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Abstract

To investigate the physical mechanisms of fragmentation within the hot molecular core of the massive protocluster
IRAS 17233-3606 (G351.78-0.54), we carried out a detailed analysis of continuum and lines using the Atacama
Large Millimeter/submillimeter Array (ALMA) Band 3 data from the ATOMS survey and Band 6 data from the
QUARKS survey. The low-resolution 3 mm data reveal a massive hot core millimeter source 1 (MM1) with a mass
of ∼81.3M⊙, and a prominent ultracompact (UC) H II region, millimeter source 2 (MM2), while the high-resolution
data resolve MM1 into 11 hot molecular fragments (HMFs). These HMFs exhibit hot (Trot = 100–310 K) CH3CN
and CH3OH emission and high column densities (NH2> 1023 cm−2), indicating their potential to form massive stars.
Based on outflows, masers, H II regions, and f[CH3CN/CH3OH] abundance ratios, the evolutionary sequences of
the 11 HMFs are categorized as Phases I to IV. The mean minimum-spanning tree (MST) separation (∼1.8 ×
103 au) of the HMFs is nearly half of the thermal Jeans length (∼3.3 × 103 au). Together with the Q parameter
Q = 0.77 and virial parameter αvir = 0.84 of MM1, these results suggest an evolutionary scenario in which
fragmentation is initially driven by thermal instability, followed by global gravitational contraction and growth
through active accretion. Meanwhile, feedback from the B2-type zero-age main-sequence (ZAMS) star and the UC
H II region significantly influence the morphology and chemical properties of MM1 and MM2. This heterogeneity
highlights the role of diverse physical processes taking place in high-mass protoclusters.

Unified Astronomy Thesaurus concepts: Star formation (1569); Interstellar molecules (849); Interstellar
medium (847)
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1. Introduction

High-mass star formation (HMSF) is a complex process that
occurs on short timescales (≲ 106 yr) and is driven by the
interplay of multiple physical processes (I. A. Bonnell &
M. B. Davies 1998; H. Beuther et al. 2007, 2025; C. F. McKee
& E. C. Ostriker 2007; S. Dib et al. 2010; J. C. Tan et al. 2014;
F. Motte et al. 2018). Massive stars are thought to form
preferentially in clustered environments embedded in parsec-
scale molecular clumps (C. J. Lada & E. A. Lada 2003;
H. Zinnecker & H. W. Yorke 2007). Within clumps, density
fluctuations induced by thermal Jeans instability or turbulent
trigger fragmentation produce a population of dense cores with
a characteristic size of ∼0.1 pc (Q. Zhang et al. 2009; T. Pillai
et al. 2011; Q. Zhang et al. 2015; H. Beuther et al. 2018;
P. Sanhueza et al. 2019; A. Avison et al. 2023; K. Morii et al.
2024; D. Yang et al. 2025). These dense cores may
subsequently undergo further fragmentation and then form
stars. In such protocluster environments, understanding how
massive protostars assemble, rapidly accrete material, and
undergo early evolution in chemical abundance and structural
morphology remains a pivotal challenge (M. R. Krumholz
et al. 2019; P. Padoan et al. 2020; S. Dib 2023; C. Gieser et al.
2023; F. Xu et al. 2024a; C. Li et al. 2025). The analysis of
these processes is of great significance for elucidating the
underlying mechanisms of HMSF, the early structures of
protoclusters, and the origins and evolution of their chemical
environments (E. F. van Dishoeck & G. A. Blake 1998;
N. J. Evans 1999; J. C. Tan 2005; M. T. Beltrán &
V. M. Rivilla 2018; L. Bouscasse et al. 2024).

High-resolution observations from the Atacama Large
Millimeter/submillimeter Array (ALMA) have provided key
insights into dense core evolution and fragmentation. The
ALMA observations have not only revealed the coexistence of
dense cores spanning different evolutionary stages, including
starless cores, hot molecular cores (HMCs), and ultracompact
(UC) H II regions (D. Yang et al. 2025) but also resolved
intricate substructures within individual cores (T. Yoo et al.
2025; S. D. Fielder et al. 2026; D. Meng et al. 2026). HMCs
are typically defined as compact regions (�0.1 pc) with high
temperatures (�100 K) and high density (nH2≳ 106 cm−3) and
rich in complex organic molecules (COMs; G. Garay &
S. Lizano 1999; M. Osorio et al. 1999; S. Kurtz et al. 2000;
R. Cesaroni 2005). With the increase in observational
resolution, hot molecular fragments (HMFs) were found to
be the internal substructures within HMCs (D. Meng et al.
2026). It appears that HMCs and HMFs refer to the same
physical entities, which are only observed at different scales.

During the HMC/HMF phase, as the embedded (proto)stars
and their accretion envelopes heat the surrounding material,
molecules originally frozen on dust surfaces (ice mantles)
undergo desorption (through thermal desorption or triggered
by shocks). Once released into the gas phase, these species
initiate complex chemical reactions that produce large
quantities of COMs (S. Viti et al. 2004; R. T. Garrod &
E. Herbst 2006; E. Herbst & E. F. van Dishoeck 2009;
R. T. Garrod 2013; R. T. Garrod et al. 2022; L. A. Busch et al.
2022). This phase may also generate observable molecular
outflows. Consequently, the HMC/HMF serve as an important
window for studying the physical and chemical conditions of
early HMSF through (sub)millimeter molecular line
observations (E. F. van Dishoeck 2018; Y. Peng et al. 2022;

L. Chen et al. 2024). Based on the spatial distributions of
masers, outflows, and H II regions, the evolutionary sequence
of hot cores can be divided into six distinct phases (C. Codella
et al. 2004; M. Bonfand et al. 2017; T. Möller et al. 2025).
However, the physical and chemical evolution of hot cores,
especially during the earliest phases (I–III), still lack sufficient
observational evidence to characterize the underlying physical
processes and chemical properties in these early stages.
IRAS 17233-3606 (also known as G351.78-0.54) is an ideal

target for studying HMSF, which is located at the coordinates of
R.A. = 17h26m42s. 800 and decl. = −36 09 16 .80. It is
characterized by its high luminosity (Lbol≈ 4× 104 L⊙,
J. S. Urquhart et al. 2018), close distance of 1.32 kpc (X. Liu
et al. 2024), active maser emission (e.g., J. L. Caswell et al.
1980; J. L. Caswell & R. F. Haynes 1983; J. R. Forster &
J. L. Caswell 1989; K. M. Menten 1991; A. J. Walsh et al. 1998;
V. L. Fish et al. 2005), richness in hot core chemistry (S.-L. Qin
et al. 2022; K. Taniguchi et al. 2023; Z.-Y. Li et al. 2025;
T. Sakai et al. 2025), and multiple strong outflows (S. Leurini
et al. 2008, 2009, 2011, 2013; A. Hoque et al. 2025). Previous
studies with different resolutions have resolved filamentary
inflows on large scales (O. L. Ryabukhina & I. I. Zinchenko
2021), disk-like rotation (H. Beuther et al. 2017), as well as
several fragments around the central high-mass source on
smaller scales (H. Beuther et al. 2019, 2025). However, the
dense core population in the central region and its evolutionary
state remain unresolved.
This paper presents the observational results from ALMA-

ATOMS Band 3 ( 1 .7, ∼2.2 × 103 au) and ALMA-
QUARKS Band 6 ( 0 .3, ∼4.0 × 102 au) observations, aimed
at exploring the star formation activity in IRAS 17233-3606,
with an emphasis on resolving the internal structures and
dynamical processes of the massive protocluster. This paper is
structured as follows: observations are described in Section 2;
the results are presented in Section 3; the discussion is
followed in Section 4; and finally, the main conclusions are
given in Section 5.

2. ALMA Observations

IRAS 17233-3606 was observed as part of the ALMA Three-
millimeter Observations of Massive Star-forming regions
(ATOMS) survey (PI: Tie Liu; Project ID: 2019.1.00685.S;
T. Liu et al. 2020), with both the ALMA 12m array and the 7 m
Atacama Compact Array (ACA), using eight spectral windows
(SPWs). The eight SPWs include six high-resolution SPWs and
two broadband SPWs with a 1875 MHz bandwidth. The
sensitivity reaches 12 mJy beam−1 per 0.062 MHz channel
(∼0.2-0.4 km s−1) for six SPWs and 3.6 mJy beam−1 per 0.488
MHz channel (∼2.9 km s−1) for two broadband SPWs. The on-
source integration totaled 3 and 8 minutes for the 12m array
and ACA, respectively. The 12m data, taken on 2019
November 3, have a synthesized beam of ×2 .17 1 .85 and
a maximum recoverable scale (MRS) of 20 .1. The ACA
observations, obtained on 2019 November 19, have a resolution
of 13 .3 and an MRS of 76 .2, with an rms of 83 mJy
beam−1 per 0.122 MHz channel. Calibration and imaging were
carried out using CASA version 5.6 (J. P. McMullin et al.
2007). The ACA and 12m datasets were processed separately
and subsequently combined during imaging to recover extended
emission filtered out by the 12m array alone.
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Follow-up observations at 1.3 mm were carried out as part
of the Querying Underlying Mechanisms of Massive Star
Formation with the ALMA-Resolved Gas Kinematics and
Structures (QUARKS) survey (PIs: Lei Zhu, Guido Garay, and
Tie Liu; Project ID: 2021.1.00095.S; X. Liu et al. 2024; F. Xu
et al. 2024b). The observations were conducted with the
ALMA 12 m array (configurations C2 + C5) and the ACA in
four SPWs, providing a total bandwidth of 7.5 GHz. Each
broadband SPW has a bandwidth of 1875 MHz, yielding a
sensitivity of ∼5 mJy beam−1 per 0.488 MHz channel
(∼0.67 km s−1). The combined data achieve a synthesized
beam of ×0 .39 0 .27 for this source. Details of the data
reduction procedures can be found in X. Liu et al. (2024).
High-resolution Band 6 observations provide a more detailed
view of the molecular outflows and allow us to identify their
driving sources through the improved spatial correlation
between the continuum peaks and the outflow lobes.

3. Results

3.1. HMF Identification

Figure 1 presents the ALMA Band 3 and Band 6 continuum
observations of IRAS 17233-3606. The Band 3 continuum
emission reveals a hot core region millimeter source 1 (MM1)
identified via molecular line emission from C2H5CN,
CH3OCHO, and CH3OH (S.-L. Qin et al. 2022), and a UC
H II region millimeter source 2 (MM2) identified by H40α
emission. Higher-resolution Band 6 observations ( 0 .3, or
∼400 au) resolve both MM1 and MM2 regions into continuum
substructures. The hot core MM1 is resolved into multiple
separate HMFs in the high-resolution 1.3 mm emission. MM2
exhibits strong 3 mm emission but weak 1.3 mm emission,
consistent with a dominant free–free contribution.
Using the core extraction algorithm developed by L. Chen

et al. (2024), we identified 11 HMFs from the 1.3 mm
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Figure 1. ALMA Band 3 and 6 continuum emission of IRAS 17233-3606. Panel (a) shows the Band 6 continuum emission with the Band 3 continuum emission
overplotted as white contours of D = 4 × Np + 8, where N = 12 is the number of contours used and ( ( )) ( )/ /= ×p V Nlog 4 rms log 1max is the power index, with
rms = 1 mJy beam−1. The orange dashed squares labeled MM1 (right) and MM2 (left) identify a hot core region and a UC H II region extracted in the Band 3 from
S.-L. Qin et al. (2022), respectively. Panel (b) shows the white contours of the Band 6 continuum emission overplotted on the same color map as panel (a). The white
contour levels follow the same rule as in panel (a) but use an rms of 0.5 mJy beam−1. The dashed green contour outlines the 7.8 mJy beam−1 detection level of the
Band 3 continuum emission. Panel (c) shows a zoom-in of the UC H II region MM2, with contours at 4.0 and 6.0 mJy beam−1, the same as in panel (b). Panel (d)
shows a zoom-in of the hot core region MM1, with contours the same as in panel (b). The white stars mark the HMFs identified in the Band 6 observations. The
synthesized beam is shown in the bottom left corner, and the scale bar is shown in the bottom right corner for each panel.
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continuum map. First, dozens of dense cores were selected as
HMF candidates by searching for local intensity peaks in the
continuum emission. We then extracted the core-averaged
spectra, modeling the line emission under the assumption of
local thermodynamic equilibrium (LTE) using the Extended
CASA Line Analysis Software Suite (XCLASS; T. Möller
et al. 2017). Ultimately, 11 HMFs were confirmed as rich in
COMs based on the detection of CH3CN and CH3OH emission
with rotational temperatures exceeding 100 K. The observa-
tional properties of these HMFs are derived via 2D Gaussian
fitting in CASA and are listed in Table 1, including coordinate
position, size, position angle (PA), peak intensity, and
integrated flux density for each HMF.

Table 2 presents the fitted rotational temperatures, column
densities, the full width at half maximum (FWHM), and
velocity offset of CH3CN and CH3OH and their relative
abundance. Figure 2 shows the best-fit spectra of CH3OH and
CH3CN. For CH3OH, due to spectral blending with
CH3COCH3 for the 23−5,18 − 22−6,17E transition, with 13CO
and CH3CN for the 105,6 − 114,8E transition, with CH3OCHO
for the 312,9 − 31−1,30E transition, and with C2H5CN for the

183,16 − 174,13A transition, we exclude these four transitions
and utilize the remaining seven for XCLASS modeling.
However, for CH3CN, the emission lines of low-energy levels
are typically optically thick, resulting in broadened line
profiles and flattened peaks that distort the line shapes. In
addition, the high density of rotational transitions within a
narrow frequency range results in severe spectral blending. To
mitigate these issues, we implemented a selective fitting
strategy, prioritizing the fitting of isolated, optically thin, or
moderately thick transitions that cover a wide range of
excitation energies. Finally, the consistency between the
temperature distributions of CH3OH and CH3CN suggests
that the temperature estimates are reliable.

3.2. Parameters of HMFs

The masses of the HMFs are estimated from the 1.3 mm
continuum map using the formula of R. H. Hildebrand (1983):

( )
( )=M

D S

B T
, 1HMF

2 int

d

Table 1
Parameters of the HMFs Observed in Band 6

ID R.A. Decl. ×dec dec
maj min PA Speak S int Mass NH2

(hh:mm:ss) (deg:arcmin:arcsec) (arcsec × arcsec) (deg) (mJy beam−1) (mJy) (M⊙) (cm−2)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

HMF1 17:26:42.336 −36:09:16.180 0.531 × 0.427 97 ± 12 48 ± 2 157 ± 6 0.68 ± 0.04 (1.04 ± 0.06) × 1024

HMF2 17:26:42.373 −36:09:17.437 1.074 × 0.723 98 ± 3 75 ± 1 629 ± 12 1.93 ± 0.12 (8.62 ± 0.55) × 1023

HMF3 17:26:42.276 −36:09:17.792 0.624 × 0.412 101 ± 5 164 ± 5 574 ± 24 1.98 ± 0.08 (2.68 ± 0.11) × 1024

HMF4 17:26:42.394 −36:09:18.682 0.542 × 0.487 75 ± 20 102 ± 3 361 ± 12 1.07 ± 0.06 (1.41 ± 0.07) × 1024

HMF5 17:26:42.482 −36:09:18.664 1.196 × 0.524 97 ± 2 99 ± 1 721 ± 12 1.62 ± 0.07 (8.95 ± 0.36) × 1023

HMF6 17:26:42.624 −36:09:18.712 1.016 × 0.634 88 ± 1 40 ± 1 286 ± 8 0.92 ± 0.04 (4.93 ± 0.24) × 1023

HMF7 17:26:42.556 −36:09:17.690 0.446 × 0.280 122 ± 19 93 ± 6 214 ± 20 0.65 ± 0.04 (1.81 ± 0.12) × 1024

HMF8 17:26:42.534 −36:09:17.442 0.680 × 0.433 112 ± 23 142 ± 15 547 ± 72 1.50 ± 0.08 (1.76 ± 0.09) × 1024

HMF9 17:26:42.565 −36:09:16.828 0.844 × 0.520 65 ± 1 55 ± 1 288 ± 4 0.82 ± 0.05 (6.49 ± 0.41) × 1023

HMF10 17:26:42.818 −36:09:17.678 0.380 × 0.361 75 ± 3 47 ± 1 97 ± 2 0.70 ± 0.15 (2.23 ± 0.47) × 1024

HMF11 17:26:42.795 −36:09:20.570 0.392 × 0.363 170 ± 44 72 ± 2 162 ± 6 0.62 ± 0.03 (1.71 ± 0.09) × 1024

Note. The 11 HMFs are listed in the table, with their detailed physical parameters given in columns (2)–(7), derived from two-dimensional Gaussian fits in CASA.
The HMF masses and H2 column densities are presented in columns (8) and (9), respectively, with uncertainties propagated from errors in flux, gas–dust ratio, and
dust temperature.

Table 2
Parameters of CH3CN and CH3OH Observed in Band 6

CH3CN CH3OH

ID Trot N FWHM Voff Trot N FWHM Voff
(K) (cm−2) (km s−1) (km s−1) (K) (cm−2) (km s−1) (km s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

HMF1 163 ± 9 (2.2 ± 0.2) × 1016 5.0 ± 0.3 1.8 ± 0.1 195 ± 4 (1.0 ± 0.1) × 1018 5.2 ± 0.1 2.0 ± 0.1
HMF2 228 ± 14 (2.4 ± 0.2) × 1016 5.1 ± 0.2 −1.5 ± 0.1 231 ± 13 (1.5 ± 0.2) × 1018 5.1 ± 0.1 −1.5 ± 0.1
HMF3 203 ± 8 (4.1 ± 0.2) × 1015 3.4 ± 0.2 −0.2 ± 0.1 226 ± 14 (3.0 ± 1.0) × 1017 3.6 ± 0.1 −0.1 ± 0.1
HMF4 236 ± 12 (3.6 ± 0.7) × 1016 4.5 ± 0.2 −1.5 ± 0.1 244 ± 3 (2.3 ± 0.2) × 1018 4.5 ± 0.2 −1.5 ± 0.1
HMF5 310 ± 12 (2.2 ± 0.2) × 1016 3.6 ± 0.2 −5.9 ± 0.1 288 ± 24 (2.1 ± 0.3) × 1018 4.3 ± 0.2 −4.0 ± 0.1
HMF6 219 ± 10 (3.2 ± 0.5) × 1016 5.5 ± 0.3 −4.8 ± 0.1 222 ± 20 (2.1 ± 0.1) × 1018 5.1 ± 0.3 −4.8 ± 0.1
HMF7 230 ± 15 (1.2 ± 0.3) × 1017 7.0 ± 0.2 −1.5 ± 0.1 243 ± 8 (1.9 ± 0.2) × 1018 7.2 ± 0.1 −2.5 ± 0.1
HMF8 255 ± 13 (1.5 ± 0.2) × 1017 5.3 ± 0.2 −3.3 ± 0.1 228 ± 3 (2.5 ± 0.1) × 1018 5.3 ± 0.1 −3.4 ± 0.2
HMF9 245 ± 15 (7.9 ± 0.2) × 1016 7.5 ± 0.3 −3.1 ± 0.1 247 ± 26 (3.4 ± 0.3) × 1018 7.5 ± 0.3 −5.1 ± 0.1
HMF10 100 ± 20 (5.6 ± 1.0) × 1014 4.6 ± 0.3 −6.8 ± 0.1 104 ± 16 (1.1 ± 0.1) × 1017 4.6 ± 0.2 −6.8 ± 0.1
HMF11 183 ± 9 (2.4 ± 0.2) × 1015 4.7 ± 0.1 −4.2 ± 0.1 146 ± 6 (1.6 ± 0.4) × 1017 4.5 ± 0.2 −3.7 ± 0.2

Note. The fitted rotational temperatures, column densities, full width at half maximum (FWHM), and velocity offset for CH3CN and CH3OH are given in columns
(2)–(5) and (6)–(9), respectively.
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where D is the distance of 1.32 kpc to the Sun; S int is the
integrated continuum flux; η = 111.9± 1.2 is the gas-to-dust
ratio, derived for galactocentric distance RGC = 7.0 kpc using the
relation ( ) ( ) ( )= ± + ±Rlog 0.087 0.007 1.44 0.03GC from
A. Giannetti et al. (2017); κν is the dust absorption coefficient,
which for molecular cloud cores was interpolated to be
0.899 cm2 g−1 at 1.3 mm (V. Ossenkopf & T. Henning 1994);
and Bν(Td) is the Planck function at the dust temperature
Td, which is set to the CH3CN rotational temperature assuming
gas-dust thermal equilibrium via efficient collisional coupling at
high densities (P. F. Goldsmith 2001). To assess the reliability of
the calculated HMF masses, we derive the mean optical depth of
the 1.3 mm continuum using the following equation (P. Frau
et al. 2010; C. Gieser et al. 2021):

( )
( )=

S

B T
ln 1 , 2

int

d

where Ω is the solid angle subtended by the source. The
derived τν toward the 11 HMFs are in the range of

0.019–0.106 (only HMF3 exceeds 0.1), with a mean value of
0.053. Therefore, optically thin assumption of dust continuum
at 1.3 mm is reasonable, and the calculated core masses are
reliable.
Previous studies have shown that the formation of massive

stars typically requires high column densities (e.g., reaching
1 g cm−2 or NH2≳ 1023 cm−2) (C. F. McKee & J. C. Tan 2003;
M. R. Krumholz & C. F. McKee 2008; J. Kauffmann &
T. Pillai 2010). For the 11 HMFs, the source-averaged H2

column density (NH2) is derived as (P. Frau et al. 2010;
M. Bonfand et al. 2019)

( )
( )

µ
=

S

m B T
N , 3

int

H H d
H2

2

where µ 2.8H2
is the mean particle weight per H2 molecule

(J. Kauffmann et al. 2008), mH is the mass of a hydrogen atom,
and Ω is the solid angle covered by the source. The resultant
NH2

ranges from 4.93× 1023 to 2.68× 1024 cm−2, which
supports the potential for massive star formation in MM1.

Figure 2. Best-fit CH3OH (red) and CH3CN (orange) spectra toward the 11 HMFs (HMF1–HMF11), superimposed on observed core-averaged spectra (blue). The
corresponding quantum numbers for each transition are listed at the top of each panel. A vertical offset of 150 K and intensity scaling (factors are indicated on the
right) are applied for clarity. Features in the observed spectra (blue) not accounted for by the fit correspond to emission from other molecules.
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3.3. Star-forming Activities

Using high-spatial-resolution Very Large Array (VLA)
observations at 1.3, 2.0, 3.6, and 6.0 cm, L. A. Zapata et al.
(2008) identified four hypercompact (HC) H II regions, VLA
2a, 2b, 2c, and 2d, located in the MM1 region. Figure 3 shows
the locations of the four HC H II regions, all of which exhibit
strong 1.3 cm continuum emission, but none of them was
observed in our 3 mm and 1.3 mm observations. Based on the
centroid positions of the 1.3 cm emission, we find that VLA 2b
is spatially coincident with our HMF 7, while the remaining
three HC H II regions show no association with any other
HMF. The presence of HC H II emission indicates that a more
evolved HMF has already emerged within the MM1 region,
highlighting the highly asynchronous and diverse nature of star
formation in this region.

The complex dynamical activity in IRAS 17233-3606 is
characterized by a complex outflow system. We utilized CO
(2–1) and SiO (5–4) as complementary tracers to delineate the
morphology of these outflows. As shown in the velocity-
integrated intensity (moment 0) maps generated by integrating
over blueshifted (-30 to -20 km s−1) and redshifted (+5 to
+15 km s−1) velocities (see Figure 4), the CO emission
reveals a network of 11 distinct outflow lobes. While CO
traces the bulk entrained molecular gas, the SiO emission
highlights eight more compact lobes. The SiO emission
specifically identifies high-velocity, shock-dominated regions
where silicon is sputtered from dust grains (P. Schilke et al.
1997; A. Gusdorf et al. 2008; O. S. Bayandina et al. 2022),
thereby probing the most energetic feedback components near
the protostellar engines.

Notably, the orientation of the blueshifted outflow
from HMF 8 (HMF8b) is constrained by its close alignment
with the bow-shock structures previously identified by

L. A. Zapata et al. (2008). For these HMFs where only a
single-polarity lobe was detected, the missing counterpart might
be attributed to insufficient outflow intensity, and one side is
obscured in the dense and complex gas environment within the
central MM1 core. Furthermore, CO (2–1) and SiO (5–4)
observations also clearly reveal a pair of north–south distributed
outflow cavity walls, which conform to the hourglass structure
driven by a protostellar jet (A. E. Higuchi et al. 2015). This jet is
likely powered by the central HC H II region VLA2d, given that
the outflow gas (labeled as H IIb) is well collimated with the
dust continuum and is spatially coincident with the two H2O
masers at the tip of the northern cavity wall.
In IRAS 17233-3606, maser positions were obtained from

high-precision catalogs in previous research, including Class II
CH3OH masers (A. J. Walsh et al. 1998), OH masers (V. L. Fish
et al. 2005), and H2O masers (L. A. Zapata et al. 2008), and
overlaid on the ALMA continuum map in Figure 4. Adopting a
conservative association radius of 1 .0 (∼1300 au at 1.32 kpc),
we found a striking spatial correlation between maser clusters
and the HMFs. H2O and OH masers are predominantly
distributed along the axes of the outflows, consistent with their
origin in primary jet-driven shocks (O. S. Bayandina et al. 2022;
D. Miao et al. 2024). In contrast, Class II CH3OH masers are
preferentially located near the center of HMF7, likely excited by
the infrared radiation field of the central protostars. The spatial
correlation between masers and the outflow axes suggests that
most of the HMFs are undergoing active accretion, which in
turn drives the enhancement of molecular abundances observed
in the gas phase through shock-induced sublimation.

3.4. Evolutionary Sequence

Following the criteria of M. Bonfand et al. (2017), we used
the distributions of masers, outflows, and H II regions to
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Figure 3. Spatial distribution of HMFs in IRAS 17233-3606 MM1. The background displays the ALMA 1.3 mm continuum emission in grayscale. Gray contours are
overlaid, following the same power-law progression as Figure 1. The white stars mark the locations of the HMFs identified by the ALMA 1.3 mm observation, while
the blue dots indicate the positions of the HC H II regions identified by VLA 1.3 cm observation. The orange solid line denotes the minimum path connecting these
HMFs, given by the MST algorithm. The synthesized beam is shown in the bottom left corner, and the scale bar of 0.01 pc is in the bottom right corner.
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determine the evolutionary sequence for HMFs (see Figure 5).
We first categorize the 11 HMFs in MM1 into four primary
evolutionary phases (Phases I–IV), based on the distributions
of water, OH and CH3OH masers, CO and SiO outflows, and
H II region emission. Within each evolutionary phase, a
relative ranking of the HMFs is tentatively guided by the
f[CH3CN/CH3OH] abundance ratio. This method was

originally proposed by Y. C. Minh et al. (2016) based on a
limited sample of clumps, serving as a potential chemical
clock to indicate the chemical enrichment level in early star-
forming regions. However, when observational uncertainties
are considered, the ratios in Table 3 exhibit overlap and show
no clear monotonic trend across the macro-evolutionary stages
(Phases I–IV). This ranking should therefore serve as a
tentative indicator of localized chemical enrichment rather
than a definitive evolutionary clock. The general validity of
this tracer remains to be firmly established through statistically
significant studies with larger samples.
It should be noted that, due to projection effects and the

highly disordered gas kinematics, it is challenging to
unambiguously identify the true driving sources of the
outflows and masers. Therefore, the evolutionary sequence
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region (Phase VI), highlighting the emergence and disappearance of maser
emission, outflows, and H II regions.

Table 3
Evolutionary Phases of the HMFs

ID Phase
Number and
Type of Maser Outflow H II f[CH3CN/CH3OH]

HMF10 I ⋯ ⋯ N (4.7 ± 0.9) × 10−3

HMF6 I ⋯ ⋯ N (1.5 ± 0.2) × 10−2

HMF2 I ⋯ ⋯ N (1.6 ± 0.3) × 10−2

HMF3 II 2 × H2O ⋯ N (1.4 ± 0.5) × 10−2

HMF5 III 1 × OH CO N (1.1 ± 0.2) × 10−2

HMF11 III 1 × H2O CO; SiO N (1.5 ± 0.4) × 10−2

HMF4 III 1 × H2O CO; SiO N (1.6 ± 0.3) × 10−2

HMF1 III 2 × H2O CO N (2.2 ± 0.3) × 10−2

HMF9 III 1 × OH CO N (2.3 ± 0.2) × 10−2

HMF8 III 4 × H2O CO; SiO N (6.0 ± 0.8) × 10−2

HMF7 IV 6 × OH; 5 ×
CH3OH, class II

CO; SiO Y (6.3 ± 1.7) × 10−2

Note. The HMFs are arranged in sequence according to their evolutionary
phases from younger to more evolved.
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presented here should be regarded as tentative. Nevertheless, it
is clear that nearly all HMFs are in a relatively early
evolutionary stage, with only HMF7 being associated with a
H II region.

The coexistence of Phase I–IV HMFs within a small
projected area (∼0.1 pc) reveals a significant age spread and
nonsimultaneous star formation within the MM1 protocluster.
While the HMFs of Phase I remain dynamically quiescent, the
progression toward Phase III is marked by a clear increase in
f[CH3CN/CH3OH] abundance ratio alongside the develop-
ment of powerful bipolar outflows. This chemical and
dynamical synergy indicates that the hot core chemistry is
already well advanced prior to the formation of a H II region.
The observed evolutionary gradient suggests that the frag-
mentation of the massive MM1 region has produced a cluster
of protostellar seeds with low initial masses.

4. Discussion

4.1. Dynamics of MM1: From Fragmentation to Accretion

To assess the global properties of MM1, we adopt a
rotational temperature of Trot≈ 100 K and an FWHM of 4.5
km s−1, derived from CH3OCHO in the Band 3 survey
(S.-L. Qin et al. 2022). The total velocity dispersion is σtot

= ( ) /+cs nt
2 2 1 2≈ 2.0 km s−1, where the thermal sound speed

is cs = ( )/ /µk T mB H
1 2≈ 0.6 km s−1 (with μ = 2.33 adopted as

the mean molecular weight and T=Trot derived from
CH3OCHO), and the nonthermal velocity dispersion is σnt

= ( )/ / /µk T mFWHM 8 ln 22
B mol H

1 2 ≈ 1.9 km s−1 (with
μmol=60 adopted for CH3OCHO), calculated following the
method described in F.-W. Xu et al. (2023). Given the
nondetection of ionized gas emission from the HC H II regions
in Band 3, and considering that the total flux density of the 4
HC H II regions from VLA 1.3 cm observations is below
22 mJy beam−1, we conclude that their contribution to the 3

mm continuum emission is negligible. Consequently, adopting
an average volume density of the Band 3 MM1 core n(H2) ≈
1.7 × 107 cm−3 from L. Chen et al. (2025), the calculated
turbulent Jeans length is J

tur = σtot(π/Gρ)1/2≈ 1.1× 104 au,
while the calculated thermal Jeans length is J

th =
cs(π/Gρ)1/2≈ 3.3× 103 au.
Core separation is a reliable metric for analyzing fragmenta-

tion properties (H. Beuther et al. 2018). Here, we employed the
minimum-spanning tree (MST) method (J. D. Barrow et al.
1985; S. Dib & T. Henning 2019) to quantify the spatial
distribution of the 11 HMFs in MM1 (see Figure 3). The
projected separations (dMST) range from 5.6 × 102 to
3.7 × 103 au, with a mean distance of ∼1.8 × 103 au. Even
accounting for the projection effect, the deprojected mean
separation remains smaller than the thermal Jeans length
( ×3.3 10J

th 3 au), suggesting that the fragmentation of
MM1 is dominated by a thermal Jeans instability. Since the
observed mean distance is shorter than J

th, it indicates that
MM1 may have experienced gravitational contraction, leading
to the closer proximity of the inner HMFs (F. Xu et al. 2024a).
To quantify the spatial distribution of the HMFs, we adopt

the Q parameter following the method of A. Cartwright &
A. P. Whitworth (2004), defined as ¯ ¯/=Q m s . The normalized
mean edge length of the MST, m̄, is given by
¯ /= =m L N Ai

N
i c1

1c , where Nc is the number of HMFs, Li
is the length of each edge, and =A R cluster

2 is the cluster area.
The normalized correlation length, s̄ , is defined as
¯ /=s L Rav cluster, where Lav≈ 4000au represents the mean
separation length between all HMFs. As proposed by
A. Cartwright & A. P. Whitworth (2004), a value of
Q ≳ 0.8 signifies a centrally condensed spatial distribution,
whereas Q ≲ 0.8 indicates a fragmented distribution
characterized by subclustering. Our derived value of
Q = 0.77 suggests that the HMFs are currently in a relatively
dispersed state with inherent subclustering. As this value
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approaches the 0.8 threshold, it likely indicates a transitional
phase, where the HMFs are evolving from an initial fractal-like
fragmentation toward a more centrally concentrated config-
uration driven by global gravitation.

The global dynamical condition of the MM1 region was
assessed by calculating the virial parameter αvir = Mvir/Mgas =
5 Rtot

2
eff/GMgas. Here, the effective radius is Reff = 0.025 pc,

and the gas mass is Mgas = 81.3 M⊙. The resulting value of αvir

= 0.84 is below the critical value for gravitational contraction
(αvir≈ 2), indicating that the MM1 region is undergoing global
gravitational contraction and actively forming stars. The result
provides an explanation for why the dMST values are shorter
than J

th.
In Figure 6, we show the positions of the HMFs together with

their respective VLSR and CH3CN line widths overlaid on the
1.3 mm continuum contour map toward IRAS 17233−3606
MM1. The HMFs exhibit noticeable variations in both systemic
velocities and line widths, indicating highly dynamical gas
motions within the central protocluster. The measured HMF
VLSR values span from ∼ − 3.6 to 5.0 km s−1, corresponding to
an HMF-to-HMF velocity of ∼2.5 km s−1. The HMFs located
near the cluster center exhibit VLSR values closer to the systemic

velocity, implying that they are more deeply embedded within
the central gravitational potential well. Furthermore, the CH3CN
line widths range from ∼3.4 to 7.5 km s−1, with the broadest
line widths preferentially associated with the central HMFs,
while relatively narrower line widths are observed toward
several outer sources. This trend suggests enhanced dynamical
activity toward the cluster center, where the dense gas is likely
more strongly influenced by the global gravitational potential.
H. Beuther et al. (2025) reported mass inflow rates close to
10−3 M⊙ yr−1 along the two filamentary structures connected to
MM1 on scales of ∼0.25 pc, implying that substantial amounts
of material can be continuously transported from the larger-
scale environment into the central protocluster, thereby enabling
the HMFs within the protocluster to rapidly gain mass through
ongoing accretion and eventually form massive stars.
Our analysis suggests that massive star formation in the

MM1 region originates from HMFs produced by thermal Jeans
fragmentation. Since all HMFs are in Phases I to IV and most
exhibit active outflows, a continuous accretion process is
evidently ongoing within the region. In this situation, the most
rapidly evolving cores may grow further by accreting material
from the ambient MM1 gas or through potential core
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coalescence (S. Dib et al. 2007; S. Dib 2023). These results
highlight that the early stages of HMSF are characterized by
highly dynamical heterogeneity on scales of ∼1000au.

4.2. Inner Differentiation in MM2

The MM2 region exhibits remarkable physical and chemical
complexity. There is a significant spatial offset and flux
difference between its 3 mm continuum peak of MM2 and the
1.3 mm continuum peak of MM2-1, indicating that this region
is likely dominated by a UC H II region ionized by a central
massive protostar. The nondetection of this ionizing source at
1.3 mm despite its prominence at 3 mm could be attributed to
high dust opacity at shorter wavelengths, which effectively
shields the free–free emission (R. A. Gaume et al. 1995).

Figure 7 presents the primary molecular transitions detected
toward MM2-1 and MM2-2. MM2-1, located near the 3 mm
continuum center, exhibits multiple radio recombination lines
(e.g., H30α, H40α, and H50β), which confirm the presence of
highly ionized gas consistent with a UC H II region stage. In
contrast, despite its relative offset from the primary MM2
peak, MM2-2 lacks any discernible markers of ionized gas and
only shows fundamental molecular emission. In particular, the
presence of N2D

+ indicates that MM2-2 remains in an early
stage that is not yet disrupted by ionized gas (A. Crapsi et al.
2005). This coexistence of an ionized core and a cold dense
core highlights the dramatic localized variations in star
formation within the IRAS 17233-3606 complex.

4.3. Dynamical Feedback from a Zero-age Main-
sequence Star

O- and B-type zero-age main-sequence (ZAMS) stars can
exert significant feedback that shapes the formation and
evolution of massive stars in the Galaxy (E. Churchwell 2002).
As shown in Figure 8, within the IRAS 17233-3606 region, the
B2-type ZAMS star originally identified by L. A. Zapata et al.

(2008) drives significant dynamical and radiative feedback
onto the adjacent gas of the MM1 A prominent arc interface
traced by SiO (5-4) emission centered around −12 km s−1, and
also, dust emission indicates a clear interaction between the
powerful stellar winds (or outflows) from the B2-type ZAMS
star and the dense molecular material of MM1. This
morphology strongly suggests that the enhancement of SiO
abundance results from the sputtering of grains within shocks,
providing direct evidence for the pivotal role of ZAMS stars in
shaping the early dynamical evolution of protoclusters.
An examination of the CH3CN velocity offsets shows that

MM1 and MM2 share a similar systemic velocity of
approximately −3.2 km s−1, consistent with their association
within the same star-forming complex at a distance of
1.32 kpc. However, in contrast to MM1, though the MM2
and B2-type ZAMS star have overlap areas in the direction of
light, there is no clear evidence of a direct interaction between
them. One possible explanation is that MM2-2 is a cold dense
core, and we cannot directly observe feedback from the ZAMS
star since this vicinity lacks prominent outflowing gas.
Alternatively, the high density of the MM2 core may provide
effective self-shielding (J. E. Dale et al. 2005; M. R. Krumholz
& C. D. Matzner 2009). The dense envelope gas likely
intercepted the feedback energy from the ZAMS star and even
the ionizing radiation from the central protostar. This allowed
the chemically young MM2-2 core to remain undisturbed in a
quiescent environment.

5. Conclusions

We have investigated the physical and chemical properties
of IRAS 17233-3606, using both 3 mm and 1.3 mm ALMA
data from the ATOMS and the QUARKS surveys, respec-
tively. Our observations reveal that IRAS 17233-3606 is a
dynamically complex and relatively young environment,
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providing new observational evidence to current theoretical
frameworks. Our major results are as follows:

(1) In the massive hot core MM1 (∼ 81.3 M⊙), we resolved
11 HMFs that coexist within a projected area of only 0.1 pc
and span evolutionary phases as defined by I to IV. The spatial
distribution of these HMFs reveals asynchronous star forma-
tion within the protocluster.

(2) Since the mean projected separation (∼1.8 × 103 au) is
nearly half of the thermal Jeans length (∼3.3 × 103 au), the
fragmentation of MM1 is primarily dominated by thermal
instability. Meanwhile, the Q parameter Q = 0.77 and virial
parameter αvir = 0.84 both indicate that the MM1 region is
undergoing global gravitational contraction and actively
forming stars under the influence of gravity.

(3) We detected an interface outlined by SiO (5–4) emission
and dust emission in MM1, which spatially couples with the
surface of the central B2-type ZAMS star. This directly
confirms the impact of stellar feedback on the surrounding
medium. Meanwhile, the presence of a cold dense core, MM2-
2, within the evolved UC H II region of MM2 suggests that
local shielding effects may block external radiation, leading to
asynchronous evolution.
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