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ABSTRACT

We present 13CO (J=2-1) emission from the SEDIGISM survey, together with ALMA Band 3 and Band 6 observations from the ATOMS and
QUARKS surveys, to investigate the gas kinematics and feedback processes in the massive hub-filament system G329.34+0.14 (hereafter G329).
Based on Herschel continuum morphology together with the 13CO (J=2-1) integrated intensity and velocity distributions, a parsec-scale network of
filaments was identified, converging toward the hub that hosts two massive clumps, MC 1 and MC 2, with respective masses of ∼4210 (±1259) M�

and ∼1483 (±443) M�. Position–velocity analysis reveals systematic projected velocity gradients along the filaments, consistent with organized
gas motions on parsec scales and possible inflows toward the hub. Within MC 1, ALMA resolves a sub-parsec network of intra-hub filaments
(IHFs) traced by H13CO+ (J=1-0), with a velocity organization similar to that seen on parsec scales. These IHFs are distributed around a central
H II region, surrounded by a shell-like structure traced by CS (J=2-1) and H13CO+ (J=1-0) emission, with dense gas concentrated in its northeastern
and southwestern sectors. The shell further shows SiO (J=2-1) and SO (J=3(2)-2(1)) emission, excited mainly by low-velocity shocks from the
expansion of the H II region, with a minor contribution from protostellar outflows. Compared with the surrounding parsec-scale filaments, the IHFs
are more compact but exhibit larger velocity gradients and line masses, suggesting that the inner hub gas is denser and dynamically more complex.
MC 1 and MC 2 are interpreted as two massive clumps embedded in the same hub, with MC 1 appearing more evolved and more strongly affected
by feedback than MC 2. G329 therefore provides an observational case in which the parsec-scale hub-filament structure and the dense IHF network
show a broadly similar velocity organization. This suggests a possible kinematic connection between the surrounding filaments and dense gas in
the hub interior.
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1. Introduction

High-mass stars (> 8 M�) are usually found within molecular
clouds, and their strong feedback effects can significantly impact
the surrounding gas structure. There is a long-standing debate
about the formation process of high-mass stars, specifically how
they acquire sufficient mass to form stars under intense feed-
back effects. The dense gas within molecular clouds, such as
filaments, clumps, and cores, serves as a site for the formation
of high-mass stars. Filaments are ubiquitous in the interstellar
medium (ISM; André et al. 2010; Molinari et al. 2010a; Li et al.
2014, 2016; Mattern et al. 2018a; Wu et al. 2018), with three
or more filaments intersecting to form a distinctive hub-filament
system (HFS; Myers 2009). The hub exhibits a higher hydrogen
column density than the filaments, while the filaments have a
larger length-to-width ratio than the hub (Myers 2009; Schnei-
der et al. 2012). Hub-filament systems are commonly described
as networks of filaments converging toward dense central hubs,
making them favorable sites for forming high-mass stars or star
clusters (Liu et al. 2012; Peretto et al. 2013; Kumar et al. 2020;
Xu et al. 2023).
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Recent case studies and statistical surveys have established
HFSs as important environments for high-mass star and young
cluster formation (e.g., Peretto et al. 2013; Treviño-Morales et al.
2019; Kumar et al. 2020, 2022; Liu et al. 2023; Hacar et al.
2025). Longitudinal gas flows along filaments toward hubs have
been reported in several HFSs, with typical inferred mass in-
flow rates of ∼10−4 to 10−3 M� year−1 (Yuan et al. 2018; Chen
et al. 2019; Treviño-Morales et al. 2019; Liu et al. 2022a; Yang
et al. 2023; Pan et al. 2024). Previous research has indicated that
filaments within HFSs may play a crucial role in transporting
material to the hubs, providing ample material for forming high-
mass stars or star clusters within hubs (Peretto et al. 2013; Ku-
mar et al. 2020). Most observational studies, however, still focus
on parsec-scale filamentary gas dynamics. Probing sub-parsec
structures and kinematics inside massive clumps is therefore es-
sential, because filamentary gas may be reorganized into a denser
network within hub clumps, closely associated with massive star
and cluster formation (Kumar et al. 2022, 2025). Although a few
recent studies have begun to probe HFSs down to clump and sub-
parsec scales (Zhou et al. 2022; Yang et al. 2023; Xu et al. 2023;
Liu et al. 2023; Pan et al. 2024), observational constraints on the
internal gas kinematics of dense hubs remain limited. Such ob-
servations help relate the surrounding filamentary cloud to the
denser, more evolved star-forming gas within the hub.
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Fig. 1. RGB image of the G329 molecular cloud. Red represents 24 µm,
green represents 8 µm, and blue represents 4.5 µm. The black circles
indicate the 870 µm clumps (MC 1 and MC 2) observed by ATLASGAL
(Urquhart et al. 2018), while the white contours show the integrated
intensity of 13CO (J=2-1), ranging from 5% to 93% of the peak value in
8% intervals.

The molecular cloud G329.34+0.14 (hereafter referred
to as G329) exhibits a HFS morphology. Urquhart et al.
(2018) identified two dense clumps located at the hub,
AGAL329.337+00.147 (MC 1) and AGAL329.341+00.127
(MC 2) in the Atacama Pathfinder Experiment (APEX) Tele-
scope Large Area Survey of the Galaxy (ATLASGAL) of
870 µm continuum emission (see Fig. 1). The luminosity-to-
mass ratios of MC 1 and MC 2 are 147 and 6 L�M�−1, respec-
tively; following the classification of Urquhart et al. (2018),
these values place MC 1 at the massive-star-forming clump
stage and MC 2 at the young-stellar-object-forming clump stage.
Compared to MC 2, MC 1 exhibits stronger 4.5 µm and 8 µm
emissions as well as a higher luminosity-to-mass ratio (see
Fig. 1), indicating more intense stellar activity and a more ad-
vanced evolutionary stage in MC 1. Furthermore, 13CO (J=2-1)
high-velocity wings observed toward MC 1 suggest complex gas
motions in the hub and motivate examining how the parsec-
scale velocity field relates to the dense gas within MC 1 (Yang
et al. 2022). The Atacama Large Millimeter/submillimeter Ar-
ray (ALMA) Three-millimeter Observations of Massive Star-
forming Regions (ATOMS) survey observed the massive star-
forming region MC 1 (source ID: I15567-5236; Liu et al.
2020c,b). Liu et al. (2022b) report that the SiO (J=2-1) luminos-
ity observed in MC 1 with the ATOMS Band-3 data is approxi-
mately 6.8×10−11 L�, with a bolometric luminosity-to-mass ra-
tio of about 158. The integrated intensity ratio of SiO (J=2-1)
emission to H13CO+ (J=1-0) emission is approximately 0.38.
Additionally, MC 1 is associated with H40α radiation and out-
flows (Liu et al. 2022b). The SiO (J=2-1) emission features are
spatially separated from H40α emission and 3 mm continuum
emission (Liu et al. 2022b, 2025). H40α radiation indicates an

ultracompact H II region within MC 1, with electron number den-
sities of 1.49 and 1.63×104 cm−3 derived from H40α recombina-
tion lines and 3 mm continuum emission, respectively. The tem-
perature of the ultracompact H II region is approximately 6650 K
(Zhang et al. 2023). SiO (J=2-1) emission is unrelated to the
3 mm continuum emission and appears around the ionized gas,
suggesting that the detected SiO (J=2-1) radiation in MC 1 may
originate from the expansion of the ultracompact H II region (Liu
et al. 2025). Previous studies have shown that MC 1, located in
the hub, has undergone intense star formation activity. The exist-
ing multiwavelength, high-resolution (∼0.3-37 ′′) observations
enable us to investigate the gas kinematics traced at different an-
gular resolutions in G329. Therefore, studying the morpholog-
ical structure and kinematic properties of the G329 molecular
cloud and the central clump MC 1 provides key insights into the
role of HFSs in star formation.

This work uses multiwavelength, high-resolution observa-
tions of the HFS G329 to investigate the gas kinematics of the
parsec-scale filaments and the dense gas within MC 1, the more
evolved massive clump in the hub. Our aim is to clarify how or-
ganized gas motions, massive star formation, and feedback are
related in this system. In Sect. 2, we primarily present the ob-
servational data utilized in this study. Section 3 shows the main
research findings. Section 4 discusses our research results, and
Sect. 5 presents our main conclusions.

2. Observations

2.1. The CO spectral line data

The 13CO (J=2-1) and C18O (J=2-1) data used in this study were
obtained from the Structure, Excitation, and Dynamics of the
Inner Galactic Interstellar Medium (SEDIGISM) survey, which
was conducted using the APEX telescope (Güsten et al. 2006).
The SEDIGISM survey covers the Galactic plane within the
range of −60◦ ≤ l ≤ 18◦ and |b| < 0.5◦ (Schuller et al. 2017).
This survey includes the emission of both the 13CO (J=2-1) and
C18O (J=2-1) molecular spectral lines. The data have an angular
resolution of 30 ′′ and a velocity resolution of 0.25 km s−1. The
sensitivity of the data is typically around 0.8-1.0 K at 1σ level
(Mattern et al. 2018b).

2.2. ALMA data

We utilized data from the ATOMS survey, observed with the
ALMA telescope (Project ID: 2019.1.00685.S; PI: Tie Liu). De-
tailed information can be found in Liu et al. (2020c) and Liu
et al. (2020b). This project involved observations of 146 clumps
in Band 3 using the Atacama Compact 7 m Array (ACA; Morita
Array) and the 12 m array (C43-2 or C43-3 configurations) in
single-pointing mode. The angular resolution and maximum re-
coverable scale of the ACA and the 12 m array are 13.3 ′′ and
76.2 ′′, and 1.7 ′′ and 19.9 ′′, respectively (Liu et al. 2020c).
Eight spectral windows (SPWs) were used, covering 11 molec-
ular transition lines, including H13CN (J=1-0), H13CO+ (J=1-
0), CCH (J=1-0), SiO (J=2-1), HCN (J=2-1), HCO+ (J=1-0),
CH3OH (2(1,1)-1(1,0)), CS (J=2-1), SO (J=3(2)-2(1)), H40α, and
HC3N (J=11-10) (see Table 2 in Liu et al. (2020c)). The spectral
resolutions for SPWs 1-6 were ∼0.2-0.4 km s−1, while SPWs 7
and 8 had a spectral resolution of ∼1.6 km s−1 (Liu et al. 2020c).

We also utilized Band 6 data from the Querying Underlying
Mechanisms of Massive Star Formation with ALMA-Resolved
Gas Kinematics and Structures (QUARKS; PIs: Lei Zhu, Guido
Garay, and Tie Liu) project, which provides an angular reso-
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lution of ∼0.3 ′′ and a maximum recoverable scale as large as
∼27 ′′ (Liu et al. 2024; Xu et al. 2024). The QUARKS obser-
vations were conducted using the ACA and 12 m arrays (C43-2
and C43-5; Liu et al. 2024; Xu et al. 2024) and used four wide
SPWs, each with a bandwidth of ∼1873 MHz. Each channel has
a velocity resolution of ∼0.7 km s−1, and the combined line sen-
sitivity is ∼3 mJy beam−1 (Liu et al. 2024).

2.3. Spitzer and Herschel infrared data

The Galactic Legacy Infrared Mid-Plane Survey Extraordinaire
(GLIMPSE) conducted observations in the mid-infrared wave-
lengths of 4.5 and 8 µm (Benjamin et al. 2003). The spatial reso-
lutions of these two bands are 1.6 ′′ and 1.9 ′′, respectively (Fazio
et al. 2004). Additionally, the 24 µm image data were obtained
from the Multiband Infrared Photometer of the Spitzer MIPS
Galactic Plane Survey (MIPSGAL; Carey et al. 2009). The res-
olution of the 24 µm image is 6 ′′ (Rieke et al. 2004).

The Herschel key project Hi-GAL is an unbiased survey of
the Galactic plane in the far-infrared wavelengths (Molinari et al.
2010b). It covers the entire Galactic plane within the nominal
|b| < 1◦ range. Observations were made using the Photodetector
Array Camera and Spectrometer (PACS; Poglitsch et al. 2010)
and Spectral and Photometric Imaging Receiver (SPIRE; Griffin
et al. 2010) cameras on the Herschel space telescope, capturing
continuum images at 70, 160, 250, 350, and 500 µm (Pilbratt
et al. 2010). The spatial resolutions for these five bands are 5.8,
12.0, 18.2, 24.9, and 36.3 ′′, respectively.

3. Results

3.1. High-resolution column density and temperature maps

Before deriving the H2 column density and dust temperature
from the Herschel images, several preprocessing steps were re-
quired. First, a few saturated pixels were present in the SPIRE
250 µm map of the G329 center region. Following the approach
used by Lin et al. (2016) and Zhang et al. (2024b), we estimated
the flux in the saturated areas via 2D Gaussian interpolation. Sec-
ond, the PACS 70 and 160 µm images had not been corrected
for zero-point offsets (Sadavoy et al. 2018). To recover the ab-
solute intensity scale, the conventional method cross-calibrates
PACS data with large-scale emission traced by Planck and IRAS
observations, thereby performing a zero-point offset correction
(Bernard et al. 2010). Specifically, we used pacs_calibrate1 to
convolve the PACS maps to the angular resolution of the Planck
data, convert all maps to a common unit system and perform
pixel-by-pixel comparisons (Tiwari et al. 2021; Karim et al.
2023). From the derived intensity differences, the zero-point
offsets for the 70 and 160 µm images were determined to be
74.38 MJy sr−1 and 431.29 MJy sr−1, respectively, and these cor-
rections were applied to the original high-resolution PACS maps.
This procedure effectively restores the absolute brightness level
of the PACS images by compensating for the missing large-
scale emission, thereby ensuring photometric consistency with
the Planck and IRIS data. Third, we utilized the background sub-
traction method based on the Fourier transform, as proposed by
Wang et al. (2015). The Fourier transform was performed on the
original image to obtain high- and low-frequency components;
the low-frequency components represented the background ra-
diation and were subtracted from the data to remove the back-
ground from the Herschel images.

1 https://github.com/ramseykarim/pacs_calibrate

To derive a high-resolution (18.2 ′′) H2 column density map,
we employed the multi-scale decomposition technique intro-
duced by Palmeirim et al. (2013). In this framework, the gas
surface density (Σ) distribution smoothed to the SPIRE 250 µm
resolution is expressed as the sum of three terms:

Σ250 = Σ500 + (Σ350 − Σ500) + (Σ250 − Σ350), (1)

where Σ500, Σ350, and Σ250 represent the surface density distribu-
tions convolved with the SPIRE beams at 500 µm, 350 µm, and
250 µm, respectively.

The derivation proceeds in three steps:

1. Large-scale term (Σ500). Using a modified blackbody radia-
tion model:

Iν = Bν(Tdust)κνΣ, (2)

where Bν is the Planck function and the dust opacity per unit
dust mass is (Hildebrand 1983):

κν = 0.1
(

ν

1000 GHz

)β
cm2 g−1 = 0.1

(
300 µm
λ

)β
cm2 g−1, (3)

where the dust emissivity index β is fixed to 2 in the fit-
ting. All images at 70, 160, 250, and 350 µm were convolved
to a circular Gaussian beam with a full width at half maxi-
mum (FWHM) of 36.4 ′′ using the kernels provided by Ani-
ano et al. (2011) and regridded to the same pixel size. The
70 µm PACS data were included in the spectral energy dis-
tribution (SED) fitting in addition to the 160–500 µm bands
because the central region of G329 hosts active massive star
formation, where the dust temperature is elevated and signif-
icant emission arises at shorter wavelengths. Including the
70 µm band enables SED fitting to capture the contribution
of warmer dust better, providing a more accurate estimate
of both the dust temperature and the surface density in re-
gions affected by strong stellar heating. We then performed
pixel-by-pixel SED fitting for images ranging from 70 µm
to 500 µm using Python, obtaining a low-resolution surface
density map, Σ500, and a dust temperature map, Tdust,500.

2. Intermediate-scale correction (Σ350 − Σ500). A higher-
resolution (350 µm) map, Σ350, is derived from a similar
SED fit excluding the 500 µm data. The term (Σ350 - Σ350 ×

G500_350) recovers intermediate spatial frequencies absent at
500 µm, where G500_350 is a circular Gaussian with FWHM
√

36.32 − 24.92 ≈ 26.4 ′′.
3. Smallest scales (Σ250−Σ350). Instead of deriving a color tem-

perature map from the 160-250 µm intensity ratio as in previ-
ous HGBS works, we performed pixel-by-pixel SED fitting
using the 70, 160, and 250 µm bands to simultaneously esti-
mate the dust temperature and surface density at the SPIRE
250 µm resolution. This approach accounts for the contribu-
tion of warmer dust components traced by the 70 µm emis-
sion in the massive star-forming hub, providing a more ac-
curate representation of the high-resolution column density
and temperature structures. The resulting fine-scale compo-
nent, (Σ250 − Σ250 ∗ G350_250), where G350_250 is a circular
Gaussian with a FWHM

√
24.92 − 18.22 ≈ 17.0 ′′, preserves

the small-scale information accessible only at wavelengths
≤ 250 µm.

Finally, by combining the above three terms of multi-scale
information, high-resolution surface density and temperature
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Fig. 2. Morphological structure of the G329 molecular cloud. Panel A: Distribution of hydrogen column density obtained from SED fitting. The
colored plus (+) represents the spines of filaments corrected based on the 13CO (J=2-1) velocity distribution. MC 1 and MC 2 are dense clumps
identified in the 870 µm continuum (Urquhart et al. 2014, 2018). Panel B: Distribution of dust temperature. Panel C: Color map representing
the distribution of the integrated intensity (moment 0) for 13CO (J=2-1), with pixels below 5σ level masked out. Panel D: Velocity distribution
(moment 1) of 13CO (J=2-1). In panels A, B, C, and D, the black contours represent the 13CO (J=2-1) integrated intensity distribution, ranging
from 4% to 100% of the peak column density in intervals of 4%.

maps were obtained (∼18.2 ′′), as expressed by the following
equation (Palmeirim et al. 2013):

Σ250 = Σ500 +(Σ350−Σ350×G500_350)+(Σ250−Σ250∗G350_250). (4)

The surface density was converted into column density using
Σ250 = µH2 mHNH2 , where µH2 = 2.8 is the molecular weight
per hydrogen molecule adopted from Kauffmann et al. (2008),
mH is the H-atom mass, and NH2 is the H2 column density. Pan-
els A and B of Fig. 2 display the distributions of column density
and dust temperature for the molecular cloud G329. The posi-
tions of higher column density correspond to MC 1 and MC 2,
which were identified based on the 870 µm radiation by Urquhart
et al. (2018) (see Fig. 2). From the dust temperature distribution,

we observe that MC 1 is the hottest region within the molecular
cloud (with an average temperature of 30.8 K). This suggests the
possibility of intense star-forming activity within MC 1. In con-
trast, the average temperature of MC 2 is 24.7 K, significantly
lower than that of MC 1, which is consistent with the fact that
star formation activity in MC 2 is relatively weaker compared to
MC 1 (see Fig. 1).

3.2. Hub-filament system in the G329 molecular cloud

To characterize the filaments within the G329 molecular cloud,
we identified filamentary skeletons with FilFinder2 (Koch &

2 https://fil-finder.readthedocs.io/en/latest/
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Rosolowsky 2015) on the hydrogen column density map (see
Fig. A.1). The analysis was restricted to regions where the
13CO (J=2-1) integrated intensity exceeds a threshold defined as
4% of the peak integrated intensity and simultaneously above
the 3σ level. This combined criterion provides a conservative,
physically motivated mask that suppresses unrelated foreground
and background emission while retaining coherent molecular gas
structures (see Panels C and D of Fig. 2). Prior to skeleton extrac-
tion, the column density map was preprocessed using the Fil-
Finder flattening procedure (flatten_percent = 90) to suppress
background variations and enhance the contrast of narrow fila-
mentary structures. We note that FilFinder does not impose ex-
plicit thresholds on filament aspect ratio or density contrast. In-
stead, filament candidates were defined through skeletonization
within the adopted mask and subsequent pruning based on mini-
mum skeleton and branch lengths expressed in units of the beam
size (5 and 3 beam widths, respectively, in the default FilFinder
settings). The column-density skeletons were used as the initial
morphological reference for defining the final filament spines af-
ter the velocity-coherence checks described below.

To perform these velocity-coherence checks, we compared
the column-density skeletons with the 13CO (J=2-1) integrated
intensity distribution and channel maps (see Fig. A.2 and Ta-
ble A.1) to confirm velocity continuity along each structure
(Wang et al. 2015). Using these skeletons as a reference, minor
manual adjustments were applied based on the velocity-channel
information to ensure that the final filament spines follow coher-
ent velocity structures, rather than relying solely on automated
morphological extraction (additional details are provided in Ap-
pendix A). These refined spines are used throughout the paper
for all subsequent kinematic and physical analyses.

The characteristic widths of the filaments were derived using
RadFil3 (Zucker & Chen 2018) in the hydrogen column density
map, which constructs transverse profiles by performing perpen-
dicular cuts along each filament spine and fits the averaged pro-
files with a Gaussian model after background subtraction. The
widths, derived from the fitted FWHM, are summarized in Ta-
ble 1. Filament elongation was quantified a posteriori using the
aspect ratio, defined as the ratio of the filament length (measured
from the longest spine path) to its FWHM width; these values
are also listed in Table 1. Although the hydrogen column density
map has a beam size of ∼18.2 ′′, introducing uncertainty in the
projected widths, this effect is negligible for mass estimates be-
cause most of the mass is concentrated near the filament crest.
Panel A of Fig. 2 displays the spines of eight parsec-scale fila-
ments and two massive clumps (MC 1 and MC 2). Filaments F 1,
F 5, F 6, and F 7 converge toward MC 1, indicating that MC 1 is
the dominant central clump within the hub region. F 3 converges
toward MC 2. F 8, F 2, and F 4 are identified as sub-filaments
connected to F 1, F 3, and F 5, respectively. This parsec-scale
configuration provides the overall context for subsequent high-
resolution observations of MC 1 within the hub region.

3.3. The physical properties of filaments and clumps

Based on the positions of the two clumps within the hub,
MC 1 and MC 2, and their line-of-sight velocities, we used the
Parallax-based distance calculator V24 to estimate the kine-
matic distance of the G329 molecular cloud, obtaining a value
of 5.6 (±0.8) kpc (Reid et al. 2016, 2019). For comparison,
Urquhart et al. (2018) reported distances of ∼7.2 kpc for MC 1

3 https://github.com/catherinezucker/radfil
4 http://bessel.vlbi-astrometry.org/node/378

and MC 2, and the distance to a nearby star cluster is ∼6.0 kpc.
The discrepancy arises partly because the calculator relies on
the input line-of-sight velocity, and our measured peak veloc-
ity from C18O (J=2-1) spectral line fitting (-107.5 km s−1; see
Fig. B.1) is slightly lower than the value of -107.1 km s−1 re-
ported by Urquhart et al. (2018). Additionally, the latest version
of the distance calculator utilizes an updated Galactic rotation
model, which differs from previous versions and contributes to
the discrepancy. Our distance estimate is consistent within un-
certainties with that provided by Liu et al. (2024). Therefore, we
adopt 5.6 (±0.8) kpc as the distance of G329 for all subsequent
analysis of the HFS.

3.3.1. The physical properties of the filaments

First, we measured the lengths and derived the masses of the
identified filaments. The filament masses were estimated by
summing the hydrogen column density over all pixels within
each filament:

MH2 = µH2 mH

∑
i

Apixel(i)NH2 (i), (5)

where Apixel(i) is the area of a pixel and NH2 (i) is the correspond-
ing hydrogen column density. Table 1 summarizes the derived
physical properties of the eight filaments within G329, with un-
certainties propagated mainly from the distance errors and fitting
errors. The estimated line masses (M/l) span from ∼118 (±40) to
∼520 (±174) M� pc−1. Among them, the sub-filaments F 2, F 4,
and F 8 exhibit relatively low line-mass densities. These values
are comparable to those reported for other massive HFSs, for
example, 125 - 439 M� pc−1 in G323.46-0.08 (Ma et al. 2023)
and 167 - 620 M� pc−1 in G310.142+0.758 (Yang et al. 2023).
The similarity suggests that the G329 HFS contains a substan-
tial mass reservoir along its filaments in the vicinity of the cen-
tral hub region. Although the 13CO (J=2-1) spectra along these
structures generally exhibit a single dominant velocity com-
ponent (see Sect. 3.3.2), the available single-dish data (∼30 ′′,
corresponding to ≈0.8 pc at 5.6 kpc) lack sufficient resolution
to reveal finer internal structures within the filaments. More-
over, both the 13CO and Herschel observations indicate that the
filaments in G329 are relatively diffuse (AV < 7), suggest-
ing that their unresolved interiors are unlikely to harbor dense,
self-gravitating substructures. Consequently, the line mass val-
ues reflect the average mass distribution of diffuse, non-self-
gravitating gas, rather than the mass distribution of true dense
filaments. Since the hydrostatic, isothermal cylindrical assump-
tion underlying the virial line mass (Ostriker 1964) is physically
meaningful only for gravity-dominated filaments (Inutsuka &
Miyama 1997; Fiege & Pudritz 2000; André et al. 2014), com-
paring such beam-averaged line masses with critical or virial
thresholds would be misleading. We therefore present the de-
rived filament line masses merely as beam-averaged estimates
that describe the parsec-scale gas distribution, without interpret-
ing them as indicators of intrinsic stability.

3.3.2. Velocity components and velocity dispersion of the
filaments

As shown in Fig. B.2, we extracted the averaged 13CO (J=2-1)
spectra at multiple positions along each filament. All spectra
exhibit a single velocity component, indicating that the parsec-
scale gas motion within the G329 molecular cloud is relatively
coherent. The total velocity dispersions (σtot) of the eight fila-
ments range from 0.50±0.07 to 1.39±0.06 km s−1 (see Table 1).
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Table 1. Physical parameters of the filaments.

Source ID l FWHM(a) Aspect ratio(b) MH2 Tdust
(c) M/l σtot ∇V‖(d) |Ṁ‖|

(pc) (pc) (-) (M�) (K) (M� pc−1) (km s−1) (km s−1 pc−1) (M� year−1)
F 1 8.2 (±1.2) 1.2 (±0.2) 6.6 (±1.4) 3092 (±924) 24.0 378 (±126) 1.39 (±0.06) 0.29 9.18 (±2.74)× 10−4

F 2 8.1 (±1.2) 1.3 (±0.2) 6.5 (±1.4) 2094 (±626) 19.7 258 (±86) 0.50 (±0.07) 0.10 2.24 (±0.67)× 10−4

F 3 7.4 (±1.1) 1.3 (±0.2) 5.9 (±1.2) 2870 (±858) 21.4 388 (±130) 1.30 (±0.06) 0.22 6.54 (±1.95)× 10−4

F 4 5.2 (±0.8) 0.8 (±0.1) 6.2 (±1.3) 612 (±183) 23.4 118 (±40) 0.92 (±0.04) 0.82 5.14 (±1.54)× 10−4

F 5 4.6 (±0.7) 1.1 (±0.2) 4.2 (±0.9) 2393 (±715) 25.3 520 (±174) 1.29 (±0.06) -0.39 9.57 (±2.86)× 10−4

F 6 7.4 (±1.1) 1.2 (±0.2) 6.0 (±1.3) 2447 (±731) 23.8 330 (±110) 1.03 (±0.04) 0.01 3.48 (±1.04)× 10−5

F 7 7.4 (±1.1) 1.1 (±0.2) 6.5 (±1.4) 2801 (±837) 24.5 379 (±127) 0.90 (±0.06) -0.16 4.61 (±1.38)× 10−4

F 8 7.8 (±1.2) 1.9 (±0.3) 4.2 (±0.9) 2443 (±730) 21.5 312 (±104) 0.88 (±0.06) -0.09 2.28 (±0.68)× 10−4

Notes. The filaments listed in this table are identified at lower angular resolutions and are not assumed to have a one-to-one correspondence with
the intra-hub filaments resolved by ALMA.
(a) The width of the filaments is defined as the mean FWHM derived from radial Gaussian fitting to the H2 column density profiles.
(b) Aspect ratio, defined as the ratio between the filament length and its FWHM width.
(c) The average value of dust temperature on the filaments.
(d) Velocity gradient adopted for the mass accretion rate calculation. The values are taken from the velocity gradients along the filaments listed in
Table C.1.

In the hub, particularly within MC 1, the gas shows significantly
broader lines (e.g., 3.2 km s−1 at the position H1, defined as the
MC 1 center), compared to the narrower profiles observed in
MC 2 (e.g., 1.8 km s−1 at the position H2, defined as the MC 2
center; see Table B.1). The larger molecular line widths observed
in MC 1 are consistent with previous studies, which suggest the
presence of enhanced turbulence or feedback-driven motions in
the vicinity of massive star-forming regions.

In general, the gas in the hub tends to exhibit broader lines
(Treviño-Morales et al. 2019; Ma et al. 2023), consistent with
our observations. Along most filaments, the velocity dispersion
decreases progressively outward from the hub. For instance,
along F 5, the velocity dispersion decreases from 3.2 km s−1 at
H1 (the MC 1 center) to 1.4 and 0.9 km s−1 at F5a (closer to the
hub) and F5b (far from the hub), respectively. Similarly, along
F 6, it declines from 3.2 km s−1 at H1 (the MC 1 center) to 1.6
and 0.8 km s−1 at F6a (closer to the hub) and F6b (far from the
hub), respectively (additional details can be seen in Appendix B
and Table B.1). This systematic decrease suggests that the en-
hanced velocity dispersion near the hub likely originates from
active gas motions and strong stellar feedback, while the outer
filaments trace more quiescent, diffuse gas.

3.3.3. Gas velocity gradient and mass accretion rate along
the filaments

In HFSs, filaments have often been interpreted as conduits that
channel material toward central hubs and may facilitate the for-
mation of massive stars (Myers 2009; Peretto et al. 2013; Ku-
mar et al. 2020). For G329, we therefore examined whether the
projected velocity distribution along the filaments is consistent
with organized motions toward the hub. Clear velocity gradients
along the filaments can be identified, suggesting possible sys-
tematic gas motion on parsec scales (see Appendix C).

Among the eight filaments, F 1, F 2, F 3, F 4, and F 5 exhibit
relatively consistent and nearly linear velocity gradients along
their main spines. In contrast, the gas velocity distributions along
F 6, F 7, and F 8 show significant fluctuations and deviate from
the linear fits. The fitted linear velocity gradients for F 1, F 2, F 3,
F 4, and F 5 are 0.29, 0.10, 0.22, 0.82, and -0.39 km s−1 pc−1, re-
spectively (see Figs. C.1, C.2, C.3, and C.4). In several cases the
absolute gradients measured over the inner portions of the spines
are larger than those measured farther from the hub; for example,

within 1.7 pc from the relevant reference clump, F 1 shows a gra-
dient of 0.78 km s−1 pc−1, while F 5 and F 6 exhibit gradients of
-0.81 and -0.87 km s−1 pc−1, respectively (see Figs. C.1, C.4, and
C.5). We emphasize that these projected gradients are not deter-
mined solely by the distance to the hub. They also depend on
the inclination angle of the system, the adopted reference clump
(MC 1 or MC 2), and the points chosen along the spine to mea-
sure the velocity gradients.

To quantify the possible mass transfer associated with these
projected motions, we estimated the mass accretion rate along
each filament using the standard cylindrical estimate commonly
adopted in filament studies (e.g., Kirk et al. 2013):

Ṁ‖ =
∇V‖M
tan θ

, (6)

where ∇V‖ is the projected velocity gradient along the filament
obtained from a linear fit, M is the total filament mass, and θ
is the inclination angle of the filament to the plane of the sky
(assumed to be 45 ◦). The resulting mass accretion rates toward
the hub range from 3.48× 10−5 to 9.57× 10−4 M� yr−1, with a
median value of ∼4.88× 10−4 M� yr−1 (see Table 1).

We note that the observed filaments are relatively broad at
the current spatial resolution, and their internal substructures re-
main unresolved. Consequently, the velocity gradients and mass
accretion rates estimated here trace average projected motions
of the diffuse molecular gas along the filaments and should be
regarded as order-of-magnitude indicators rather than precise
measurements of the detailed kinematics of internal, finer-scale
structures. Unresolved substructures, variations in filament den-
sity, core formation, or feedback processes may further introduce
deviations from the linear velocity fits (Maity et al. 2025). De-
spite these limitations, the hydrogen column density increases
near the hub region in several filaments (see Figs. C.1, C.2, C.4,
C.5, and C.6), and we used this location to define the hub edge
(see Appendix C). The dust temperature also increases along
several filaments toward MC 1 (see Table C.1). For F 1, F 5, F 6,
and F 7, the velocity, column-density, and dust-temperature gra-
dients measured in the inner portions of the filaments are larger
than those measured farther from the hub region (see Figs. C.1,
C.4, C.5, and C.6; see also Table C.1). We caution that these
inner-outer differences should be interpreted as qualitative ten-
dencies, not as evidence for a strictly monotonic dependence on
distance from the hub. Nevertheless, the increase in column den-

Article number, page 6 of 24



Wenjun Zhang et al.: From filaments to the hub: Gas kinematics and massive star formation in G329.34+0.14

Fig. 3. Distribution of filamentary structures and gas kinematics in the G329 molecular cloud. Left panels: Integrated intensity (moment 0; top) and
velocity field (moment 1; bottom) of 13CO (J=2-1) in G329. The red curves (F 1-F 8) mark the spines of the filaments identified at lower angular
resolutions. The black contours represent the integrated intensity values of 13CO (J=2-1), ranging from 5% to 95% of the peak value in 10%
steps. Right panels: Zoomed-in views of MC 1 observed by the ATOMS project. Top: Integrated intensity (moment 0) map of H13CO+ (J=1-0).
Bottom: Its velocity field (moment 1). The dashed black curves (IHF 1-IHF 7) indicate the spines of the intra-hub filaments identified from the
H13CO+ (J=1-0) integrated intensity map using FilFinder. The red curve outlines the shell-like structure. The black contours show the integrated
intensity of H13CO+ (J=1-0), from 10% to 90% of the peak value in 20% steps. The overlaid red arrows indicate approximate projected convergence
directions inferred from the sky-plane orientations of the filaments and the observed velocity distribution. These arrows are intended to guide the
comparison of the two velocity fields; they neither imply a one-to-one morphological correspondence nor a uniquely determined inflow geometry.

sity toward the hub region indicates that substantial gas is con-
centrated in the central region relative to the surrounding fila-
ments.

3.3.4. The physical properties of clumps MC 1 and MC 2

The morphological structure of the G329 molecular cloud shows
that MC 1 and MC 2 are two massive clumps embedded in the
same HFS hub rather than two independent hubs (see Fig. 2).
In this morphological sense, they can be treated as two dense
hub nodes with different evolutionary states, consistent with the
filaments-to-clusters picture in which hubs can contain multi-
ple dense nodes (Kumar et al. 2020, 2022, 2025). As discussed
in Sect. 1 and 3.1, the gas in MC 1 is denser and has higher
dust temperatures. Table 2 presents the physical properties of
two clumps. MC 1 and MC 2 have masses of ∼4210 (±1259)
and ∼1483 (±443) M�, respectively, classifying them as massive
clumps. The surface density of the clumps is calculated from the

expression (cf. Colombo et al. (2019)):

Σ =
M
πR2

eq
, (7)

where the M represents the mass of the clump and Req
is the equivalent radius of the clump (Rigby et al. 2019).
The surface densities of MC 1 and MC 2 are ∼0.19 (±0.08)
and ∼0.12 (±0.05) g cm−2, with both exceeding 0.05 g cm−2.
This suggests the potential for high-mass star formation (He
et al. 2015). We also examined the mass-radius relationship
(M(r)> 580 M� (Req pc−1)1.33; Kauffmann & Pillai 2010) for
MC 1 and MC 2 and found that both are consistent with the for-
mation of high-mass stars. These pieces of evidence collectively
suggest that the current MC 1 and MC 2 continue to serve as sites
for the ongoing formation of massive stars. The average hydro-
gen number density of each clump was computed from the ex-
pression:

n(H2) =
3

4π
M

µH2 mHReq
3 , (8)
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Table 2. Physical parameters of clumps.

Clump lc bc Req
(a) Tdust

(b) M(c) Σ(d) αvir
(e)

- (◦) (◦) (pc) (K) (M�) (g cm−2) -
MC 1 329.34 0.15 1.23 (±0.18) 30.8 4210 (±1259) 0.19 (±0.08) 1.74 (±0.35)
MC 2 329.34 0.13 0.89 (±0.13) 24.7 1483 (±443) 0.12 (±0.05) 1.95 (±0.45)

Notes. (a) The equivalent radius of the clump, Req = ( Aclump
π

)
1
2 (cf. Rigby

et al. (2019)).
(b) Average dust temperatures of the clump.
(c) Clump mass calculated from the values from the hydrogen column
density map.
(d) Clump surface densities.
(e) Clump virial parameters.

The average hydrogen number densities of MC 1 and MC 2 are
7.8 (±2.3) and 7.3 (±2.2)×103 cm−3, respectively. The virial pa-
rameter (αvir) is commonly used to assess the dynamic state of
clumps as follows:

αvir =
5σ2

µReq

GM
, (9)

where G is the gravitational constant and σµ is the C18O (J=2-1)
velocity dispersion of the clumps. The σµ values for MC 1 and
MC 2 are 2.26 and 1.67 km s−1, respectively (as seen in Fig. B.1).
The range 1 < αvir < 2 signifies equilibrium between kinetic and
gravitational energies; αvir < 1 indicates collapse under gravity;
and αvir > 2 implies dissipation due to dominant kinetic energy
(MacLaren et al. 1988; Urquhart et al. 2018). The virial param-
eters for MC 1 and MC 2 are 1.74 (±0.35) and 1.95 (±0.45), re-
spectively, placing both clumps within the range typically ex-
pected for gravitationally bound systems. The relatively high ve-
locity dispersions in MC 1 and MC 2 may be partly attributed to
the infall of surrounding gas. Moreover, in the case of MC 1, they
may also be attributed to stellar feedback and outflows driven by
embedded massive stars, as indicated by the prominent line wing
broadening in the averaged 13CO (J=2-1) spectrum (see Fig.B.1).
Nevertheless, owing to their large masses, the gravitational bind-
ing of the clumps is sufficient to counterbalance these effects,
maintaining them in a state of virial equilibrium. Compared with
MC 1, MC 2 exhibits a lower luminosity-to-mass ratio, weaker
infrared emission (see Sect. 1), and lower temperatures and ve-
locity dispersion (see Table 2 and Fig.B.1), indicating that it has
not yet developed significant star formation activity.

3.4. Observations of MC 1 with high-resolution data from
ALMA

3.4.1. Intra-hub filaments in MC 1

The H13CO+ (J=1-0) line emission is typically optically thin,
making it a reliable probe of dense gas kinematics and dynam-
ics (Liu et al. 2020c,b; Yang et al. 2023). Its spatial distribution
generally follows that of dense gas revealed by Herschel obser-
vations (Shimajiri et al. 2017). Therefore, using H13CO+ (J=1-0)
emission to trace dense filamentary structures is reasonable (Li
et al. 2022; Xu et al. 2023; Yang et al. 2023).

In this study, we used FilFinder (Koch & Rosolowsky
2015) to extract elongated filamentary structures from the
H13CO+ (J=1-0) integrated intensity map, identifying seven
intra-hub filaments (IHFs). These IHFs trace the short, dense
filamentary network inside MC 1 and are used as the structural
basis for the high-resolution kinematic analysis below.

As shown in the left panels of Fig. 3, the 13CO (J=2-1) data
show a clear parsec-scale velocity segregation across the G329

Fig. 4. Color map representing the radiation intensity at 3 mm contin-
uum radiation. The white contour represents the intensity distribution
of H13CO+ (J=1-0). The contour lines range from 10% to 100% of the
peak intensity in 10% peak intensity intervals. The red contour lines
represent the intensity distributions of the H40α emission, respectively,
ranging from 10% to 100% of the peak intensity in 10% peak intensity
intervals.

molecular cloud, with predominantly blueshifted gas on one
side of MC 1 and redshifted gas on the other. At higher angu-
lar resolution, the H13CO+ (J=1-0) emission tracing the dense
gas within MC 1 shows a similar velocity structure, with blue-
and redshifted components distributed across the IHFs. Compa-
rable velocity signatures are also observed in HC3N (J=11-10),
HCN (J=1-0), H13CN (J=1-0), and CS (J=2-1) (see Fig. D.1), in-
dicating that the dense gas within MC 1 shares a common kine-
matic framework across multiple tracers.

3.4.2. The ultracompact H II region at the center of MC 1

In ALMA Band 3, H13CO+ (J=1-0), along with several other
molecular tracers (e.g., CS and HCN), reveals an ionized cav-
ity at the center of MC 1. The intensity distributions of the 3 mm
continuum thermal emission and the H40α radio recombination
line are largely consistent with each other and fill the interior of
this cavity (see Fig. 4). It is worth noting that the peak positions
of the 3 mm continuum emission and the H40α radio recombi-
nation line do not exactly coincide with the center of the cav-
ity traced by molecular lines, which may be caused by projec-
tion effects. Molecular line observations in MC 1 trace an ellip-
tical ring structure surrounding the cavity (including lines such
as H13CO+ (J=1-0), as shown in the right panels of Fig. 3). To-
gether, these observations suggest that massive star formation is
taking place at the center of MC 1. Strong feedback from the
central star cluster has likely swept up the surrounding gas into
a shell, creating a bubble structure. Such shells, compressed and
shaped by the expanding H II region, can promote the formation
of massive dense structures that may in turn host the birth of
massive stars (Zhang et al. 2024a).
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Table 3. Physical parameters of the intra-hub filaments.

Source ID l FWHM(a) MH2 M/l (M/l)line,vir σ(b) ∇V‖(c) |Ṁ‖|
(pc) (pc) (M�) (M� pc−1) (M� pc−1) (km s−1) (km s−1 pc−1) (M� year−1)

IHF 1 0.52 (±0.08) 0.16 (±0.02) 308 (±92) 589 (±197) 905 (±103) 1.40 (±0.08) -4.89 1.54 (±0.46)× 10−3

IHF 2 0.29 (±0.04) 0.07 (±0.01) 190 (±57) 649 (±217) 1297 (±139) 1.67 (±0.09) 4.02 7.79 (±2.33)× 10−4

IHF 3 0.31 (±0.05) 0.15 (±0.02) 156 (±47) 494 (±165) 1453 (±365) 1.77 (±0.22) 3.21 5.11 (±1.53)× 10−4

IHF 4 0.61 (±0.09) 0.15 (±0.02) 242 (±72) 398 (±133) 362 (±39) 0.88 (±0.05) -1.77 4.37 (±1.31)× 10−4

IHF 5 0.42 (±0.06) 0.15 (±0.02) 425 (±127) 1007 (±337) 2040 (±172) 2.09 (±0.09) 4.97 2.16 (±0.65)× 10−3

IHF 6 0.57 (±0.08) 0.17 (±0.03) 411 (±123) 723 (±242) 1521 (±252) 1.81 (±0.15) 2.11 8.87 (±2.65)× 10−4

IHF 7 0.55 (±0.08) 0.15 (±0.02) 454 (±136) 832 (±278) 1298 (±128) 1.67 (±0.08) 1.90 8.81 (±2.63)× 10−4

Notes. The intra-hub filaments listed in this table are identified in MC 1 at ALMA resolutions and are not direct geometric extensions of the
filaments listed in Table 1.
(a) The width of the intra-hub filaments was obtained by performing a radial Gaussian fit to the H13CO+ (J=1-0) integrated intensity, resulting in
the average FWHM.
(b) The velocity dispersion (FWHM/

√
8 ln 2) of intra-hub filaments, calculated from H13CO+ (J=1-0).

(c) The velocity gradient, ∇V‖, measured along the projected spine of each intra-hub filament, using the same method adopted for the filaments
listed in Table 1.

Fig. 5. Column density distribution of H13CO+ (J=1-0) in MC 1. The
black contours indicate the H13CO+ (J=1-0) column density levels,
ranging from 10% to 100% of the peak value in 10% steps. The black
triangles mark the positions of the outflow-driving sources presented in
Appendix F.

3.4.3. The column density of H13CO+ (J=1-0) in MC 1

We employed a standard procedure to estimate the mass based on
the emission of H13CO+ (J=1-0). First, the column density for a
linear, rigid rotor in the optically thin regime, assuming a filling
factor of unity, was calculated using the expression (Garden et al.
1991):

Ni j =
3kB

8π3Brotµ2

(Tex,i j + hBrot/3kB)
(J + 1)

exp(EJ/kBTex,i j)
[1 − exp(−hν/kBTex,i j)]

×
1

[J(Tex,i j) − J(Tbg)]

∫
Tmb,i j dv,

(10)

where kB is the Boltzmann constant, h is the Planck constant,
ν is the transition frequency (86.754288 GHz), µ is the perma-
nent dipole moment of the molecule (3.89 Debye), J is the ro-

tational quantum number of the lower state, EJ = hBrotJ(J + 1)
is the energy in the level J, Brot is the rotational constant of the
molecule (43.377302 GHz), Tmb,i j is the brightness temperature
of H13CO+ (J=1-0) at Pixel (i, j), and Tbg = 2.73 K is the cos-
mic background radiation temperature (Mather et al. 1994). The
value J(T ) is defined as

J(T ) =
hν
kB

(
1

ehν/kBT − 1

)
, (11)

and the Tex,i j is excitation temperature at Pixel (i, j). We assumed
local thermodynamic equilibrium (LTE), and therefore the main
beam brightness temperature Tmb was derived from

Tmb = f
[
J(Tex) − J(Tbg)

]
(1 − e−τ). (12)

The beam filling factor, f , was taken to be 1 since ALMA can
well resolve the structure (Xu et al. 2023). We assumed that
H13CO+ (J=1-0) is optically thin, with τ � 1. So, the Eq. (12)
can simplify as Tmb = τ

[
J(Tex) − J(Tbg)

]
, and the H13CO+ (J=1-

0) optical depth τ(H13CO+) is

τ =
Tmb,i j

[J(Tex,i j) − J(Tbg)]
, (13)

where Tmb,i j is approximately taken as the peak temperature on
each pixel of H13CO+ (J=1-0). Assuming Tex,i j is approximately
equal to the Tdust, the Tex,i j in MC 1 was fixed at 31 K (see Ta-
ble 2). By substituting this value into Eqs. (10) and (13), the col-
umn density distribution of H13CO+ (J=1-0) was obtained (see
Fig. 5).

3.4.4. The physical properties of intra-hub filaments in MC 1

In Sect. 3.4.3, we obtained the column density distribution of
H13CO+ (J=1-0) in MC 1. To calculate the mass, we converted
the column density of H13CO+ (J=1-0) to hydrogen column den-
sity based on the abundance ratio between hydrogen molecules
and H13CO+ (J=1-0), XH13CO+ = [H13CO+/H2]. Based on some
previous studies, empirical values for XH13CO+ were taken as
1.3 × 10−10 (Hoq et al. 2013), 5 × 10−11 (Peretto et al. 2013),
9 × 10−12 (Liu et al. 2020a), 5.4 × 10−11 (Li et al. 2022), and
5(±3) × 10−11 (Xu et al. 2023), respectively. In this work, we
adopted the mean of these empirical results, i.e., XH13CO+ =
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6 × 10−11. The converted hydrogen column density has a maxi-
mum value of approximately 9.4 × 1023 cm−2. The column den-
sity was then converted into mass using the equation from Xu
et al. (2023)

MH2 = (XH13CO+ )−1mH2 AD2
filament∑

i, j

Ni j(H13CO+), (14)

where A is the angular area of a pixel, D = 5.6 kpc is the kine-
matic distance (see Sect. 3.3), and mH2 is the mass of a hydrogen
molecule.

Referring to the analysis in Sect. 3.3, we provided the phys-
ical properties of IHFs within MC 1. As shown in Table 3, the
length range of the seven IHFs is 0.29 (±0.04) - 0.61 (±0.09) pc.
The mass range is 156 (±47) - 454 (±136) M�. The line mass
range is 398 (±133) to 1007 (±337) M� pc−1. The absolute range
of gas velocity gradients for IHFs is 1.77 - 4.97 km s−1 pc−1

(see Fig. E.1). The absolute range of mass accretion rates is
0.44 (±0.13) - 2.16 (±0.65)× 10−3 M� year−1, with the median
value of about 8.81 (±2.63)× 10−4 M� year−1. Considering sim-
plifying the filament as an isothermal cylindrical gas structure,
the stability of the filament was maintained by the interplay of
gravitational forces and turbulent pressure, and the virial line
mass of the filament was defined as (Chandrasekhar 1951; Wang
et al. 2011; Treviño-Morales et al. 2019; Bhadari et al. 2020;
Hacar et al. 2023):

(M/l)line,vir =
2σ2

tot

G
= 465

(
σtot

1 km s−1

)2
M� pc−1, (15)

whereσtot represents the total velocity dispersion in the filament,
estimated using H13CO+ (J=1-0). When the line mass of a fila-
ment exceeds the virial line mass, it indicates that self-gravity
can overcome internal pressure, and the filament undergoes frag-
mentation due to gravitational instability (Wang et al. 2014). The
line masses of the IHFs, except for filament IHF 4, are all lower
than their corresponding virial line masses. The relatively high
virial line masses may be linked to ongoing gas inflow along the
IHFs, consistent with the projected inward motions observed in
MC 1 (see Fig. 3).

4. Discussion

4.1. Morphological relation between parsec-scale filaments
and intra-hub filaments

A key question in this work is how the filaments identified at
lower angular resolution relate to the IHFs resolved by ALMA
within MC 1. Because of the large angular resolution gap, the
spatial filtering of extended emission inherent to interferometric
observations, and the attenuation of the ALMA primary-beam
response toward the field edges, we did not attempt to establish
a one-to-one morphological correspondence between individual
parsec-scale filaments and specific IHFs. In particular, any ap-
parent alignment between a given filament and an IHF in Fig. 3
should be interpreted as reflecting the projected convergence of
structures toward the hub, rather than a direct geometric contin-
uation of a single structure between the two angular resolutions
considered in this work.

Morphologically, the G329 molecular cloud is organized into
several parsec-scale filaments that converge toward a dense cen-
tral hub region. At the angular resolution of the lower-resolution
data, this central region appears as two compact clumps, MC 1
and MC 2, which can be regarded as two nodes within the same

hub. The ALMA observations further show that the dense gas
inside MC 1 is organized into a network of shorter and denser
IHFs. In this respect, G329 resembles systems such as Mon R2,
where the hub is better described as a compact filamentary net-
work than as a single homogenous clump (Kumar et al. 2022).
In Mon R2, higher-sensitivity Herschel column density analysis
further reveals cascades of lower-density filaments coalescing
into higher-density filaments and a compact network of short,
dense filaments inside the hub (Kumar et al. 2022). For G329, the
present data support a similar hub-as-a-network picture. How-
ever, because G329 is more distant and the available observa-
tions have a large angular resolution gap between the single-dish
and ALMA data, we cannot directly trace the parsec-scale fil-
aments into the hub or establish filament coalescence morpho-
logically. The parsec-scale filaments may therefore correspond
to unresolved groups of lower-density filaments that merge or
reorganize toward the hub, but this interpretation remains quali-
tative.

4.2. Kinematic correspondence between parsec-scale
filaments and intra-hub filaments

Although strict morphological continuity cannot be established,
the velocity field on the two scales shows a similar global orga-
nization. On parsec scales, the 13CO (J=2-1) data show a clear
velocity pattern in the G329 HFS: filaments F 5, F 6, and F 7
are predominantly blueshifted along the line of sight, whereas
F 1, F 2, F 3, F 4, and F 8 are predominantly redshifted (Fig. 2).
Within MC 1, the dense gas traced by H13CO+ (J=1-0) and other
high-density tracers exhibits a similar parsec-scale velocity pat-
tern, with blueshifted emission on one side and redshifted emis-
sion on the other (Fig. 3; see also Fig. D.1). Although individual
filament crests cannot be geometrically traced from cloud scales
into the hub, the similarity of the velocity distribution indicates
that the IHFs likely represent the dense sub-parsec scale expres-
sion of the parsec-scale velocity organization.

Position–velocity (P–V) diagrams show that systematic ve-
locity gradients are present both along the parsec-scale filaments
and within the IHFs, while the gradients measured in the IHFs
are generally steeper (see Appendices C and E). Together with
the similar velocity segregation seen on the two scales, this re-
sult suggests a scale-dependent change in the velocity field from
the parsec-scale filaments to the denser structures in the hub in-
terior.

From this perspective, the G329 results are broadly con-
sistent with the hub-filament picture inferred in nearby, better-
resolved systems. In Mon R2, the main filaments extend into
the hub and their velocity gradients increase toward the hub,
suggesting gas acceleration into the central region (Treviño-
Morales et al. 2019). In the Orion ISF, relatively smooth gradi-
ents along the filament give way to accelerated motions toward
the OMC-1 region (Hacar et al. 2017). G329 shows a similar
qualitative tendency for steeper projected gradients toward the
denser inner hub region traced by MC 1, and the similar red-
blue velocity organization on the two scales suggests that the
dense gas within MC 1 is broadly related to the global veloc-
ity organization of the surrounding parsec-scale filaments. Taken
together with the morphological comparison discussed above,
these kinematic similarities suggest that G329 may represent
a more distant and less well-resolved analog of nearby HFSs,
such as Mon R2 and Orion, with the apparent differences arising
at least partly from distance and angular resolution limitations
rather than from a fundamentally different physical configura-
tion. Nevertheless, this interpretation should remain qualitative
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Fig. 6. P–V, position–column density, and position–dust temperature diagrams for F 1 + F 5 (left; for the filaments passing through clump MC 1,
see Fig. 3; negative offset: extent of F 1, positive offset: range of F 5) and F 3 + F 6 (right; filaments passing through clumps MC 1 and MC 2;
negative offset: extent of F 3, positive offset: range of F 6) within the filaments in G329. The dashed black lines mark the central positions of the
clumps MC 1 and MC 2, while the dashed red lines indicate the boundary positions of MC 1 and MC 2.

because projection effects, inclination, and the adopted measure-
ment paths affect the measured velocity structures.

4.3. From parsec-scale filaments to the hub: denser and
more evolved physical conditions

Beyond their kinematic correspondence, the parsec-scale fila-
ments and the IHFs also show clear differences in their phys-
ical properties. As summarized in Tables 1 and 3, the parsec-
scale filaments have lengths of 4.6 - 8.2 pc and are, on aver-
age, substantially more massive (mean ∼2344 M�) than the
IHFs (mean ∼312 M�). However, the IHFs, which trace denser
gas on sub-parsec scales, exhibit systematically higher line
masses and markedly steeper longitudinal velocity gradients
(mean ∼3.27 km s−1 pc−1) than the parsec-scale filaments (mean
∼0.26 km s−1 pc−1). Although both scales yield mass accretion
rates of the same order of magnitude according to Eq. (6), the
much steeper gradients within the IHFs suggest that the dense
gas in MC 1 is dynamically more complex than the surrounding
parsec-scale gas. In this sense, the IHFs do not simply represent
smaller versions of the parsec-scale filaments but instead trace a
denser and physically distinct internal network within MC 1.

These differences may indicate that the gas enters a physi-
cally distinct environment upon reaching the hub, where local
gravity likely becomes increasingly important. As discussed in

Sect. 4.2, both the hydrogen column density and the longitudinal
velocity gradient increase systematically toward the hub region,
suggesting a progressive inward concentration of material. The
hub, therefore, appears physically distinct from the surrounding
parsec-scale filaments, while remaining kinematically linked to
organized motions in the surrounding gas. In particular, F 1 and
F 5 are directed toward MC 1, whereas F 3 and F 6 extend across
the region containing both MC 1 and MC 2. The velocity gradi-
ents measured around MC 1 (∼0.66 km s−1 pc−1 on average) are
slightly higher than those around MC 2 (∼0.60 km s−1 pc−1; see
Fig. 6), suggesting that the gas motions in MC 1 may be more
concentrated. Combined with its higher dust temperature and an
ultracompact H II region, this supports the view that MC 1 is in
a more advanced and active star-forming stage than MC 2, while
MC 2 remains at an earlier evolutionary stage. Taken together,
these results suggest that filamentary gas motion likely plays an
important role in building up the mass reservoir of MC 1 and in
supporting ongoing massive star and cluster formation.

Such an interpretation is broadly consistent with the struc-
tural evolution discussed for systems such as Mon R2, where the
hub has been interpreted as a network of short, dense filaments
that may result from filament coalescence and reorganization
(Kumar et al. 2022). More generally, recent work suggests that
dense cluster-forming structures can become dynamically dis-
tinct from their parent molecular cloud environment as collapse
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proceeds (Peretto et al. 2023). The situation in G329 may reflect
a similar transition: the surrounding parsec-scale filaments show
projected velocity organization broadly consistent with motions
toward the hub, while the gas dynamics within MC 1 appear to
be increasingly influenced by the local gravitational potential.

Additional support for this picture comes from the veloc-
ity dispersion analysis. In Sect. 3.2, we discussed deriving the
virial masses of the clumps under the conventional assumption
that the observed velocity dispersion is entirely due to turbulent
motions, providing support against gravitational collapse. How-
ever, recent studies have shown that in actively accreting struc-
tures, a significant fraction of the kinetic energy can instead arise
from infall and accretion motions rather than from random tur-
bulence (Morii et al. 2025; Vázquez-Semadeni et al. 2026). In
this context, the observed velocity dispersion in MC 1 and MC 2
may not primarily reflect pressure support, and virial parameters
derived under the turbulence-only assumption may not reliably
indicate stability. Following Ballesteros-Paredes et al. (2011),
the equipartition velocity dispersion expected for gravitationally
collapsing gas, where kinetic and gravitational energies are com-
parable (Ek ∼ Eg), is given by

σ2
eq = 2GΣReq, (16)

where Σ is the surface density and Req is the equivalent ra-
dius. Considering the uncertainties in clump masses, the kinetic
and gravitational energies are close to equipartition (αvir ≈ 2;
see Table 2). Applying this relation to MC 1 and MC 2 yields
σeq ∼ 3.07 (±0.69) and ∼ 2.11 (±0.47) km s−1, respectively,
comparable to the observed velocity dispersions (σµ = 2.26
and 1.67 km s−1). This agreement suggests that the observed
nonthermal motions may be broadly consistent with gravity-
influenced dynamics, rather than with purely random turbulent
support alone. Therefore, the dense hub environment should not
be viewed simply as a passive endpoint of parsec-scale conver-
gence, but as an actively evolving dynamical regime in which
organized motions, collapse, and local reorganization all con-
tribute.

4.4. Star formation and feedback in the more evolved hub
node MC 1

MC 1 hosts an ultracompact H II region at its center (Fig. 4), in-
dicating ongoing massive star formation. At the same time, the
ALMA data suggest that organized gas motions remain active
within MC 1, implying that feedback and local dense gas trans-
port may coexist in this source.

Observations of CS (J=2-1) trace the dense gas distribution
within MC 1. The integrated CS emission exhibits an elliptical
shell morphology complementary to the H40α emission (Fig. 7),
indicating that it traces the compressed molecular shell pro-
duced by the expansion of the ultracompact H II region and stel-
lar winds. Emissions of SiO (J=2-1) and SO (J=3(2)-2(1)) de-
lineate the shell structure, suggesting that they originate from
low-velocity shocks induced by the expansion of the H II re-
gion. Higher-resolution Band 6 SiO (J=5-4) and 12CO (J=2-1)
data further reveal two localized outflow structures in the north-
eastern part of the shell (Fig. F.1; Appendix F). The outflow lobes
are spatially confined relative to the larger CS/SO/SiO shell and
are associated with compact 1.3 mm continuum sources. These
results imply that, although protostellar outflows can also excite
SiO and SO emission, their contribution is confined to small lo-
calized areas, whereas the shell-like emission over most of the
region is primarily driven by the expanding H II region.

Fig. 7. Top panel: Integrated intensity map of CS (J=2-1). The black
contours show the CS (J=2-1) integrated intensity, ranging from 40% to
96% of the peak value in 8% steps. Middle panel: Integrated intensity
map of SO (J=3(2)-2(1)). The black contours show the SO (J=3(2)-2(1))
integrated intensity, ranging from 40% to 96% of the peak value in 8%
steps. The red lines mark the spines of IHF 3, IHF 4, and IHF 5. Bot-
tom panel: Integrated intensity map of SiO (J=2-1). The black contours
show the SiO (J=2-1) integrated intensity, ranging from 30% to 94%
of the peak value in 8% steps. In all three panels, the black triangles
indicate the positions of the outflow-driving sources presented in Ap-
pendix F; the dashed white ellipse outlines the shell-like structure; and
the red plus marks the peak position of the H40α emission.
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In addition to the feedback-driven shell, MC 1 contains a
converging filamentary junction formed by IHF 3, IHF 4, and
IHF 5. This junction is clearly visible in SiO, SO, and H13CO+

emission (Figs. 7 and 3) and likely marks a site of ongoing gas
convergence and accumulation, where massive star formation
is taking place. Notably, this converging filamentary structure
shows little H40α emission, suggesting that it is less affected by
ionized feedback and may represent an earlier stage of star for-
mation than the central ultracompact H II region.

Taken together, these observations suggest that massive star
feedback in MC 1 primarily reshapes the dense gas locally, espe-
cially within the shell, but does not appear to erase the organized
gas motions along the surrounding filamentary network. G329
therefore appears to represent an evolutionary stage in which
dense gas organization can persist after the onset of massive star
feedback, while feedback mainly modifies the local dense struc-
ture rather than dominating the global hub kinematics.

Although the ALMA analysis presented here focuses on
MC 1, MC 2 is also part of the same hub and should be inter-
preted as a second, less evolved node rather than as a separate
structure. The combined SEDIGISM and ALMA observations
therefore support a conservative picture in which parsec-scale
filaments converge toward a two-node hub, while the higher-
resolution data reveal how the more evolved node, MC 1, is or-
ganized internally into dense IHFs and is reshaped by massive
star feedback.

5. Conclusion

Using the 13CO (J=2-1) data from the SEDIGISM survey for the
molecular cloud G329, together with ALMA Band 3 and Band 6
observations of MC 1 – the more evolved clump within the hub
– from the ATOMS and QUARKS surveys, we conducted a de-
tailed investigation of the gas structures and kinematic properties
within the HFS. Our main conclusions are as follows:

1. Molecular cloud G329 is a HFS composed of eight
filaments and two dense clumps. The filaments have
lengths ranging from ∼4.6 (±0.7) to ∼8.2 (±1.2) pc, with
masses ranging from ∼612 (±183) to ∼3092 (±924) M�.
The two dense clumps, MC 1 and MC 2, have masses of
∼4210 (±1259) and ∼1483 (±443) M�, respectively, with
radii of ∼1.23 (±0.18) pc and ∼0.89 (±0.13) pc. Intense mas-
sive star formation activity is already present in MC 1.

2. ALMA observations reveal that the dense gas within MC 1
is organized into a network of sub-parsec IHFs. Based on
H13CO+ (J=1-0) emission, seven IHFs were identified, with
lengths ranging from ∼0.29 (±0.04) to ∼0.61 (±0.09) pc and
masses ranging from ∼156 (±47) to ∼454 (±136) M�. These
results show that the more evolved hub node, MC 1, is inter-
nally resolved into a dense filamentary network.

3. Although the IHFs within MC 1 cannot be morphologi-
cally matched one-to-one with the filaments identified at
lower angular resolution, their similar global velocity orga-
nization and systematic velocity gradients support a kine-
matic correspondence between the parsec-scale filaments
and the sub-parsec IHFs. Compared with the parsec-scale
filaments, the IHFs are more compact and exhibit steeper
projected longitudinal velocity gradients, with a mean value
of ∼3.3 km s−1 pc−1. The corresponding mass accretion rates
are estimated to be on the same order of magnitude on the
two scales. Together with the similar velocity organization,
these results are consistent with possible parsec-scale fila-
mentary gas transport toward the hub, with MC 1 tracing a
denser and more evolved inner hub environment.

4. Observations of 3 mm continuum and H40α emission reveal
that stellar feedback in MC 1 has created an ultracompact
H II region and a surrounding molecular shell. Molecular out-
flows traced by SiO (J=5-4) and 12CO (J=2-1) were also de-
tected on the shell. These findings indicate that shells swept
up by the H II region may enhance star formation activity in
the surrounding dense gas.

5. The combined SEDIGISM and ALMA observations are con-
sistent with a conservative filamentary gas transport pic-
ture in G329. The parsec-scale filaments converge toward a
central hub region containing two evolutionary-offset nodes,
MC 1 and MC 2. In the more evolved node, MC 1, the dense
gas is organized into a compact internal filamentary network
and shows a velocity organization broadly related to that of
the surrounding parsec-scale filaments. Together with an ul-
tracompact H II region, shell-like molecular emission, and
outflows, these results suggest that possible filamentary gas
transport and massive star feedback coexist during the evo-
lution of MC 1.

Finally, we note the limitations of this study. Molecular cloud
rotation is commonly observed (Fleck 1989; Phillips 1999; Li
et al. 2017; Braine et al. 2018, 2020; Rani et al. 2024), and
both longitudinal motions and rotation may coexist in the G329
molecular cloud. Therefore, the projected inflow velocity in-
ferred from the velocity gradients might be affected by rotational
motion. Moreover, the angular resolution of current large-scale
surveys such as SEDIGISM remains insufficient to resolve the
fine filamentary structures within molecular clouds, which to
some extent limits direct comparisons with the higher-resolution
IHFs revealed by ALMA observations. Future wide-field, high-
resolution observations will be essential to disentangle the rel-
ative roles of rotation and longitudinal gas motions and to bet-
ter relate the gas kinematics of molecular clouds to their central
star-forming regions.
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Appendix A: Identification and velocity-based refinement of filaments in G329

This section presents the identification and velocity-based refinement of filaments in the G329 molecular cloud. Figure A.1 com-
pares the initial column-density skeletons with the final adopted filament spines. The left panel shows the skeletons identified with
FilFinder on the hydrogen column density map, while the right panel shows the final adopted spines overlaid on the 13CO (J=2-1)
integrated intensity distribution. The column-density skeletons provide the initial morphological reference for the subsequent anal-
ysis, and the 13CO (J=2-1) integrated intensity and channel map information is used to check and refine the final spines for spatial
and velocity coherence.

Figure A.2 presents the 13CO (J=2-1) channel maps of the G329 molecular cloud, with a velocity interval of 0.5 km s−1 between
adjacent channels. Based on the velocity coherence along the filaments, the initial column-density skeletons identified by FilFinder
were subsequently refined using the channel maps. Specifically, we examined the velocity continuity along each candidate filament
and applied minor manual adjustments to the skeletons when necessary, ensuring that the final adopted spines follow coherent
velocity structures rather than relying solely on automated morphological extraction. Only structures exhibiting continuous velocity
patterns were retained as filaments (see Fig. A.2 and Table A.1). Therefore, the filament spines adopted throughout the main text
correspond to velocity-consistent skeletons constrained by the 13CO (J=2-1) integrated intensity distribution and channel maps, with
the column density map serving as the initial morphological reference. The channel maps further reveal the velocity distribution of
molecular gas along each filament (see Table A.1), demonstrating both velocity coherence and the presence of velocity gradients
across the filaments.

Table A.1. Velocity identification of filaments in the CO channel maps.

- F 1 F 2 F 3 F 4 F 5 F 6 F 7 F 8
Dominant velocity range(a) (km s−1) -106.0 to -103.5 -108.0 to -105.5 -105.5 to -103.5 -108.5 to -105.0 -111.0 to -109.5 -109.5 to -107.5 -109.5 to -107.5 -108.5 to -106.5
Representative channel(b) (km s−1) -104.5 -106.5 -104.5 -106.5 -110.0 -108.5 -108.5 -107.0

Notes. (a) Velocity interval over which each filament is most clearly detected in the 13CO (J=2-1) channel maps shown in Fig. A.2. This range is
determined empirically from the prominence and continuity of the filamentary emission and is intended as a descriptive guide.
(b) Velocity channel at which the corresponding filament appears most prominently in the channel maps and is therefore used as a representative
example for visual identification.

Fig. A.1. Left: Initial filament skeletons (white dots) identified using FilFinder on the hydrogen column density map and overlaid on the column
density distribution. Right: Final adopted filament spines (white dots) overlaid on the 13CO (J=2-1) integrated intensity distribution. These spines
were obtained after the initial skeletons were checked and refined using the 13CO (J=2-1) integrated intensity distribution and velocity-coherence
information from the channel maps. The contours indicate the integrated intensity values for 13CO (J=2-1).
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Fig. A.2. Channel maps of 13CO (J=2-1). The grayscale map represents the distribution of integrated intensity for 13CO (J=2-1), and the magenta
contours depict the outlines of gas emission intensity at each velocity channel. The colored lines represent the filament spines.

Appendix B: Spectral analysis in the G329

This section presents the spectral lines at certain positions on the filaments and the average spectral lines of two clumps, MC 1 and
MC 2. We used Gaussian fitting to obtain their centroid velocities and velocity dispersions:

f (x) = Ae−
(x−µ)2

2σ2 . (B.1)

Figure B.1 shows the average spectra of 13CO (J=2-1) and C18O (J=2-1) for MC 1 and MC 2, in the molecular cloud. Spectral
analysis indicates that they all exhibit single velocity components. From Gaussian fitting, the centroid velocities of 13CO (J=2-
1) and C18O (J=2-1) in MC 1 are ∼-107.69 km s−1 and ∼-107.45 km s−1, respectively, with velocity dispersions of ∼2.55 km s−1

and ∼2.26 km s−1. In MC 2, the centroid velocities of 13CO (J=2-1) and C18O (J=2-1) are ∼-107.63 km s−1 and ∼-107.59 km s−1,
respectively, with velocity dispersions of ∼1.82 km s−1 and ∼1.67 km s−1. The velocity distributions of MC 1 and MC 2 are generally
consistent. Still, the velocity dispersion in MC 1 is significantly higher than in MC 2, likely due to the stronger star formation activity
in MC 1.

Figure B.2 presents the 13CO (J=2-1) spectra extracted at representative positions along the filament spines. For each filament,
two positions are analyzed: an inner position closer to the hub (labeled as “a”) and an outer position farther from the hub (labeled
as “b”). In addition, spectra toward the two central hub clumps, MC 1 (labeled as H1) and MC 2 (labeled as H2), are shown for
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Fig. B.1. Average spectra for MC 1 and MC 2. Left: Color map of the 13CO (J=2-1) integrated intensity at the center of the molecular cloud, with
black contours representing 5% to 93% of the peak integrated intensity in 8% steps. The black rectangles indicate the regions of MC 1 and MC 2.
Right: Averaged spectra of 13CO (J=2-1) (blue) and C18O (J=2-1) (green) for MC 1 (upper) and MC 2 (lower).

comparison. As shown in Fig. B.2, the line centroids differ between the inner and outer positions in several filaments, consistent
with the projected velocity variations inferred along the filament spines. The line widths also tend to be smaller at the outer positions
than at the inner positions, although this trend is not uniform for all filaments. The fitted line parameters at these representative
positions are summarized in Table B.1.

Table B.1. Velocity information at different positions in the G329 molecular cloud.

- H1 H2 F1a F1b F2a F2b F3a F3b F4a F4b F5a F5b F6a F6b F7a F7b F8a F8b
Vpeak

(a) -107.6 -107.7 -106.3 -106.4 -107.3 -106.5 -106.4 -105.0 -107.7 -105.4 -109.0 -109.6 -108.9 -108.8 -108.2 -108.6 -107.4 -107.3
Sigma(b) 3.2 1.8 1.5 1.2 1.2 1.1 2.4 0.9 1.4 0.9 1.4 0.9 1.6 0.8 1.2 0.9 1.3 1.3

Notes. H1 and H2 denote the central positions of MC 1 and MC 2, respectively. For each filament, position “a” marks the point closer to the hub,
whereas position “b” marks the point farther from the hub.
(a) The center velocity obtained from the Gaussian fit in kilometers per second.
(b) The standard deviation obtained from the Gaussian fit in kilometers per second.
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Fig. B.2. Color map representing the integrated intensity values for 13CO (J=2-1). The contours range from 5% to 95% of the peak integrated
intensity in 10% intervals. The black scatter points indicate the spines of the eight identified filaments. For each filament, two representative
positions are marked: an inner position closer to the hub (labeled “a”, shown in red) and an outer position farther from the hub (labeled “b”,
shown in blue). In addition, the central positions of MC 1 and MC 2 are marked by red and blue crosses and labeled as H1 and H2, respectively.
Surrounding panels: 13CO (J=2-1) spectra extracted at these representative positions. Gaussian fits to the spectra were used to derive the centroid
velocities and velocity dispersions.
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Appendix C: The position–velocity diagram on
filaments

This section presents the distribution of velocity, velocity dis-
persion, column density, and dust temperature along the spines
of filaments. Along the spines of the filaments, we performed
Gaussian fits to the averaged molecular spectra within the fil-
ament width, with the central position being the point on the
spine. This was done while moving outward from the center of
the hub (MC 1 or MC 2). Consequently, we obtained the peak
velocity and velocity dispersion for each position. Furthermore,
following the spines of filaments from the hub center outward,
we calculated the mean hydrogen molecule column density and
dust temperature within the averaged filament width at each po-
sition. This allowed us to determine the hydrogen molecule col-
umn density and dust temperature for each position.

Figure C.1 illustrates the variations in velocity, velocity dis-
persion, dust temperature, and molecular hydrogen column den-
sity along the spine of F 1 from the center of MC 1 outward.
Within ∼1.70 pc of the center, both the molecular hydrogen col-
umn density and dust temperature increase significantly; thus,
we define the distance of ∼1.70 pc from the center as the
edge of MC 1. Within MC 1, the velocity gradient and molec-
ular hydrogen column density gradient are ∼0.78 km s−1 pc−1

and ∼-7.19× 1022 cm−2 pc−1, respectively. Outside MC 1, the ve-
locity gradient and molecular hydrogen column density gra-
dient are ∼0.36 km s−1 pc−1 and ∼-9.70× 1020 cm−2 pc−1, re-
spectively. In the P–V diagram of F 3, the edge of MC 2
is approximately ∼1.70 pc away. The velocity gradients in-
side and outside MC 2 are similar, measuring ∼0.59 and
∼0.01 km s−1 pc−1, respectively. Along the filament spine, the
molecular hydrogen column density gradients inside and outside
MC 2 are ∼-3.09× 1022 cm−2 pc−1 and ∼-5.87× 1019 cm−2 pc−1

(see Fig. C.2). F 4 is a sub-filament of F 5. Along the filament
outward, the linear decrease in hydrogen column density has
a gradient of ∼-7.95× 1020 cm−2 pc−1, while the velocity gra-
dient linearly increases with a gradient of ∼0.82 km s−1 pc−1

(see Fig. C.3). The MC 1 edge of filament F 5 is located at
∼1.70 pc. The velocity gradients inside and outside MC 1 are
∼-0.81 and ∼-0.30 km s−1 pc−1, respectively. The hydrogen col-
umn density gradients inside and outside MC 1 are ∼-7.43 and
∼-0.19× 1022 cm−2 pc−1, respectively (see Fig. C.4). The MC 1
edge of filament F 6 is located at ∼1.70 pc. The velocity gradi-
ents inside and outside MC 1 are ∼-0.87 and ∼0.19 km s−1 pc−1,
respectively. The hydrogen column density gradients inside and
outside MC 1 are ∼-7.49 and ∼-0.01× 1022 cm−2 pc−1, respec-
tively (see Fig. C.5). The MC 1 edge of filament F 7 is located
at ∼2.20 pc. The velocity gradients inside and outside MC 1 are
∼-0.87 and ∼0.20 km s−1 pc−1, respectively. The hydrogen col-
umn density gradients inside and outside MC 1 are ∼-5.79 and
∼0.04× 1022 cm−2 pc−1, respectively (see Fig. C.6).

Fig. C.1. Variations in line-of-sight velocity, velocity dispersion, hydro-
gen molecule column density, and dust temperature along the F 1 spine,
extending outward from MC 1.

Fig. C.2. Variations in line-of-sight velocity, velocity dispersion, hydro-
gen molecule column density, and dust temperature along the F 3 spine,
extending outward from MC 2.
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Table C.1. Gradient parameters in filaments.

Source ID ∇V‖(a) ∇Vin
(b) ∇Vout

(c) ∇N(d) ∇Nin
(e) ∇Nout

(f) ∇T (g) ∇Tin
(h) ∇Tout

(i)

(km s−1 pc−1) (km s−1 pc−1) (km s−1 pc−1) (× 1022 cm−2 pc−1) (× 1022 cm−2 pc−1) (× 1022 cm−2 pc−1) (K pc−1) (K pc−1) (K pc−1)
F 1 0.29 0.78 0.36 -0.70 -7.19 -0.10 -1.25 -5.80 -0.52
F 2 0.10 - - 0.03 - - -0.26 - -
F 3 0.22 0.59 0.01 -0.26 -3.09 0.01 -0.76 0.54 -0.66
F 4 0.82 - - -0.08 - - 0.22 - -
F 5 -0.39 -0.81 -0.30 -1.78 -7.43 -0.19 -3.10 -5.67 -1.26
F 6 0.01 -0.87 0.19 -0.65 -7.49 -0.01 -1.43 -6.11 -0.57
F 7 -0.16 -0.87 0.20 -0.76 -5.79 0.04 -1.29 -5.71 -0.29
F 8 -0.09 - - 0.02 - - -0.32 - -

Notes. (a) Velocity gradient along the entire filament:∆V/∆l. (b) Velocity gradient along the filament spine within the hub. (c) Velocity gradient along
the filament spine outside the hub. (d) Hydrogen column density gradient along the entire filament:∆N/∆l. (e) Hydrogen column density gradient
along the filament spine within the hub. (f) Hydrogen column density gradient along the filament spine outside the hub. (g) Dust temperature
gradient along the entire filament:∆T/∆l. (h) Dust temperature gradient along the filament spine within the hub. (i) Dust temperature gradient along
the filament spine outside the hub.

Fig. C.3. Variations in line-of-sight velocity, velocity dispersion, hydro-
gen molecule column density, and dust temperature along the F 4 spine.

Fig. C.4. Variations in line-of-sight velocity, velocity dispersion, hydro-
gen molecule column density, and dust temperature along the F 5 spine,
extending outward from MC 1.

Fig. C.5. Variations in line-of-sight velocity, velocity dispersion, hydro-
gen molecule column density, and dust temperature along the F 6 spine,
extending outward from MC 1.

Fig. C.6. Variations in line-of-sight velocity, velocity dispersion, hydro-
gen molecule column density, and dust temperature along the F 7 spine,
extending outward from MC 1.
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Appendix D: ALMA observations of MC 1

This section presents the integrated intensity and velocity distributions of three dense molecular tracers HCN (J=1-0), H13CN (J=1-
0), and HC3N (J=11-10) from the ATOMS survey within MC 1.

Fig. D.1. Left panel: Integrated intensity (top) and velocity distribution (bottom) for HCN (J=1-0). The contour lines represent the integrated
intensity contours for HCN (J=1-0). Middle panel: Integrated intensity (top) and velocity distribution (bottom) for H13CN (J=1-0). The contour
lines represent the integrated intensity contours for H13CN (J=1-0). Right panel: Integrated intensity (top) and velocity distribution (bottom) for
HC3N (J=11-10). The contour lines represent the integrated intensity contours for HC3N (J=11-10).

Appendix E: The position–velocity diagram on intra-hub filaments

This section presents the P–V diagrams of the seven IHFs in MC 1. In Fig. E.1, the blue scatter points represent the velocity
distribution along the spine of each filament, with the zero offset position corresponding to the convergence point of the filaments.
The dashed blue lines indicate the linear fit of the velocity gradient along the filaments (see Table 3). The black scatter points
represent the integrated intensity distribution of H13CO+ (J=1-0) along the filament spines.
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Fig. E.1. Variations in line-of-sight velocity (blue scatter points) and integrated intensity (black scatter points) along the spines of the intra-hub
filaments, plotted as a function of projected distance measured outward from the adopted convergence point. The dashed blue line shows the linear
fit used to estimate the projected velocity gradient.

Appendix F: Outflow structures on the SiO shell

This section presents the outflows observed using SiO (J=5-4) and 12CO (J=2-1) from the ALMA-QUARKS survey. As shown in the
figure below, the SiO (J=5-4) emission observed in Band 6 is primarily distributed in the northeastern field of view, exhibiting two
collimated gas flows, with one side redshifted and the other blueshifted. The dark violet contours represent the 1.3 mm continuum
emission, which traces compact dense continuum sources (Liu et al. 2024). Two compact continuum peaks are located near the
junctions of the red and blue lobes and are likely driving sources of the two outflows (see the middle panel of Fig. F.1).

Based on the spectral distribution of 12CO (J=2-1), we identified the high-velocity gas components in the red and blue lobes of
one of the outflows. The intensity distributions shown in the bottom panel of Fig. F.1 were obtained by integrating the red and blue
components separately and then overlaying them. The velocity ranges for the high-velocity gas in the red and blue lobes are -85 to
-70 km s−1 and -184 to -162 km s−1, respectively.

A detailed analysis of the Band 6 1.3 mm continuum emission and outflows will be conducted in future work.
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Fig. F.1. Outflows observed from SiO (J=5-4) and 12CO (J=2-1). Top panel: Heatmaps showing the moment 0 map of SiO (J=5-4) (left) and the
moment 1 map of SiO (J=5-4) (right). The dark violet contours represent the intensity distribution of 1.3 mm continuum emission. Middle panel:
Zoomed-in view of the region highlighted by the black box in the top panel. In the right subpanel, the red and blue arrows indicate the projected
directions of the redshifted and blueshifted outflow lobes, respectively, and the red plus marks the candidate outflow-driving source. Bottom panel:
Heatmaps representing the moment 0 (left) and moment 1 (right) maps of the high-velocity gas observed in 12CO (J=2-1), respectively. The red
and blue contours indicate the intensity distributions of the redshifted and blueshifted outflows.
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