the observed rotation velocity at an offset R, G is the gravitational constant, and i is the inclination
angle of the disk (taken as 53.7° in this work).
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The uncertainty in the dynamical mass was estimated by considering the propagation of errors in the main
parameters of the Keplerian model, including the rotational velocity, radial distance, and disk inclination angle.
Based on typical uncertainties in these quantities, the resulting uncertainty in the dynamical mass is on the

order of 10-15%.
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Fig.3. Moment 0, 1 and 2 maps of SO2(164,12-16313), CH3OH (121,11-120,12 A) and 3*SO (7s-67) emission toward
(G328.2551-0.5321 A. Contour levels are 0.00267, 0.00405, 0.00615, 0.00934, 0.01418, 0.02152, 0.03267 and 0.04960
Jy beam™ km s. The black ellipse in the lower-right panel denotes the synthesized beam.

The diagrams exhibit a pronounced, symmetric velocity gradient across the continuum major axis, with
redshifted emission on one side and blue shifted emission on the other, producing the characteristic “butterfly”
morphology expected for rotation. White curves on each panel represent a Keplerian disk model [29] with an
inclination of i = 53.7°, which traces the bright emission ridge well. The inclination angle was derived from
the deconvolved continuum ellipse. The fitted dynamical masses are M = 20.5 M for CH3;OH and M = 23.2
Mg for SO,, indicating that the two tracers yield slightly different values. Small asymmetries in intensity and
the presence of separate bright knots in SO, suggest that the two molecules likely trace somewhat different gas
conditions or spatial regions within the rotating structure. These results are slightly higher but broadly
consistent with the 10-20 Mg range reported by [30], likely reflecting differences in tracer excitation and the
adopted inclination.

Four transitions of CH3;OH have been detected toward G328.2551-0.5321. A rotation temperature
diagram can therefore be used to estimate the rotational temperature and column density with Madrid Data
CUBe Analysis.

The spectroscopic parameters of the detected CHsOH transitions are listed in Table 2, including the
transition designation, rest frequency, upper-state energy (Euy/k) and intensity. Figure 5 presents the rotational
diagram for the methanol transitions observed toward the core.
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Fig.4. Position—velocity (PV) diagrams of the CH3OH (1221112012 A) and SO (164,12-163,12) transitions toward
(G328.2551-0.5321, extracted along the major kinematic axis ( i~ 53.7°). The white curves correspond to the Keplerian
disk model.

Table 2. Parameters of CH3OH (vt=0-2) molecular lines used for the rotational diagram analysis.

Molecule Transitions Rest Frequency Euw/k Peak intensity l0og10 (Nw/gu)
(GHz) (K) (K)
CH30H, vt=0-2 | 3p1—211 334.426571 125.51 0.53 5.7106
25312421 334.679524 314.46 0.29 5.3496
221-311 335.133570 1073.82 0.63 4.6465
91,0820 333.864722 44.67 0.05 5.6072
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Fig.5. Rotational diagram of the observed CHsOH transitions.

The uncertainties in the peak intensities, expressed as logio (N./gu) are indicated by triangles in the
horizontal stripes of the data. The x-axis represents the upper-state energy Eyp/K, expressed in Kelvin. A linear
least-squares fit was applied to the data, yielding a rotational temperature of T.x = 187.9 + 23.7 K and a total
column density of N = 4.27 x 10% cm. The uncertainty in the rotational temperature was derived directly
from the standard error of the slope in the linear least-squares fit. Equation (2) demonstrates that the logarithm
of the upper-level population normalized by its degeneracy, log (N./gu), varies linearly with the upper-level
energy E..

By plotting log (Nw/gu) as a function of Eu/kg, a linear fit can be applied to derive two key physical
parameters: the rotational temperature from the slope and the total column density from the intercept.

N&hin _ loge, Ey Ntotal

log( Ju ) - (Trot)(kB) + log(Q(Trot)) (2)

In this approach, Nu/g. is calculated from the observed line intensities using the rotational diagram method
under the assumptions of local thermodynamic equilibrium (LTE) and optically thin emission. Accordingly,
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in the rotational diagram, the X-axis represents the upper-level energy Eu/ks (in K), while the Y-axis
corresponds to log(N./gu), the logarithm of the column density per statistical weight [31].

4. Conclusion

High-angular-resolution ALMA observations of emission from highly excited molecular lines of CH3zOH,
%30 and SO, toward the massive star-forming region G328.2551—0.5321 were carried out. The main results
and conclusions are summarized below.

The 0.89 mm continuum peak of G328.2551-0.5321, together with surrounding Class I and II CH30H
and OH masers, IRAS 15541-5349, EGO G328.25-0.53 and the massive core G328.2551-00.5321-MM1,
reveals a complex, heterogeneous star-forming environment in which different tracers map distinct physical
conditions and evolutionary stages around a central hub.

The moment-0 maps of molecular gas show that the molecular emission peaks are offset from the
continuum peak. SO, and 4SO are spatially extended across the envelope, whereas the CH3OH emission is
compact and centered on the continuum peak, indicating that methanol traces the densest and most compact
region of the core.

The moment-1 maps of SO,, CHsOH and *S0 reveal smooth and well-defined velocity gradients oriented
from west (blue-shifted) to east (red-shifted) along PA = 98°, confirming the presence of an organized
rotational motion within the core.

The position—velocity (PV) diagrams reveal a characteristic “butterfly”’-shaped morphology, indicative of
Keplerian rotation around a central massive source. Keplerian model fits yield dynamical masses of M = 20.5
Mg for CH3;OH and M = 23.2 Mg for SO», confirming the presence of a massive, rotating disk-like structure.

Rotational transitions of CH3OH (v, = 0-2) were detected toward G328.2551-0.5321. The rotational
temperature is Trot = 187.9 + 23.7 K and the total column density is N = 4.27 x 10 cm, indicating the presence
of warm and dense gas characteristic of a hot molecular core.

These results demonstrate that G328.2551—0.5321 hosts a hot molecular core with a rotating disk,
representing an active site of massive star formation.
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