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Abstract

We present a gas kinematic study of the massive protocluster G318.049+4-00.086. The protocluster is reported to
contain 12 prestellar core candidates and four protostellar cores. Filamentary structures are identified using the
1.3 mm dust continuum map, with four of them converging into a dense central region, forming a hub-filament
system. High velocity gradients (10-20kms™ ' pc™') derived from position—velocity analysis of H'>CO™
emission alon% three of those filaments are suggestive of mass inflow onto the central hub. A mass inflow rate
higher than 10° M., Myr ™" along the filaments indicates that the central hub is capable of forming massive star(s).
Investigation of H'>*CO™" and CCH spectral profiles revealed the majority of the cores having the characteristic
blue asymmetric line profiles, a typical signature of gravitational collapse. The remaining few cores showed red
asymmetric profiles, indicative of gas expansion. Also, the derived mass infall rates for the protostellar cores in
the hub region are significantly higher in comparison to those located along the filaments. The mass—radius
relation of the cores revealed that the cores with red profiles reside in the massive star formation regime.
However, the global velocity gradient along the filaments suggests that these particular cores are losing material to
the hub. Our results support a competitive accretion scenario of massive star formation where gas is expected to
be funnelled from less gravitationally dominant cores to the cores located at the gravitationally favorable position.

Unified Astronomy Thesaurus concepts: Protoclusters (1297); Interstellar medium (847); Interstellar filaments
(842); Star forming regions (1565); Molecular clouds (1072); Radio astronomy (1338); Stellar kinematics (1608)

1. Introduction

Massive stars (=8 M) are crucial agents in galactic evolution
owing to their strong radiative feedback and powerful stellar
winds, followed by an energetic supernova explosion toward the
end of their lives. Yet, the formation mechanism of massive
stars is still not full understood. Over the past decades, several
theoretical models have been proposed to explain the formation of
high-mass stars, though none have been conclusively validated
observationally, primarily because of their rarity, rapid evolution,
and their formation in deeply embedded clustered environments
(F. H. Shu et al. 1987; 1. A. Bonnell et al. 2007; M. R. Krumholz
& J. C. Tan 2007; J. C. Tan et al. 2014; F. Motte et al. 2018).
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Two basic classes of theory are under active study for the
formation of massive stars: (1) core accretion models or
turbulent core model, and (2) clump-fed models, such as
competitive accretion model, inertial-inflow model, and global
hierarchical collapse (GHC) model.

The turbulent core model assumes a formation mechanism
similar to that of their lower mass counterparts in that the
formation of a massive star starts from the collapse of an isolated
massive prestellar core, which is the gas reservoir for the final
stellar mass (C. F. McKee & J. C. Tan 2003; M. R. Krumholz
et al. 2007). It assumes that stars of all masses form via disk-
mediated accretion from dense isolated prestellar cores, except
that massive stars need to overcome additional support mechan-
isms like radiation pressure and ionization feedback. Prestellar
cores having mass >16 M, within 0.01-0.1 pc of the radius are
considered as key evidence for the turbulent core model (D. Yang
et al. 2025a). Notably, only a handful of studies have found the
existence of massive prestellar cores (~20-30 M) that can lead
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to the formation of massive stars (see J. C. Tan et al. 2013;
M. Valeille-Manet et al. 2025; D. Yang et al. 2025a, for
example). This low detection rate implies a very short lifetime
for high-mass prestellar cores (F. Motte et al. 2018). Factors,
such as strong magnetic fields, high temperature, and concen-
trated initial density profiles, are found to effectively contribute
to reducing fragmentation within the massive prestellar core and
thus lead to the formation of more massive cores for high-mass
star formation (A. Palau et al. 2021; P. Sanhueza et al. 2025;
D. Yang et al. 2025b).

In contrast, the competitive accretion model is a theoretical
framework proposed to explain how massive stars form within
clustered environments (I. A. Bonnell et al. 1997, 2001;
I. A. Bonnell & M. R. Bate 2006; C. F. McKee &
E. C. Ostriker 2007; R. J. Smith et al. 2009). In this model,
all stars—both low-mass and massive stars—form from a low-
mass gravitationally bound prestellar core as a seed. These
prestellar cores are embedded in a common massive clump or
molecular cloud, where the bulk of the gas is not bound to
individual cores but rather to the gravitational potential of the
entire stellar cluster. It only accounts for mass accretion due to
the gravity of the growing protostars (Bondi—Hoyle accretion),
neglecting the preexisting inflow at the larger scales.

The other subtype of clump-fed model is the inertial-inflow
model. According to this model, the prestellar cores that
evolve into massive stars have a broad mass distribution but
can accrete gas from parsec scales reservoir through large-
scale converging flows, with the parsec-scale region around
the prestellar core being turbulent and gravitationally unbound
(P. Padoan et al. 2020). However, contrary observations have
revealed most of the galactic parsec-scale massive clumps to
be gravitationally bound irrespective of their evolutionary
timescale (T. Liu et al. 2016; J. S. Urquhart et al. 2018).

The GHC model (J. Ballesteros-Paredes et al. 2011;
E. Viazquez-Semadeni et al. 2017) advocates a picture of
molecular clouds in a state of hierarchical and chaotic
gravitational collapse (multiscale infall motions), in which local
centers of collapse develop throughout the cloud while the cloud
itself is also contracting (E. Vazquez-Semadeni et al. 2019). This
model predicts anisotropic gravitational contraction with long-
itudinal flow along filaments at all scales. It has been supported
through observational evidence as well as numerical simulations
(see V. Camacho et al. 2020, and references therein).

All these “clump-fed” models assume that massive stars are
born with low stellar masses but grow to much larger final
stellar masses by accumulating mass from large-scale gas
reservoirs beyond their natal dense cores. In these models,
large-scale converging flows or global collapse of clumps are
required to continuously feed mass into the dense cores.

Recent observations revealed that massive star-forming regions
frequently show evidence of large-scale inflow along filaments
spanning from 0.1 to several parsecs (H. Kirk et al. 2013;
Q. Zhang et al. 2015). This challenges the notion of isolated
massive turbulent cores and supports a picture where hubs and
cores build up mass dynamically via filamentary accretion.

Protoclusters provide a valuable glimpse into the early stages
of clustered star formation, as they contain both prestellar and
protostellar cores embedded within filamentary structures. These
systems offer a unique opportunity to study large-scale inflows
and small-scale infall processes simultaneously, which are
essential for understanding how gas is channeled from parsec
scales down to individual cores (M. S. N. Kumar et al. 2020;
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D. Yang et al. 2023). In this paper, we studied the multiscale gas
dynamics of a massive protocluster (G318.049+00.086), which
has reported evidence of the presence of multiple filaments and
several prestellar and protostellar cores to understand the
underlying star formation mechanism.

1.1. Selected Region

The protocluster G318.049+00.086, also known as 114498-
5856, is located at a distance of 2.907033 kpc (M. J. Reid et al.
2019) and has a local standard of rest velocity (Viy) of
—49.82kms ' (Y.-H. Yue et al. 2021). The mass and dust
temperature (74, of the protocluster are 1023.3 M, and 26.7 K,
respectively (J. S. Urquhart et al. 2018). Using the CO(4-3) line,
Y.-H. Yue et al. (2021) also reported that the global infall velocity
and mass infall rate for this cluster are Vi, = 3.77 & 0.07 km g !
and M;, = (1.56 4 0.03) x 10* M, Myr ', respectively.

Recently, F. Xu et al. (2024a) identified 16 dense cores in
the protocluster using the 870 pum dust continuum map
observed using the Atacama Large Millimeter/submillimeter
Array (ALMA; see their Figure 2(b)) and also derived several
physical parameters (such as mass, radius, temperature, and
surface density) of all the cores. Further, they also classified
these cores as prestellar core candidates or protostellar cores
based on their association with the bipolar outflows traced in
the CO (3-2) line by T. Baug et al. (2020). In total, they
reported the presence of four protostellar cores and 12
prestellar core candidates in this protocluster. We adopted
these cores in our analyses. In this paper, we analyzed the
filamentary structures traced by the 1.3 mm dust continuum
and velocity distribution along their skeletons using H'>CO™
(1-0), as well as infalling motions toward the embedded dense
cores using H'*CO™ (1-0) and CCH (J = 3/2-1/2) F(2-1) to
look for the observational evidence for the massive star
formation theory. Figure 1 represents the 3 mm (left panel) and
1.3 mm (right panel) dust continuum maps of the protocluster
obtained from the ALMA Three-millimeter Observations of
massive Star-forming regions (ATOMS) and Querying Under-
lying mechanisms of massive star formation with ALMA-
Resolved gas Kinematics and Structures (QUARKS) surveys,
respectively (see Section 2 for the surveys). The adopted
protostellar cores and prestellar core candidates are repre-
sented as red and black ellipses, respectively.

Note that cores 15 and 16 are not present within the field of
view of the 1.3 mm QUARKS data. Hence, we have not
considered these cores in our subsequent analysis. Moreover,
cores 1, 2, 3, and 4 are also excluded from further analysis.
Core 1 is located significantly away from the main filamentary
structure identified in the 1.3 mm QUARKS continuum map
(Section 3.1), while cores 2, 3, and 4 appear to be tracing
elongated filamentary material rather than distinct compact
cores. This difference likely arises from the varying spatial
filtering and sensitivity between the datasets, as the ALMA
Survey of Star Formation and Evolution in Massive Proto-
clusters with Blue Profiles (ASSEMBLE) data include only the
12 m array, whereas the QUARKS data combine the 12 and
7 m arrays, enabling better recovery of extended emission.

The structure of the paper is as follows. In Section 2, we
present the observations and data used in this study. Section 3
elaborates on the analysis and results obtained from the observed
data. In Section 4, we discuss the overall gas dynamics and the
star formation scenario in the region. Finally, we summarize our
results in Section 5.
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Figure 1. The continuum map of the protocluster at 3 mm (left panel) from the ATOMS survey and 1.3 mm (right panel) from the QUARKS survey. The overlaid
ellipses denote the dense cores (red: protostellar cores, black: prestellar core candidates) identified at 870 pm by F. Xu et al. (2024a). The beam size and a scale bar

are added at the bottom left and right corners of each panel.

2. Observations and Data Reduction
2.1. ATOMS Survey

ALMA data for the protocluster were obtained as part of the
large survey ATOMS (Project ID: 2019.1.00685.S; PI: Tie Liu).
Calibration of the 12 m array data and Atacama Compact Array
(ACA) data was done separately using the Common Astronomy
Software Applications (CASA) package version 5.6 (J. McMullin
et al. 2007), and subsequently the visibility data were combined
and reimaged to recover the extended emission. The maximum
recoverable scale (MRS) of 12 m + ACA combine data reaches
~ 87" (F.-W. Xu et al. 2023). Further details about the survey
and data reduction can be found in T. Liu et al. (2020). All the
images used in our analysis are primary beam corrected. The
3 mm (~99.93 GHz) dust continuum map has a beam size of
234 x 216 is constructed using data from line-free spectral
channels. In this study, we utilized the H"*cO* (1-0), CCH
F(2-1), and CS (2-1) transitions, with spectral resolutions of
0422, 0419, and 2.973km s/, respectively. The velocity-
integrated intensity maps of all the molecules observed in the
ATOMS survey are shown in Figure Al (Appendix A).

2.2. ASSEMBLE Survey

The G318.049+00.086 protocluster was also observed as
part of the ASSEMBLE survey (Project ID: 2017.1.00545.S;
PI: Tie Liu). The MRS of this data is ~ 8'45 (F.-W. Xu et al.
2023). High-density tracers such as H'3CN (4-3) and hot-core
molecular lines like CH;0H (13, ;,—13 13) were employed to
determine the core systemic velocity, with a spectral resolution
of 0.98 km s~ ' (F.-W. Xu et al. 2023; F. Xu et al. 2024a).

2.3. QUARKS Survey

Furthermore, G318.049+00.086 was observed as part of the
QUARKS survey, complementing the ATOMS survey with an
improved angular resolution (~0.3). The corresponding
1.3 mm dust continuum map is prepared from the available
line-free spectral channels (X. Liu et al. 2024). QUARKS
also have ACA observations (F. Xu et al. (2024b), Quarks

paper II). The combined data have an MRS of ~8.45 (F. Xu
et al. 2024b). The ACA observations help to cover the missing
flux up to 30”, which is important to the science goals.

Table 1 summarizes all the lines and continuum data used in
this study, along with their observational parameters.

3. Results

In this section, we present the analyses and results of the
observed data. Filaments were already identified in the region
by using H'*CO™ in a previous study by J.-W. Zhou et al.
(2022). In the following section, we elaborate on retracing the
filament using H'?’CO™ and also on the identification of the
filaments by using the 1.3 mm dust continuum in the region.

3.1. Identification of Filaments

J.-W. Zhou et al. (2022), as part of the ATOMS survey,
identified filamentary structures in this protocluster by applying
the Python-based FilFinder algorithm (E. W. Koch &
E. W. Rosolowsky 2015) on the moment 0 map of H*CO™
emission. In our analysis, the previously identified filamentary
structures were well-reproduced with the same FilFinder
algorithm. The identified filaments are shown in Figure 2(a). In
addition to the main filament spine, Fi1Finder also identifies
extended branches, shown in green, while the longest filament is
highlighted in red (see Figure 2(a)).

We also employed the FilFinder algorithm on the
1.3 mm continuum map obtained in the QUARKS survey, as
the continuum emission has good spatial resolution. The
identified filaments are shown in Figure 2(b). The filaments
were also labeled as F1, F2, F3, and F4. Positions of the cores
identified by F. Xu et al. (2024a) are also marked in the figure.
As can be seen in the figure, 12 out of the 14 identified cores
are associated with these filaments.

In Figure 2(c), we overlaid the filamentary structures
obtained from H'?CO™ and 1.3 mm continuum emission to
examine their spatial correlation. We note that the longest
filaments obtained from both emissions strongly coincide with
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Table 1
Main Molecular Lines Targeted in this Study

Gupta et al.

Species Transition Rest Frequency ov Beam Size rms Spatial Scale
(GHz) (km s~ 1) (arcsec) (mJy beam™ ) (pcz)

ATOMS survey—ALMA Band 3 (12 m + ACA Combined)

3 mm continuum 2.34 x 2.16 0.033 x 0.030

H"*CN (1-0) 86.339918 0.424 234 x 2.16 11.3 0.033 x 0.030

H"*cO* (1-0) 86.754288 0.422 2.66 x 2.52 11.1 0.037 x 0.035

CCH (1-0) 87.316898 0.419 2.63 x 2.50 11.3 0.037 x 0.035

CS (2-1) 97.980953 2.973 2.36 x 2.18 5.0 0.033 x 0.031

ASSEMBLE survey—ALMA Band 6 (12 m only)

CH;0H (131,12-130,13) 342.729781 0.986 1.11 x 0.82 6.5 0.016 x 0.012

H"*CN (4-3) 345.339760 0.980 1.08 x 0.80 6.3 0.015 x 0.011

QUARKS survey—ALMA Band 6 (12 m + ACA Combined)

1.3 mm continuum 0.40 x 0.34 0.0056 x 0.0048

each other. This enables us to perform a comparative structural
and dynamical analysis of the gas within the filaments.

3.2. Column Density Map

For a better understanding of the distribution of the gas, we
constructed the column density map of the protocluster. To
generate the map, we chose the H"3cOo™ line, and it was
derived using the formula obtained under the assumption of
local thermodynamic equilibrium (LTE) and the emission is
optically thin (R. P. Garden et al. 1991),

hB hBJ(J + 1)
3k ,@5+§E).“P07ﬁ7)
8m3B? J+1 1 _ exp(k_?,)
Blex

1
e b dv, 1
XJ@»—J@QfTbV M

where B and p are the rotational constant and permanent
dipole moment of the molecule, respectively, J is the rotational
quantum number of the lower state in the observed transition,
kg is the Boltzmann constant, v is the frequency and 4 is the
Planck constant. Ty, = 2.73 K is the cosmic microwave
background temperature, T}, is the main beam brightness
temperature, and T, 1is the excitation temperature.
J(T) = Tp/(™T — 1) represents the source function, where
To = hv/kg. For this H'¥CO™ (1-0) transition, we used J = 0,
= 3.89 D, and B = 43.377302 GHz (P. Botschwina et al.
1993; Y. Yamaguchi et al. 1994; V. Lattanzi et al. 2007;
P. Sanhueza et al. 2012). With all these values, Equation (1) is
simplified to

N(H3CO") =243 x 10! - (T, + 0.69)

.
1 —exp (—7;‘16)
-1
4.16

——— — 1.16 meb dv.
4.16
exp(T—) -1

@)

Under the assumption of LTE, all levels are populated
according to the same excitation temperature (7.x). In this
calculation, we assume that T, is equal to the dust temperature
of the clump (Tyusp)- meb dv is the integrated intensity of the
H'">CO™ emission. For the construction of the column density
map (N(H"CO™")), we considered only the pixels with
integrated intensity >5¢ in the moment 0 map. The remaining
pixels were masked out from the final map.

Conversion of the N(H'?CO™) column density map into
hydrogen column density (N(H;)) requires the [H"*CcO™ /Hs]
abundance ratio. However, we found that the corresponding
abundance varies from 107" to 10~'? depending on various
physical conditions (e.g., G. A. Blake et al. 1987; M. A. Frer-
king et al. 1987; S. Garcia-Burillo et al. 2000; T. Handa et al.
2006; M. Rodriguez-Baras et al. 2021; S. Zhang et al. 2024,
and references therein). Thus, we derived the N(H,) from
N(H">CO™) using the mean of the reported abundance ratio of
107", The final column density map of the region is presented
in Figure 3. Note that the N(H,) ranges between 0.5 and
4.0) x 10** cm ™2, with the highest being at the hub region.

The derived N(H,) value represents a lower limit to the true
column density, as the assumption of the line to be optically
thin is not always valid, specifically in the dense region (i.e.,
dense cores, discussed in later sections).

If we consider H>CO™ has a moderate opacity (7 ~ 0.5-1.5),
the optically thin assumption would underestimate the column
density by a factor of 7/(1 — e "), corresponding to an increase
of approximately ~27%-93% relative to the optically thin
estimation. This translates directly into a similar increase in the
derived filament mass. Further, we assumed a constant dust
temperature (7y,s) across the region. A plausible uncertainty of
+10 K to our adopted value introduces an uncertainty of
approximately 33% to 36% in the derived N(H,). Specifically,
increasing the temperature by 10 K results in a ~33% increase
in the column density (and mass), while decreasing the
temperature by 10 K leads to a ~36% decrease. Finally, the
conversion from N(H>CO™) to N(H,) depends critically on the
assumed abundance ratio. While we adopted a representative
value of [H13CO+/H2] = 10", reported values span a wide
range from 107'® to 107'% Adopting these extreme values
would decrease or increase the inferred column density by an
order of magnitude, respectively, implying that the total mass
estimates could vary by up to a factor of 10.
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Figure 2. (a) The identified H'*CO™ filaments overlaid on the moment 0 map
of H*CO™ above the 50 level. The red colored filament marks the longest
filament, and the green shows other filaments present in the region.
(b) Displays the filaments (orange lines) identified in the 1.3 mm continuum
emission overlaid on the 1.3 mm dust continuum map of the protocluster. The
primary filaments are also labeled as F1, F2, F3, and F4. (c) Overlay of
H"CO™ and 1.3 mm filaments on H'*CO™ moment 0. In all the panels, the
identified cores by F. Xu et al. (2024a) are shown and labeled.

3.3. Dynamical Properties of Filaments

Figure 4 displays the moment 1 map (intensity-weighted
velocity map) of H'CO™, overlaid with the filamentary
structure from the 1.3 mm continuum, providing insight into
the underlying velocity distribution. It has been reported in
previous studies that the filaments play an important role in
transporting gas and aiding in star formation. To assess such a
possibility, we examined the position—velocity (PV) diagram
of the filaments (S. Kim et al. 2022). The PV diagrams of the
filaments were constructed by determining the centroid
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the moment 1 map of H'"*CO™ (1-0). The olive and green colors mark the
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velocity along each of these filament skeletons. Note that the
four filaments labeled as F1, F2, F3, and F4 converge toward
the central hub region. For convenience, we combined them in
two groups, i.e., F1-F2 and F3-F4, for the construction of the
PV diagrams and also to study the kinematics of the inflowing
gas (see olive skeleton for F1-F2 and green skeleton for F3-F4
in Figure 4). The corresponding PV diagrams are presented in
Figure 5. The starting point for both the PV diagrams was
defined at the eastern end of filaments F1 and F3, respectively.
It can be seen in both the PV diagrams that a global minimum
is present toward the location of the hub, suggesting an inflow
of gas along the filaments toward the hub. This inflow may
facilitate conditions conducive to the formation of massive
stars.

For estimation of the velocity gradients, we performed least-
squares fits to different parts of the PV diagrams signifying the
filaments (see Figure 5). The slopes of these fits represent the
mean velocity gradients. The estimated velocity gradients
along filaments F1, F3, and F4 are 22.5, 22.1, and 10.9 km s7!
pc~!, respectively. The uncertainties for these gradients are
obtained from the error associated with the least-squares fit
(listed in Table 2). Note that we were unable to determine a
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Figure 5. The upper panel shows the PV diagram along the filament path F1
and F2, and the lower panel shows the PV along F3 and F4. The PV diagrams
are uniformly sampled along the filament skeletons with a step size of
0.016 pc, corresponding to half of the synthesized beam size at the source
distance. The velocity error bars represent the standard deviation of the
velocities within each sampled bin along the offset. The vertical-dashed line in
each panel marks the position of the hub. The orange, purple, and red lines
indicate the least-squares fit to the F1, F3, and F4 segments of the PV diagrams
in both panels, respectively.

consistent velocity gradient along the filament F2 due to
significant velocity fluctuations along this filament. J.-W. Zhou
et al. (2022) also found velocity gradients using the H'>CO™
along the largest path in the hub region, following the
filamentary structure from F1 to F4.

Such high velocity gradients within very short distances
(~0.1-0.2 pc) indicate the dominance of gravity on inflow and
accumulation of gas in dense cores or hub regions. In fact,
J.-W. Zhou et al. (2022) noted that in other protoclusters in the
ATOMS sample, the velocity gradients also increase drasti-
cally within shorter separations (~10-40kms™ ' pc™') com-
pared to those derived for larger separations (~1kms~ ' pc™!
at 1.5 pc).

3.4. Mass Inflow Rate along the Filaments

For the estimation of the mass flow along the filaments, we
first derived the mass of the filament segments that show the
velocity gradients. The filament mass was estimated from
the H, column density map. The calculated mass (Mg;) and
line mass (mg;) of the filaments are listed in Table 2. The
uncertainty in Mg, is derived by adopting the uncertainty in
distance to the protocluster (0.5 kpc) and the standard
deviation in H, column density within the filament segment.
The estimated filament masses are typical for galactic
filaments of the order of 100 M. However, the estimated
line mass of the filaments is found to be 992-1746 M, pc !,
which is typical for giant filaments (see A. Hacar et al. 2023,
for details). Such a high concentration of gas in these
filaments is possibly due to their association with the massive
protocluster.

Gupta et al.

To quantify the mass flow along the filaments, we followed
a similar methodology described in H. Kirk et al. (2013).
Assuming a simple cylindrical model, the equation for mass
inflow rate of the axial flow motion can be written as

. V'V My
M= #’ (3)

tan «

where VV| is the velocity gradient measured along the
filament, My, is the mass of the filament segment, and « is the
angle between the axis of the cylinder and the plane of the sky.
The mass inflow rates along the filaments F1, F3, and F4 were
computed using the estimated filament masses and the velocity
gradients (see Table 2), assuming an inclination angle (a) of
45°, and are found to be in the order of 10° M. Myr ' (see
also Table 2 for the exact values). Two extreme cases for «,
i.e.,, 0° and 90°, signify the nonexistence of the observed
velocity gradients along filaments and the nonexistence of the
filaments, respectively. However, such possibilities can be
excluded by the fact that filamentary structures do exist, and
the velocity variation along them is also significantly
measurable. We thus assume tana = 1 in our calculation,
and the estimated velocity gradients and mass inflow rates are
expected to be uncertain by a factor of 2 when the o changes
between 30° and 60° (M. R. A. Wells et al. 2025).

3.5. Gas Infall Rates in Cores

In the previous section, we noted the inflow of gas along the
filaments. It is now important to examine the gas dynamics of
the cores present in this protocluster. For the investigation of
the potential collapse motions within the prestellar and
protostellar cores, we analyze the spectrum of an optically
thick tracer. The spectrum of such a tracer is often useful to
identify the characteristic self-absorption features with asym-
metric double-peaked line profiles. A stronger blue peak in the
double-peaked profile compared to the red one is commonly
referred to as the blue profile and is typically considered the
signature of infalling gas. On the contrary, a double-peaked
profile with a stronger red peak, known as the red profile,
signifies the expanding gas. Occasionally, in the case of
prestellar cores, red and blue profiles may signify infall and
expansion motions, respectively (C. H. De Vries et al. 2002).
Such a profile is generally expected when inversion of the
temperature gradient occurs from the core to the envelope due
to the presence of an external heating source (C. H. De Vries
et al. 2002), but this is not the case here.

In general, tracers like HCO' (1-0) or CS (2-1) are best
suited for this purpose. However, in our protocluster, the
HCO™ line is significantly contaminated by outflow activities
from the embedded protostars, while the CS line has a coarse
spectral resolution of about 3kms~' that can significantly
distort these characteristic features.

Note that J.-W. Zhou et al. (2022) and S. Zhang et al. (2023)
have reported asymmetric and double-peaked profiles in
H"?CO" toward the densest regions in several protoclusters
of the ATOMS survey. Interestingly, we also found asym-
metric blue H'*CO™ profiles for most of the cores, with the Vi,
of the protocluster lying close to the dip between the blue and
red parts, indicating the self-absorption feature, deviating from
its commonly assumed optically thin nature in dense cores. To
further confirm this, we use optically thin tracers: CH3;0H
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Figure 6. Average spectra of H'3*CO™, CCH, and CH;OH (134,12-13,13)for core 8 and H'3CN (4-3) for cores 10 and 13. The spectra of CH;OH (13 15-13 13) and
H°CN (4-3) are fitted with a single Gaussian (red dashed line) to derive the centroid velocity (1) and velocity dispersion (o). The centroid velocity corresponds to
the systematic velocity (Vi) of the cores, which is marked with vertical-dashed lines in all three panels.

Table 2
Derived Parameters of the Filaments, Inflow Rates, and Mass Transfer of the Filaments Feeding the Hub

Filament Lﬁ] Mﬁ[ meg; VV” /WH A}[H,linc A/WH AM
D (pe) M) (M pe™h) (km s~ pc) (M Myr™") (M Myr ' pe™) (M Myr™") M)
(eY) ) 3) ) ) (6) (7N ®) ©

F1 0.07 99 + 33 1414 + 473 17.8 +£ 1.1 1762 + 598 25170 + 8540 352 + 120 7.0 £ 2.4
F3 0.13 227 £ 76 1746 + 585 22.1 +£2.0 5017 £ 1735 41808 4 14458 1003 + 347 20.0 £ 7.0
F4 0.12 119 + 40 992 + 333 10.9 + 0.8 1297 + 445 10808 + 3708 259 + 89 52+ 1.8

Note. (1) Position where the converging flows are measured in Figure 5. (2) Filament length along which the velocity gradient is measured (not corrected for
inclination). (3) Filament mass within Lg;. (4) Line mass of the filament within Lg;. (5) Velocity gradient measured along the filament. (6) Mass inflow rate of the
flow motion along the filament by a simple cylindrical model with tana = 1. (7) Mass inflow rate per unit length. (8) Mass accretion rates assuming an SFE of 20%.

(9) Mass gain by the hub in 2 x 10* yr with the adopted SFE.

(134,12—13¢,13) for the protostellar cores (5, 7, and 8), which is
a tracer of hot cores, and H"3CN (4-3) for the prestellar core
candidates (10 and 13). For other prestellar core candidates,
we could not obtain the H'?CN (4-3) spectra, which might be
because of lower flux level and/or significant missing flux. We
fit Gaussians to the average spectra of these optically thin
tracers to determine the Vi of each core. Figure 6 shows that
the Vi, of these tracers coincides with the dip in the H'3CO™*
profiles for cores 8, 10, and 13, further confirming that the
double-peaked shapes arise from self-absorption and not from
a multicomponent cloud. We also compare other infall
tracers, such as CS, H"’CN (1-0), and CCH, for cores 5 and 7
(Figure C1; Appendix C), which also clearly exhibit infall
profiles. Hence, we infer that similar profiles in other cores
where no spectrum was obtained for an optically thin tracer
also signify the infalling gas. We used the H'>CO™ line to
analyze the infall motions for the cores. The H'?CO™ spectral
profiles of protostellar cores and prestellar core candidates
are shown separately in Figure 7. As can be seen in Figure 7,
protostellar cores 5, 8, and 9 exhibit blue profiles. Among the
prestellar candidates, cores 3, 12, 15, and 16 show blue
profiles, while cores 10, 11, and 13 show red profiles
suggestive of expanding gas.

We also examined the CCH F(2-1) line profile (see Figure 8),
which is reported to be a good tracer for infalling gas motions in
both prestellar and protostellar cores (M. Padovani et al. 2009;
N. Sakai et al. 2010). The line profile of CCH also revealed a
similar behavior, i.e., the V), obtained from the thin tracers
coinciding with the dip in CCH (see Figure 6), with two
additional cores showing blue profiles (core 7 in protostellar and
core 6 in prestellar candidate). This may be attributed to the high
optical thickness of H'*CO" in these regions, which can
suppress the blueshifted emission and thereby obscure typical
infall signatures (E. M. Gregersen & N. J. Evans 2000). The
profiles for all the remaining cores show similar signatures in
both the H*CO™ and CCH spectral profiles.

After successful identification of blue profiles, we went on
to estimate the infall velocity of the gas in these cores. The
infall velocity of the cores with blue profile was determined by
fitting the observed spectral profiles of H'*CO™ and CCH with
the Hill5 infall model (C. H. De Vries & P. C. Myers 2005).
This model is developed for deriving infall velocities in a
contracting molecular cloud by dealing with radiative transfer
processes in two approaching layers whose excitation
temperatures linearly increase toward the inner region (see
C. H. De Vries & P. C. Myers 2005, for details). To reliably
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Figure 7. H'*CO™" spectra of the protostellar cores (left) and prestellar core candidates (right) in the region. The vertical green line shows the Vi, of the protocluster.

determine the infall velocity from the asymmetric line profiles
using the Hill5 model, we applied a signal-to-noise ratio (S/N)
threshold >15 to the observed spectra. The S/N was
calculated based on an rms noise level of 0.27 K, estimated
from the line-free channels using FUNStools.'®

The overall fitting procedure is summarized in Appendix B,
and fitting to the average profile of H>*CO™ for core 9 is shown in
Figure B1 as an example. The best-fit Hill5 profiles overlaid with
the averaged line profiles of H'*CO™" and CCH are shown in
Figures 9 and 10, respectively. In both figures, the red and blue
color fits represent red and blue profiles, respectively. Fit to a few
spectra (cores 7, 10, and 14 for H13CO+, and cores 5, 8, 9, 13,
and 14 for CCH) were unreliable due to the complex nature of
their spectra, and hence, they were excluded from further analysis.
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The resulting infall velocities (V;,) are listed in Table 3. By
convention, positive V;, corresponds to a blue profile, and negative
Vin indicates a red profile. Vi, varies from —0.73 to 1.24 km s ! for
the cores (see columns (4) and (5) of Table 3). Note that for cores
where V,, is derived for both the tracers (cores 10, 11, and 12), the
obtained values are found to be consistent with each other.

The estimated infall velocities were further used to derive the
mass infall rate (M;,) of gaseous material following the equation
(e.g., C. W. Lee et al. 2001; S. Kim et al. 2022; S. Moharana
et al. 2026):

3M;n

in

Min =

Vins “

where My, is the core mass, and R;, is the core radius, adopted
from F. Xu et al. (2024a). The calculated values of M, are
given in Table 3.
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Figure 8. Extracted CCH spectra of the protostellar cores (left) and prestellar core candidates (right). The vertical green line shows the Vi of the protocluster.

We find that cores located in the hub region, namely, cores
5, 7, 8, and 9, exhibit a high-mass infall rate, with values of
54.9, 196.2, 33.1, and 20.1 X 1077 M, yrfl, respectively. In
contrast, cores 10 and 11 (with red profiles) show expansion of
gas at a rate of 68.9 and 39.3 x 107> M, yr ', respectively.
Other cores exhibit comparatively lower infall rates, consistent
with their peripheral positions and possibly earlier evolu-
tionary stages (see Section 4.4 for further discussion).

4. Discussion

In Section 3, we found that there exist at least four filaments
that show evidence of carrying gas to the central hub where
multiple star-forming cores are present. Also, these filaments
are inflowing gas at a rate of more than 10° M., Myr~'. With
such a high gas inflow rate, these filaments are capable of

transporting enough gas to the central hub for the formation of
massive stars. In fact, all the cores located at the central hub
are showing the signature of infalling gas. In this section, we
discuss our overall analyses in terms of the star formation
activity in the protocluster.

4.1. Mass—Radius Relation of the Cores

To further examine the star-forming nature of the cores,
we analyzed their mass—radius relation, which provides
important clues as to whether a core will evolve into a
massive star or into a low-mass star. The mass—radius relation
of all the identified cores in this protocluster is shown in
Figure 11. The shaded region represents the area of low-mass
star-forming cores that do not satisfy the criteria of m(r) >
870 M., (r/pc)'** (J. Kauffmann et al. 2013). It highlights the
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Table 3
Estimated Physical and Dynamical Parameters of the Cores
Core ID Mass Radius Vier Vi(H3CO™) Vin(CCH) M, (H3CO) M,(CCH)
(M) (au) (km s™") (km s~ (km s~ ") (X107 M, yr 1) (x107° M, yr )
1) 2 (3 “ ) (6) @] ®)
5 40+ 2.4 4550 —50.61 1.051012 54.9 4 35.1
6 0.9 + 0.7 4840 0.56793% 6.6 + 5.1
7 9.7 +52 3680 —50.70 1247938 196.2 + 110.9
8 1.0 £ 0.6 1530 —50.18 0.807518 331+ 19.9
9 1.0 £ 0.6 3740 1.08*519 20.1 + 11.0
10 6.0 + 4.1 3360 —49.31 —0.1673%¢ —0.1473%3 —68.9 & 41.7 —46.3 £ 31.7
11 13+£1.0 1530 —-0.735032 —0.737048 —39.3 £ 302
12 1.1+08 3770 0.447598 045754 50436
13 13409 1530 —50.30 —0.497048 —26.4 + 182
14 55435 3740

Note. (1): core IDs. (2) and (3): mass and radius of the cores, respectively, as adopted from F. Xu et al. (2024a). (4): Vi, of each core derived from thin tracer CH;0H
(134,12-13¢,13) and H'3CN (4-3). (5) and (6): infall velocities of the cores derived using the Hill5 model from the average spectra of H*CO™ and CCH, respectively.
(7) and (8): mass infall rates for each of the cores derived from V;,(H'>*CO™) and V;,(CCH), respectively; here, negative mass infall rates correspond to expansion.

domain where low-mass cores are typically found, bounded
below by the gravitational binding limit of ¥ = 0.05 g cm >
(M. R. Krumholz & C. F. McKee 2008). Most of the cores lie
below the critical surface density of ¥ = 1.0 g cm 2
(J. S. Urquhart et al. 2014), suggesting they are associated
with low-mass star formation.

The protostellar core, core 7, residing in the hub region,
exceeds both the surface density threshold and the 8 M, mass
limit, making it a potential candidate to evolve into a massive
star. Note that cores 10, 11, and 14 also lie in the massive star
formation regime but exhibit red profiles, indicating ongoing
mass-loss or mass redistribution possibly to the central hub. To
investigate this further, we look into the dynamical properties
of the host filaments (F3 and F4) of the cores 10 and 11, as it is
important to assess gas dynamics and understand the potential
mass transfer toward the hub.

4.2. Velocity Variation along the Filament

Velocity and density fluctuations along filaments are noted
in several studies (S. Kim et al. 2022; J.-W. Zhou et al. 2022).
Such fluctuations are likely caused by dense structures (i.e.,
cores) embedded within the filaments (H.-L. Liu et al. 2019).
Fluctuations along filaments may indicate oscillatory gas flows
coupled to regularly spaced density enhancements that
probably form via gravitational instabilities (J. D. Henshaw
et al. 2020). Figure 12 presents the intensity and the velocity
distribution (i.e., PV) along the filaments in this protocluster,
including the hub starting from F3 to F4. The velocity
distribution exhibits a global minimum (lower panel), which
spatially coincides with the peak of the integrated H'>CO™
intensity (upper panel), corresponding to the center of the
gravitational potential well (i.e., the hub region). Clear velocity
gradients can be noted on both sides of this hub region (see
Figure 5), and the corresponding gradients were estimated in
Section 3.3.

The positions of the cores are marked by vertical-dashed
lines in Figure 12, with blue dotted—dashed lines representing
the cores within the hub region, red and blue dashed lines
denoting cores exhibiting red and blue-asymmetric spectral
profiles, and pink corresponding to the rest of the cores that lie
along filaments F3 and F4. A clear shallow dip in the velocity
profile is observed at the centroid position of core 11, while

11
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Figure 11. The radii vs. masses of the cores. The red circles mark the
protostellar cores, while the purple circles represent the prestellar core
candidates. The shaded region represents the area of low-mass star-forming
cores that do not satisfy the criteria of m(r) > 870 M, (r/pc)1'33. Surface
density thresholds of 0.05 and 1 g cm ™2 are shown as blue and orange dashed
lines, respectively. The green dotted line is for a core mass of 8 M.

core 10 is located on a steep velocity gradient, and both cores
are located at minima in integrated intensity, suggesting their
dynamical connection with the hub region, i.e., cores 10 and
11 are not gathering a significant amount of the mass. Note that
such a scenario is typically expected for competitive accretion
theory, in which several cores/condensations are expected to
create the global potential to transport gas from the outer part
to its gravitational center (i.e., hub), and feed the cores residing
in the hub.

4.3. Possible Evolution of the Cores

The high velocity gradient and large mass inflow rates
(on the order of 10* M., Myr~") toward the hub suggest that
these filaments are actively feeding material into the central
hub, where the protostellar cores reside. Such inflow can
lead to rapid evolution of cores in the hub, potentially
supporting massive star formation. A high infall rate exceeding
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~1000 M, Myr ' is typically required to form massive stars
before radiative feedback halts further growth (C. F. McKee &
J. C. Tan 2003).

S. D. Doty et al. (2002) estimate that the chemical timescale
relevant for massive star formation ranges between 7 x 10°
and 5 x 10*yr, with a characteristic timescale of approxi-
mately 3 x 10* yr. Similarly, M. R. Krumholz et al. (2009)
suggest that protostellar accretion proceeds smoothly over a
period of roughly 2 x 10* yr. Accumulation of a small fraction
(~20%-30%) of inflowing gas (see Table 2) onto the
individual core during this timescale may lead to a significant
mass growth and potentially lead to the formation of massive
stars or a stellar cluster. This fractional conversion of
inflowing mass into stellar mass is commonly quantified as
the star formation efficiency (SFE). C. D. Matzner &
C. F. McKee (2000) proposed SFE values in the range of
30%-50% for clustered low-mass star-forming regions and

10
0.3 0.4

Offset (pc)

Figure 12. The upper panel shows the distributions of integrated intensity along filament F3-F4, while the lower panel displays the intensity-weighted velocity (PV)
along the same filament using H'>CO " (see Figure 4). In both panels, the values are uniformly sampled along the filament skeletons following the same methodology
as described in Figure 5. The velocity error bars represent the standard deviation of the velocities within each sampled bin along the offset. Blue and red vertical lines
indicate the positions of dense cores with blue and red profiles, respectively, residing along the filament, whereas the magenta vertical line shows the position of the
dense core with a single-peaked profile. The dotted—dashed vertical blue lines in the central part show the positions of the cores associated with the hub.

12

considered this range to represent upper limits for high-mass
environments. Additionally, J. Alves et al. (2007) suggested a
uniform SFE of 30% = 10%, consistent with the observed
shape of the stellar initial mass function (IMF).

For example, F3 has an inflow rate of 5135 M, Myr'. A
core in the hub region with a typical 20% accumulation
efficiency of gas transportation rate of F3 can gain ~20 M, in
just 20,000 yr (M. R. Krumholz et al. 2009), which is
substantial, especially when it already had a seed mass.
Columns (8) and (9) of Table 2 list the mass inflow rates of the
filaments (see Section 3.3), a value of fractional mass inflow
rate to the core assuming an efficiency of 20%, and an
estimation of the core mass that accumulates over a timescale
of 2 x 10*yr with this effective mass inflow.

With a typical conjecture of mass inflow through the
filaments 2 x 10*yr at a constant efficiency of 20%, the
additional mass accreted by the hub would rise by 35 M.,
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while it would increase by 52.5 M, if an efficiency of 30% is
assumed. In both cases, the accumulated mass is sufficient to
form massive stars within the hub.

4.4. Infall and Inflow Rates: An Overview

The global infall rate of (1.56 + 0.03) x 10* M, Myr ',
estimated at a radius of 0.74 pc using the CO (4-3) line by
Y.-H. Yue et al. (2021) provide a large-scale view of accretion
in this system. Zooming into a smaller scale, around 0.3 pc, we
observe the individual filamentary structures feeding the
central hub.

For filament F4, the inflow rate is estimated to be 1297 M,
Myr~'. Core 12, located at the periphery of this filament,
shows a small infall rate of ~50 M., Myr ' (~3% of the total
inflow). Notably, as we move toward the hub region along the
filament, core 13 and core 10 appear to be losing mass (with a
negative infall rate of ~260 and ~500 M. Myr ', respec-
tively), possibly contributing material to the central hub (core
8). These increasing negative infall rates are suggestive of
increasing gravitational potential toward the hub. Within the
hub region, core 8 exhibits the highest infall rate of 330 M,
Myr ', accounting for ~25% of the total inflow—highlighting
significant mass accumulation at the hub.

For filament F3, the estimated inflow rate is 5017 M,
Myr~'. Core 14 shows no significant accretion activity.
Moving toward the hub along the filament, core 11 appears
to be losing mass at a rate of approximately 400 M., Myr ',
likely feeding core 9, which itself is accreting at an infall rate
of 200 M, Myr~'. The contribution from the filament F3 is
approximately 4% to the core 9. For filament F1, the inflow
rate is estimated to be 1762 M., Myr~'. Core 5 is collapsing
with an infall rate of 550 M. Myr ', which corresponds to
approximately 31% of the mass being supplied by the filament.
Core 7 has the highest infall rate of 1962 M., Myr~'. With all
three filaments feeding material to this core together, this
corresponds to 25% of the combined inflow rate. It shows that
in the hub region, the infall rate is very high (4%-27%)
compared to the total inflow rate of their respective filaments.
Note that all these calculations are done in the immediate
vicinity of the adjacent filament.

These results collectively demonstrate a hierarchical mass
accretion structure: at larger scales (R~ 0.74pc), the
accretion rate is on the order of 10* M. Myr™'; at filament
scales (~0.3pc), it drops to 10° M, Myr '; and at core
scales, further down to 10 M. Myr '. This progression
strongly supports the hub—filament paradigm, where gravita-
tional potential wells at the hub center govern the mass flow.
The increasing inflow toward the hub and the transition from
low infall in peripheral cores to enhanced accretion in inner
cores illustrate the dynamic, gravity-driven nature of star-
forming environments.

5. Summary

We investigated the massive protocluster G318.049+4-00.086,
utilizing molecular line and continuum data from the ATOMS,
ASSEMBLE, and QUARKS surveys. This region has been
identified as a hub-filament system. Recently, F. Xu et al.
(2024a) reported the presence of 16 cores within this
protocluster, comprising four protostellar and 12 prestellar core
candidates, with the protostellar ones concentrated in the hub
region.
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Using H*CO™ and CCH spectral line data, along with
1.3 mm continuum emission, we explored the gas dynamics of
the embedded cores and the role of filamentary structures in
the formation and evolution of these cores. Our main findings
are summarized below:

1. The 1.3 mm continuum with higher spatial resolution
reveals four filaments in the densest regions covering the
hub and its vicinity. These filaments (F1-F4) spatially
coincide with the cores near the hub region.

2. The H, column density map was derived from the
N(H"CO™) column density map. While the estimated
filament masses are typical for galactic filaments, about
100 M., the estimated line masses of the filaments are
found to be 992-1746 M., pc~', which are typical for
giant filaments.

3. The velocity gradients along filaments F1, F3, and F4
were 17.8, 22.1, and 10.9 km s_l, respectively, and the
corresponding mass inflow rates were 1762, 5017, and
1297 M, yr .

4. The cores associated with the protocluster show blue-
and red-asymmetric line profiles in both H'>CO™ and
CCH spectra, indicative of infalling and expanding gas.
Interestingly, the majority of the protostellar cores show
blue profiles, a signature of infalling gas. A few
prestellar core candidates located on the filaments
showed red profiles. Infall velocities were determined
using the Hill5 model fits with Markov Chain Monte
Carlo (MCMC) sampling, yielding mass infall rates of
approximately ~(7-196) x 107> M., Myr ™.

5. The mass-radius relation suggests that while most cores
lie in the low-mass star formation regime, those situated
in the high-mass regime predominantly show red
profiles. This scenario possibly signifies that although
they have the potential to form a massive star, they are
significantly losing their mass either in the form of
expansion or to feed the central hub. In fact, PV analysis
confirms that two of these cores are funneling mass into
the hub region, supporting the competitive accretion
scenario.

6. The mass inflow rates along the filaments are consis-
tently higher than the core-level infall rates, suggesting
an ongoing and efficient mass supply mechanism from
large to small scales. If the filamentary accretion
continues uninterrupted, the central hub is expected to
accumulate sufficient mass to support the formation of
massive stars.
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Appendix A
Moment 0 Map of All Line Tracers in ATOMS

To show the comparison between all the molecular lines, we
have overplotted all the cores on the velocity-integrated
intensity map (see Figure Al).

Gupta et al.

The moment 0 maps reveal that many of the molecular tracers,
including HCN, HCO™, CS, and CH;OH, peak toward the core
positions, showing strong spatial correlation with the 3 mm
continuum. This suggests that these lines are closely associated with
ongoing star formation activity. In contrast, tracers like CS, SO, and
SiO show the spatial correlation by showing the shock region and
tracing the same nodes. HCN and HCO™ show a similar correlation
and trace the outflow activity. H>CN, H*CO™, and CCH F(2-1)
show a spatial correlation and trace the same denser region.
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Figure A1. Moment 0 maps of the molecular transitions observed toward G318.049+00.086. The beam sizes are shown in black at the left corner of each subplot.
The color bars indicate integrated intensities in units of Jy beam ' km s~ . The ellipses represent the adopted cores at 870 um by F. Xu et al. (2024a). Red and black
ellipses denote protostellar cores and prestellar core candidates, respectively. Green contours are drawn at the 50 level. The o values for the individual transitions are
10.2, 11.1, 11.7, 10.9, 15.7, 16.1, 4.8, 5.1, and 5.2 Jy beam ™! km s’l, respectively, following the panel order.
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Appendix B
Hill5 Model Fit to the Infall Profiles

The Hill5 model is a simple radiative transfer model used
for deriving infall velocity in a contracting molecular cloud by
dealing with radiative transfer processes in two approaching
layers whose excitation temperatures linearly increase toward
the inner region (see Equation (9) of C. H. De Vries &
P. C. Myers 2005). The model consists of a core with a peak
excitation temperature (Tpea) at the center and an excitation
temperature of T, = O at the near and far edges of the core. The

T =3.57+33]

VISR = —4972t882

Vinfail = 1.08%9:19
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optical depth of the core is 7, and its infall velocity is Vi,gan,
while the systematic velocity of the system is Vi, and both
regions are assumed to have equal velocity dispersion of o for
the observed molecule. These five parameters were set as free
with initial guesses and bounds to fit the observed spectra with
the model.

For robust fitting with accurate estimation of the error of
fitted parameters, the fitting was performed by MCMC
sampling using the emcee'’” Python package (D. Foreman-
-Mackey et al. 2013). The corner plots were generated to check
the posterior probability distributions of parameters for each

—— Observed
=== Hill5 Fit

354 visg=—49.72%33¢ km s~!
Vinfal = 1.081318 km s*
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Figure B1. Determination of infall velocity and local standard of rest velocity of core 9. The corner plots show the posterior probability distributions of parameters.
The blue lines show the median values of the parameters. The best-fit model (red line) is overplotted on the average spectra (black line) at the upper-right corner of
the figure. The vertical green dashed line marks the obtained Vi, from the fit.

'7 https: //github.com/dfm /emcee
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spectrum. In the initial trial, we set the parameter range very
broad to identify the most probable region across possible
local minima. The second trial uses this result to set more
reasonable bounds on the parameters for a final fit. Figure B1
shows the posterior distribution of the parameters in the
second trial, as well as the final fit to the spectra of core 9.

Appendix C
Spectral Profiles of Core 5 and Core 7

Figure C1 presents the averaged spectral profiles of various
molecular tracers for core 5 (left) and core 7 (right). The
optically thin CH30H (13, 1,—13¢,13) line is fitted with a single
Gaussian profile to determine the centroid velocity (u) and
velocity dispersion (o), where p represents the systemic
velocity (Vi) of the core. Comparison with other tracers,
including H"CO™, ¢S, H*CN (1-0), and CCH, reveals clear

Gupta et al.

evidence of infall signatures in both cores. The H'*CN (1-0)
transition exhibits three hyperfine components, with the main
component having an offset from V), which also shows a
signature of infall in both. For core 5, the derived Vi, lies near
the self-absorption dip between the blue and red peaks of
H'*CO™ and CS line profiles, indicating the ongoing infall
motions, while the CCH emission also exhibits a similar
displacement between its peak intensity and V. These
characteristics collectively suggest that the observed line
asymmetries are primarily caused by infall motions rather than
the presence of multiple velocity components along the line of
sight. For core 7, located in the most dense hub region, a
shallow dip is seen in the H'3CO™ profile, while CCH shows a
more prominent blue asymmetry. Although the CCH dip does
not coincide exactly with Vi, it is offset from the line peak;
considering all tracers together, we interpret this as indicative
of infall activity in the core.

Core 5 Core 7
T T
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1 1
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CCH I CCH 1
| |
I I
T T T II T T T T T T II T T T
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Figure C1. The average spectra of CH3;0H (13, 1,—13,,3) and other infall tracers for cores 5 (left) and 7 (right). The CH3;0H (13, ,,-13,,3) line is fitted with a
single Gaussian as shown in red color. The fitted line centroid velocity (i), i.e., the Vi of the core and the velocity dispersion (o) are shown on the right. The vertical

gray dashed line marks the obtained Vi, from the fit.
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