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more energetic events such as a rapid intense anisotropic collapse. The released
energy also seems to noticeably increase the environmental turbulence. This
may help the filament to become stabilized again.
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ABSTRACT
We have studied the unique kinematic properties of the massive filament
G352.63-1.07 at 103–104 AU spatial scales using dense molecular tracers
observed with the Atacama Large Millimeter/submillimeter Array (ALMA).
We find that the central massive core M1 (12 M�) is separated from the
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surrounding filament by a velocity difference of v − v_{sys} = −2 km s−1

and a transverse separation within 3 arcseconds. Meanwhile, as shown in
multiple dense-gas tracers, M1 has a spatial extension closely aligned with the
main filament and is connected to the filament toward both its ends. M1 thus
represents a very early state of a massive young star-forming core escaping
from its parental filament, within a timescale of �4000 years. Based on its
kinetic energy (3.5 × 1044 erg), the core escape is unlikely to be due solely
to the original filament motion or magnetic field, but requires more energetic
events such as a rapid, intense anisotropic collapse. The released energy also
appears to noticeably increase the environmental turbulence, which may help
the filament become stabilized again.

Keywords: Star formation (1569); Young stellar objects (1834); Dense inter-
stellar clouds (371); Interstellar filaments (842); Gravitational collapse (662)

1. INTRODUCTION
Star-forming clouds can produce several prominent dynamical consequences.
One is the escape and spreading of young stars into the surrounding space,
which has attracted increasing attention in recent years (e.g., Tobin et al. 2009;
Kraus et al. 2017; Herczeg et al. 2019; Cantat-Gaudin et al. 2019; Swiggum
et al. 2021). The stars tend to gradually drift across the entire cloud, forming
a similar but more extended spatial distribution (Großschedl et al. 2018; Jer-
abkova et al. 2019; Kuhn et al. 2020; Ward et al. 2020; Gupta & Chen 2022).
This provides a unique proxy for inspecting cloud morphology and mass dis-
tribution. Furthermore, based on recent Gaia measurements of trigonometric
parallax and stellar proper motion, one can explore the spatial-velocity structure
with unprecedented accuracy and a historical perspective (e.g., Szegedi-Elek et
al. 2019; Roccatagliata et al. 2020; Galli et al. 2020; Krolikowski et al. 2021;
Kounkel et al. 2022; Tu et al. 2022; Ha et al. 2022; Dharmawardena et al. 2022;
Duan et al. 2023). These works have substantially improved our understanding
of the dynamical conditions and evolutionary trends of star-forming clouds.

As one critical but incomplete aspect of this study, the initial conditions of
escaping young stars have not been widely examined. With the exception of
some extremely high-velocity stars (10–102 km s−1) ejected from n-body (n ≥
3) interactions (Ducourant et al. 2017; Fernandes et al. 2019; Bally et al. 2020;
Rivera-Ortiz et al. 2021), stellar motions could also be affected by their dense-
gas structures. Young stars could directly inherit the turbulent field of the gas
structure (Ha et al. 2021; Krolikowski et al. 2021; Quintana & Wright 2022;
Gupta & Chen 2022) and obtain further acceleration due to gravitational insta-
bility or other interactions among parental filaments or clumps (Stutz & Gould
2016; Getman et al. 2019; Zamora-Avilés et al. 2019; Kim et al. 2019; Sharma
et al. 2020; Álvarez-Gutiérrez et al. 2021). Stutz & Gould (2016) proposed a
particular scenario where the filament in Orion A could oscillate, driving young
stars toward transverse directions and eventually forming a broadened stellar
distribution parallel to the filament. However, in all these studies, the young
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stars are either completely separated from the filaments or have dissipated their
surrounding gas (e.g., Jerabkova et al. 2019; Gupta & Chen 2022). Therefore,
we still need to investigate the initial dynamical conditions when YSOs are
leaving their parental structures.

G352.63-1.07 is a massive young star-forming region at a precisely measured
distance of D = 690 pc (Chen et al. 2021, hereafter Chen21). It contains several
massive cores aligned along a dense filament. As shown in Chen21, the massive
filament has actively ongoing dynamical features, including prominent outflows
and mass transfer flows that induce bright shock emissions. However, due to
limited molecular tracers and sensitivities, the gas motions among the cores and
filaments remain undetermined.

In this work, we explore the gas motions using optically thin lines, which demon-
strate the unique tendency of the escaping massive core M1. The observational
data are described in Section 2, the global dense-gas and velocity distribution
is reported in Section 3, the dynamical origin and time-energy properties of the
gas motion are discussed in Section 4, and a summary is given in Section 5.

2. OBSERVATION
G352.63-1.07 was observed with the Atacama Large Millimeter/submillimeter
Array (ALMA) as part of the ATOMS survey (Liu et al. 2020, 2022). The
observation was performed with both the Compact 7-m Array (ACA) and the
12-m array (C43-2 or C43-3 configurations) in Band 3. The restored data cube
has an average beam size of �_{maj} × �_{min} = 2�.5 × 2�.1 (PA = −87°).
The antenna baselines can cover extended structures with scales up to �100�.
The channel width and noise level vary with different spectral windows. The
H13CO+, CCH, and H13CN (1–0) lines have Δv_{chan} = 0.2 km s−1, 𝜎{rms}
= 5 mJy beam−1 (0.15 K). The HCO+ (1–0) line has Δv{chan} = 0.1 km s−1,
𝜎{rms} = 9 mJy beam−1 (0.25 K). The CH3OH (211–110) lines have v{chan}
= 1.4 km s−1, 𝜎_{rms} = 2 mJy beam−1 (0.08 K). More detailed observing
conditions are presented in Liu et al. (2020).

3.1. Filament and cores

Figure 1a [Figure 1: see original paper] shows the 3 mm continuum emission and
the integrated H13CO+ (1–0) emission (moment 0). Compared to the chemically
fresh molecules CCH and HC3N (Chen21, Figure 3 [Figure 3: see original paper]
therein), the H13CO+ emission is more concentrated toward the inner region of
the filament structures, revealing an S-shaped compact filament. The six major
cores (Chen21) are clearly resolved therein. The line intensity decreases toward
M4 and M5, which could be due to gas dissipation caused by their outflows
(Appendix Figure 1b). Figure 1b shows the H13CO+ emission overlaid on the
Spitzer/IRAC three-band color image (GLIMPSE survey, Benjamin et al. 2003;
Churchwell et al. 2009). Among the dense cores, only M1 has a compact IR
source, while M2 through M5 lack IR point sources. The other two IR sources
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(M3b and M6) are located on the western side of the filament. The IRAC color
magnitudes for M1 are [3.6]–[4.5] = 2.1 and [5.8]–[8.0] = 1.0, similar to the
colors of Class 0 YSOs (Megeath et al. 2012). M1 is also detected in 6.7 GHz
methanol maser emission but undetected in 6–8 GHz radio continuum emission
above the noise level of 3–8 mJy beam−1 (Walsh et al. 1998), indicating that M1
hosts a deeply embedded young massive star that has not yet caused significant
ionization of the surrounding medium. Figure 1b also shows the CH3OH (2–1)
emission, which has a compact morphology concentrated at M1.

The molecular spectra at the three inner cores are shown in Figure 1c.
The H13CO+ (1–0) line exhibits a noticeable double-peak profile at M1,
with the two components separated by v_{blue} − v_{red} = −1.8 km
s−1. M2 and M3 each have a single-velocity component within v_{lsr} =
$±0.3𝑘𝑚𝑠{-1}, 𝑐𝑙𝑜𝑠𝑒𝑡𝑜𝑡ℎ𝑒𝑟𝑒𝑑𝑠ℎ𝑖𝑓𝑡𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑎𝑡𝑀1.𝑇 ℎ𝑒𝐻𝐶𝑂{+}$ and CH3OH line
profiles are less resolved due to high optical depth and low spectral resolution,
respectively, but both lines still show inclination toward the blueshifted side.
We also examined the other two dense-gas tracers CCH and H13CN (1–0)
(Figure 3), which show velocity components similar to H13CO+ (1–0). All the
molecular lines consistently indicate a prominent blueshifted component at M1.

3.2. Physical parameters and gravitational instability

The physical parameters of the cores are presented in Table 1 , with calculation
details described in Appendix A. All the cores have comparable spatial sizes
and are nearly uniformly distributed along the filament, with an average spatial
interval of Δs_{cores} = (10 ± 2)�, or (7 ± 1.5) × 103 AU.

From the observed parameters, we estimated the stability of the cores using the
critical mass (Bertoldi & McKee 1992; McKee & Ostriker 2007; Li et al. 2013):

𝑀crit = 𝑀BE + 𝑀Φ = 5𝑅eff
𝐺 (𝜎2

tot + 𝑣2
𝐴
6 )

wherein 𝜎{tot} is the effective velocity dispersion (see Appendix A), and M{BE}
and M_Φ represent the upper-limit masses that can be supported by turbulence
and magnetic pressure, respectively. M_Φ depends on magnetic field strength B
and mass density �0 = � m_H n0, which are included in the Alfvén velocity v_A
= B/√(4𝜋�0). For the B value, we referred to B-field measurements in other
similar cold dense filaments (e.g., Liu et al. 2018; Ching et al. 2018), which
typically have bulk distributions of B = 0.5 to 1.0 mG. Adopting this range, we
derive M_Φ = 0.6 to 1.2 M�, which contributes only minimally to M_{crit}.
As shown in Table 1, all the cores have M_{crit} > M_{core}, indicating a
subcritical state if turbulence can support them against self-gravity.

The filament stability can be estimated from the critical line-mass density (Os-
triker 1964; Arzoumanian et al. 2013):
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(𝑀
𝑙 )

crit
= 2𝜎2

tot
𝐺

Using the average Δv_{fila}(H13CO+) = 2.0 km s−1, we derive 𝜎{tot} = 0.9
km s−1 and (M/l){crit} � 390 M� pc−1. In comparison, the observed total mass
(48 M�) and length (45�) yield (M/l){obs} � 300 M� pc−1. Considering projec-
tion effects, the actual value could be even smaller. Therefore, the property
(M/l){obs} < (M/l)_{crit} suggests a subcritical state for the entire filament
as well.

The turbulent condition of the filament and cores should have a close interplay
with other dynamical features, including core collapse and escaping motion, as
discussed below.

4.1. Resolving the velocity components

As shown above, the filament has an overall smooth and compact morphology.
The transfer flows (Chen21) and outflows appear to have only limited influence
on the main filament. As seen in optically thin lines, the blueshift motion of
M1 remains the most conspicuous feature across the entire structure, and its
dynamical origin requires further examination.

Figure 2a [Figure 2: see original paper] shows the H13CO+ (1–0) emission in four
different velocity channels, with ALMA 3 mm and SMA 1 mm (Chen21) dust
continuum emissions plotted in sub-panels for comparison. Figure 2b presents
the position-velocity (PV) plot of H13CO+ along the filament, revealing that the
blue component lies mainly in the velocity range from –4 to –1 km s−1 and has
a spatial extension from offset = –16� to +6�. To better inspect the gas motion,
we plot the emission regions in two velocity intervals, denoted as low- and high-
velocity components (LVC and HVC), respectively. Figure 2a shows that the
LVC peaks at M1 and has a weak elongation toward M2, while the HVC is more
confined around M1. Their morphologies are both substantially different from
the outflow lobes in Figure 6a [Figure 6: see original paper], indicating that
they trace dense-core motion rather than outflow.

The filament component lies primarily in the velocity range (–1.5, +1.5) km
s−1. Its emission region (false-color image in Figure 2a) traces nearly the entire
gas structure and shows a noticeable gap at the M1 center. The redshift wing
component (1.5 to 2.2 km s−1, yellow contours) includes two separated patches,
one extending from M4 and M5 and another around M3, which could trace
denser gas affected by outflow or transfer flow. Around M1, no evident redshift
feature appears at v > 1 km s−1.

The dust continuum emissions (Figure 2a, two right panels) show an overall
spatial extent similar to the H13CO+ filament but have a compact intensity
peak precisely at M1, which is �3 times more intense than the remaining filament.
The spatial correlation of the velocity components can also be examined through
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their intensity profiles, as shown in Figure 2b (lower panel). The dust continuum
profiles (dashed and dotted lines) closely follow the blueshift component (blue
solid line), all showing a shoulder-like decreasing trend from M1 to M2. This
coherence suggests that the dense core M1 is primarily associated with the
blueshifted gas.

The intensity gap in the filament is more clearly visible in the intensity profile
(red line in Figure 2b, lower panel), coinciding precisely with the M1 center
in both the dust continuum and blueshift H13CO+ profiles. For the H13CO+

emission, if we consider the total intensity profile (black solid line), the blueshift
component nicely fills the gap, making the entire profile much flatter.

The CCH emission regions of the two components are shown in Figure 3a [Figure
3: see original paper]. The PV diagrams of CCH and H13CN are shown in
Figure 3b [Figure 3: see original paper]. The lower intensity around M1 along
the filament is also visible in CCH (Figure 3a). Although its blue component
is more extended than that of H13CO+, it remains mainly concentrated at the
central cavity of the filament. The H13CN emission is more concentrated at
M1, so the central intensity decline is not evident, but its PV diagram still
shows a comparable velocity separation of v – v_{lsr} = –2 km s−1 between
the blueshift component and the main filament. It also closely overlaps with
the H13CO+ and CCH spectra for the blueshift peak (Figure 6c [Figure 6: see
original paper]). The three molecular lines thus consistently indicate that the
blueshift component is dominant at M1, meaning the dense core has bulk motion
relative to the rest of the filament.

Based on their spatial and velocity features, M1 and the main filament could
have two possible configurations: M1 could be leaving the filament on the front
side or moving toward it from behind. The PV plot (Figure 2b) shows the blue
component connected to the main filament both toward the north and south,
around offset = +5� and –15�, respectively. The PV diagrams of CCH and
H13CN (1–0) lines (Figure 3, right column) show similar connection features
between M1 and the main filament in both directions. M1 should therefore
have originally formed in the filament and acquired its blueshift motion only
recently.

4.2. Driving force of the blue component

The multiple velocity components in G352 are comparable to those in other
filaments with prominent kinematic features. As shown in previous studies,
undisturbed linear filaments tend to have moderate fluctuations of |v – v_{sys}|
≤ 1.0 km s−1 around their internal cores (e.g., Punanova et al. 2018; Bhadari
et al. 2020). More complex fiber-composed filaments also show similar velocity
variations within 1 km s−1 (Hacar et al. 2017; Clarke et al. 2018). Stronger
kinematic features of several km s−1 are seen in filaments undergoing collapse
(Henshaw et al. 2014; Chen et al. 2019; Ren et al. 2021; Li et al. 2022; Cao et
al. 2022) or interactions (Shimajiri et al. 2019; Anathpindika & Francesco 2021).

chinarxiv.org/items/chinaxiv-202401.00031 Machine Translation

https://chinarxiv.org/items/chinaxiv-202401.00031


The velocity fluctuations in G352 resemble those of the most active filaments.
The blueshift motion (–2 km s−1) and its spatial scale (5� or 3500 AU) produce
a gradient of �250 km s−1 pc−1, similar to those in the most intensely collapsing
filaments (e.g., Peretto et al. 2013; Montillaud et al. 2019; Hu et al. 2021;
Beuther et al. 2021; Cao et al. 2022).

In collapsing or fiber-composed filaments, the global velocity field is often en-
tangled with individual core motions, making it uncertain whether the cores are
co-moving with the filament or already separated. In contrast, G352 presents
an example of clearly separated velocity components. In fact, the filament is
also inclined toward the blueshift side around M1 at approximately –0.5 km s−1

(Figure 2b), suggesting the filament could have a co-moving tendency with M1.
In particular, as shown in Figure 2a, the HVC (v = (–4, –3) km s−1) is narrowly
confined between the northern and southern segments of the entire filament,
further evidence that the core and filament motions are closely related.

The mass transfer flows (Chen21) provide a viable mechanism to initiate fila-
ment collapse. Since the flows are observed as one-sided molecular line wings
rather than strong infall signatures, they would provide moderate mass accu-
mulation to the inner filament (between M2 and M3). If the mass assembly
once exceeded the threshold of (M/l){crit} or M{crit}, it could possibly induce
a major collapse. The transfer flows show no evident mass assembly at their
arrival points on the inner filament (Figure 2), indicating that the flows should
have further propagation toward M1.

4.3. Energy scales of the gas components

The filament collapse and core escape can also be examined through their energy
scales. From the core mass and its escaping velocity, the kinetic energy of M1
is estimated to be E_k = m_{core}(v_{blue} – v_{red})2/2 � 3.5 × 1044

erg, which represents a lower limit due to projection effects. In comparison,
the turbulent energy of the entire filament is E_{turb} = m_{tot}𝜎{nt}2/2 =
(2.5 ± 0.5) × 1044 erg. For the magnetic energy, from the speculated B-range
(Section 3.2), we estimate E_B = m{tot} v_A2/2 = 2 to 8 × 1043 erg. Since
E_{turb} and E_B characterize the entire filament, the fraction reaching M1
could be even lower and thus cannot be solely responsible for the core motion.

The collapsing energy can be estimated as ΔE_p,coll = Gm_{coll}2[(1/r1) –
(1/r0)], which involves the initial and final radii (r0 and r1) of the collapsing
mass m_{coll}. Assuming the major collapse occurs between M2 and M3, we
adopt r0 = Δs_{cores}. Together with the current radius and mass of M1, we
derive ΔE_p,coll � 6 × 1044 erg, which could be sufficient to accelerate M1.

As seen in the PV diagram (Figure 2b), the inner region has a typical
line width of Δv ≥ 1.8 km s−1 for both the blueshift component and the
main filament, rapidly declining toward the outer part to a trans-sonic
level of Δv � 0.7 km s−1 (𝜎{nt} = 0.4 km s−1) at offset = $±20″.𝑇 ℎ𝑒𝑙𝑜𝑤 −
Δ𝑣𝑎𝑟𝑒𝑎𝑠𝑜𝑣𝑒𝑟𝑡ℎ𝑒𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡𝑐𝑜𝑢𝑙𝑑𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑡ℎ𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑙𝑒𝑠𝑠𝑎𝑓𝑓𝑒𝑐𝑡𝑒𝑑𝑏𝑦𝑡ℎ𝑒𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒.𝐴𝑑𝑜𝑝𝑡𝑖𝑛𝑔𝑡ℎ𝑒𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑣𝑎𝑙𝑢𝑒(0.9𝑘𝑚𝑠{-1})𝑖𝑛𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛3, 𝑤𝑒𝑑𝑒𝑟𝑖𝑣𝑒(𝑀/𝑙)𝑐𝑟𝑖𝑡 ≃ 150𝑀 ⊙ 𝑝𝑐{-
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1}$, which is much smaller than (M/l){obs} and should reflect the supercritical
condition before the major collapse.

Figure 4 [Figure 4: see original paper] shows the velocity distributions over the
core and filament in all three lines. Low-turbulence areas with Δv down to 0.6
km s−1 are visible in all three species. The CCH and H13CO+ emission regions
both exhibit low values down to Δv � 0.7 km s−1, while higher values mainly
appear between M1 and M3. The H13CN line is more concentrated on dense
cores, possibly due to its chemical bias toward the protostellar stage. Along the
filament, the H13CN line width variation is mainly between 1.2 and 1.4 km s−1,
comparable to the average values of the CCH and H13CO+ lines.

4.4. Time scales of the gas motion

Figure 5a [Figure 5: see original paper] shows the ridge lines of the main filament
and the blueshift component (M1 and southern extension). The two components
have a transverse offset of Δs_{esc} = 0 to 2.3 arcseconds along the filament.
We plot the Δs_{esc} and |v_{blue} – v_{red}| profiles along the filament
in Figure 5b. Both quantities show a coherent variation trend, reaching local
maxima at M1 and the second velocity peak near M2 (offset = –10�).

The transverse separation as a function of time can be estimated as Δs_{esc}
= t_{esc}(v_{blue} – v_{red}) tan �, where � is the inclination angle between
the gas motion and the line of sight. Adopting � = (45 ± 10)°, we derive a
timescale of t_{esc} � (4 ± 2) × 103 years for the blueshift motion, notably
close to the outflow age of t_{out} = 3.6 × 103 years (Appendix A). These two
values should together characterize the star-forming age in G352.

If the core escape began during filament collapse, one would expect an overall
collapsing time substantially longer than t_{esc}. From recent semi-analytical
work (Clarke & Whitworth 2015), the filament could have a collapsing time
t_{coll} = (0.49 + 0.26A0)(G�0)−1/2, where A0 is the aspect ratio of the fila-
ment. Assuming the major collapse occurred in the inner region between M2
and M3, from the filament length (l � 22�) and width (w � 5�), we derive t_{coll}
� 6 × 104 years, which could roughly represent the dense-core formation time.
For M1, this implies a mass accretion rate of Ṁ_{acc} = M_{core}/t_{coll}
� 1.8 × 10−4 M� yr−1, comparable to the rate of the transfer flows (Chen21).
The collapse toward the center could be dominated by two colliding flows along
the filament, which would rapidly increase the central density and develop an
anisotropic instability. The highly compressed gas would then move toward
transverse directions, initiating the observed motion. A schematic view of the
collapse and core acceleration is shown in Figure 5c.

The collapsing time can be compared with the turbulence-increasing time of
the filament. From the turbulence level of the inner filament (𝜎{nt} � 0.8 km
s−1), we derive a dynamical timescale of t{dyn} = Δs_{cores}/𝜎{nt} � 8 × 104

years, also similar to t{coll}. As shown in Figure 4, the line-width distributions
of H13CO+ and CCH both increase steeply between M1 and M3 with a scale
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of ΔV ≥ 1.0 km s−1, providing evidence that the turbulence was increased by
recent dynamical evolution and has not yet reached a uniform state across the
filament.

Although filament collapse could have sufficient energy and time to initiate
the core motion, other dynamical origins for the blue component are not fully
excluded. In particular, it could also be a fiber-like component. Fibers in
massive filaments are observed on larger spatial scales (>0.2 pc) in a few recent
studies (Shimajiri et al. 2019; Cao et al. 2022). Those fibers are only loosely
aligned or intertwined along the filament axis, have transverse separations up
to several 0.1 pc, and lack the two-end connections seen in M1. Fibers could
become increasingly separated with filament age. For G352, the separation
would be Δs_{esc} ≥ (v_{blue} – v_{red})t_{coll} � 2.5 × 104 AU (36�),
unreasonably large compared to the observed spatial scales. To maintain the
observed Δs_{esc}, the fibers would need to have originally had a much smaller
velocity difference (�2 km s−1) and still require a recent collapse to provide the
kinetic energy and reach the escaping velocity.

5. SUMMARY
Based on the velocity distribution of H13CO+ and other dense-gas tracers, we
find that the most massive core M1 (12 M�) is connected to the main filament
but has a blueshift of v_{core} – v̄_{sys} � –2 km s−1. The core motion has
a kinetic energy of 3.5 × 1044 erg and a timescale of only �4000 years. As a
unique example, M1 reveals the very beginning of a massive YSO escaping from
its birth site, confirming that YSOs can leave the filament along the transverse
direction.

Among the available mechanisms, only filament collapse could provide enough
energy to initiate the core escape. A recent collapse is also needed to generate
the massive star therein and can be responsible for the drastic velocity and
turbulence variations across the filament. As the core motion occurs, a central
gap forms precisely at its location in the remaining part of the filament.

Based on energy and time comparisons, the core escape process could have
three major steps: (i) the filament had relatively low turbulence with moderate
contraction and fragmentation into dense cores; (ii) due to transfer flows, the
inner region became more massive and unstable, eventually initiating a major
collapse; (iii) M1 was strongly compressed by the collapsing gas to begin its
escaping motion, while the remaining energy could be transferred to the filament
to increase turbulence.

Based on the G352 results, one can examine other filaments with steep velocity
gradients to see if similar core motions are occurring. A larger sample will help
evaluate the universality of such collapse-induced YSO escape and estimate its
contribution to YSO dispersion across molecular clouds.
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APPENDIX
A. Deriving the Dense Core Properties

The total column density of a molecular species is estimated from optically thin
lines (Caselli et al. 2002; Henshaw et al. 2014) as:

𝑁tot,mol = 8𝜋𝐼tot
𝐴𝑖𝑗𝜆3

𝑄rot(𝑇ex)
𝑔𝑢 exp(−𝐸𝑙/𝑘𝐵𝑇ex) [ 1

𝐽𝜈(𝑇ex) − 𝐽𝜈(𝑇bg)] 1
1 − exp(−ℎ𝜈/𝑘𝐵𝑇ex)

where I_{tot} = � T_b dv is the total intensity of the line profile, A_{ij} is
the Einstein coefficient for spontaneous decay, g_u and g_l are the statistical
weights for the upper and lower states, respectively, J(T) = T0/[exp(T0/T)
– 1] is the Planck-corrected brightness temperature with reference value T0 =
h�/k, Q_{rot}(T_{ex}) is the partition function, 𝜆 and � are the wavelength and
frequency of the line transition, and T_{bg} = 2.73 K is the cosmic background
temperature. k_B and h are the Boltzmann and Planck constants, respectively.

The total gas column density is N(H2) = N_{tot},mol/X_{mol}, where
X_{mol} is the molecular abundance. For the H13CO+ abundance, Gerner et
al. (2014) measured X_{mol}(H13CO+) = 0.9 to 1.5 × 10−9 from a large sample
of dense cores from IRDC to hot-core stage. We adopt X_{mol}(H13CO+) =
(1.2 ± 0.3) × 10−9 for G352.

We also attempted to use CCH and H13CN (1–0) lines to calculate N_{tot},
which provide comparable values on the 1023 cm−2 scale. The optical depth of
the molecular lines is examined using (Bell et al. 2014):

𝜏 = 𝑐3𝐴𝑖𝑗𝑔𝑢𝑁totΔ𝑣
8𝜋𝜈3𝑄rot

[exp ( ℎ𝜈
𝑘𝐵𝑇rot

) − 1]
−1

In the calculation, we also adopted average abundances in young high-mass
protostellar objects (HMPOs) from Gerner et al. (2014): X_{mol}(CCH) = 5.0
× 10−8 and X_{mol}(H13CN) = X_{mol}(HCN)/80 = 4.7 × 10−11. From the
physical conditions at M1 of N_{tot},mol = 2.6 × 1023 cm−2 and T_{ex} =
37 K, we estimate 𝜏(CCH) = 1.1, 𝜏(H13CO+) = 0.12, and 𝜏(H13CN) = 0.06.

From the N(H2) distribution, we estimate the core mass as m_{core} = � m_H
� N(H2) dA, where integration is performed over the core area. The cores are
irregular and not fully separated from the filament. To avoid complexity, we as-
sumed the cores have spherical or elliptical shapes. M3 and M5 show noticeable
elongation and are assumed to be elliptical, while other cores are considered
spherical. The core region is adjusted to cover emission above the extended
filament emission (3 K km s−1). The core areas are plotted in Figure 1a.
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In deriving N_{tot},mol, we adopt the excitation temperature from HCO+ (1–
0) lines (Figure 1). Assuming optically thick conditions, it can be estimated
using:

𝑇𝑏 = 𝐽(𝑇ex) − 𝐽(𝑇bg)

The calculation yields T_{ex} � 37 K for M1 and 22 ± 3 K for other cores.
The second value is comparable to the dust temperature derived from SED
fitting (Chen21), whereas the higher value at M1 likely reflects stellar heating.
From CH3CN population diagram, Chen21 derived a much higher temperature
of T_{rot} = 165 K at M1, which should be biased toward a small amount of
shocked gas, while the major fraction of the filament remains much cooler due
to the absence of ionized gas and strong IR emission. This temperature range
is comparable to values for prestellar cold dense cores (e.g., Xie et al. 2021),
suggesting an early evolutionary stage on average for the filament. Moreover, if
we assume T_{ex}(H13CO+) = 165 K, we derive N(H2) = 7 × 1023 cm−2 and
m_{core} = 30 M� for M1, an unreasonably high value as it would comprise
more than half of the total filament mass.

The total velocity dispersion of the core is estimated from the observed line
width Δv as:

𝜎tot = √𝜎2
th + 𝜎2

nt

where the thermal component is:

𝜎th = √𝑘𝐵𝑇kin
𝑚mol

and the non-thermal component is:

𝜎nt = √ Δ𝑣2

8 ln 2 − 𝑘𝐵𝑇kin
𝑚mol

In the calculation, we adopted a kinetic temperature of T_{kin} = 37 K for M1
and T_{kin} = 22 K for other cores, yielding 𝜎{th} = 0.29 to 0.36 km s−1. In
comparison, the average line width of Δv = 1.5 km s−1 gives 𝜎{nt} = 0.64 km
s−1, which is not strongly affected by T_{kin} and 𝜎_{th}.

B. Outflow Properties

Outflow emission is detected in high-velocity line wings of the HCO+ (1–0)
lines, with its emission region and spectra shown in Figures 6a and 6b [Figure
6: see original paper], respectively. The blue- and redshifted line wings are both
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strongly detected at M4, showing velocity ranges of (–20, –6) km s−1 for the blue
lobe and (5, 20) km s−1 for the red lobe. As seen in Figure 6a, compared to the
CO outflow (Chen21), the HCO+ emission is concentrated around M4 and M5,
suggesting the outflow is launched from this area. From the spatial extensions of
the outflow lobes, we identify at least two bipolar outflows, indicated by dashed
lines. The outflow extensions are not fully overlapped with M4 and M5, and it
is uncertain whether this is due to additional driving sources or time-variation
of the outflow morphology.

One thing is certain: the outflow intensity is much weaker at M1, and the red
lobe is almost undetected. If M1 also contributes to the blueshifted gas, it is
more likely ejected during core collapse and escape than due to protostellar
outflow.

From the HCO+ line-wing intensities and outflow emission areas, we find masses
m_{blue} = 0.20 M� and m_{red} = 0.24 M�, with an average radius R_{out}
= (8 ± 3)� = (5.5 ± 2) × 103 AU. Assuming an average velocity of v_{out} =
8 km s−1, the outflow age is derived as t_{out} = R_{out}/v_{out} = (3.5 ±
1) × 103 years.
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