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ABSTRACT

Hub-filament systems (HFSs) are potential sites of massive star formation (MSF). To understand the

role of filaments in MSF and the origin of HFSs, we conducted a multi-scale and multi-wavelength ob-

servational investigation of the molecular cloud G321.93–0.01. The 13CO(J = 2–1) data reveal multiple

HFSs, namely, HFS-1, HFS-2, and a candidate HFS (C-HFS). HFS-1 and HFS-2 exhibit significant

mass accretion rates (Ṁ|| > 10−3 M⊙ yr−1) to their hubs (i.e., Hub-1 and Hub-2, respectively). Hub-1

is comparatively massive, having higher Ṁ|| than Hub-2, allowing to derive a relationship Ṁ|| ∝ Mβ
hub,

with β ∼ 1.28. Detection of three compact H ii regions within Hub-1 using MeerKAT 1.28 GHz radio

continuum data and the presence of a clump (ATL-3), which meets Kauffmann & Pillai’s criteria for

MSF, confirm the massive star-forming activity in HFS-1. We find several low-mass ALMA cores

(1–9M⊙) inside ATL-3. The presence of a compact H ii region at the hub of C-HFS confirms that it

is active in MSF. Therefore, HFS-1 and C-HFS are in relatively evolved stages of MSF, where massive

stars have begun ionizing their surroundings. Conversely, despite a high Ṁ||, the non-detection of

radio continuum emission toward Hub-2 suggests it is in the relatively early stages of MSF. Analysis

of 13CO(J = 2–1) data reveals that the formation of HFS-1 was likely triggered by the collision of

a filamentary cloud about 1 Myr ago. In contrast, the relative velocities (≳ 1 km s−1) among the

filaments of HFS-2 and C-HFS indicate their formation through the merging of filaments.

Keywords: dust, extinction – H ii regions – ISM: clouds – ISM: individual object (G321.93−0.01) –

stars: massive star formation

1. INTRODUCTION

Since last two decades, hub-filament systems (HFSs)

have emerged as the potential sites of massive star for-

mation (MSF; e.g., Myers 2009; Kumar et al. 2020; An-

derson et al. 2021; Bhadari et al. 2022; Dewangan et al.

2017, 2024, and references therein). From the cloud

scale, molecular gas and dust get collected through the

filaments to the hub, as a result, hub becomes the dens-

est region of the system with a typical H2 column den-

sity, N(H2) > 1022 cm−2 (e.g., Treviño-Morales et al.

2019; Wang et al. 2019; Dewangan et al. 2018a, 2023a;
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Seshadri et al. 2024). The higher column density at

the hub leads to a high mass accretion rate onto the

(proto-)stars and, hence, the formation of massive stars

(McKee & Tan 2003; Zinnecker & Yorke 2007; Motte

et al. 2018). A recent study by Kumar et al. (2020)

found a large number (nearly 3500) of HFSs in the

Galactic plane. They also discovered that all massive

stars above 100 M⊙ form inside the hubs. Although

the potential of HFSs in the context of MSF is well

recognized, their origin remains elusive. In this con-

text, ideas such as overlapping or merging of gravita-

tionally unbound flow-driven filaments (Kumar et al.

2020) and collision of molecular clouds (Balfour et al.

2017; Maity et al. 2024) are put forward in recent years

to explain the origin of HFSs. The scenario of overlap-
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ping filaments effectively explains the origin of the HFS

at G083.097+03.270 (Panja et al. 2023). However, rec-

onciling the complex morphologies of HFSs observed in

studies, such as Monoceros R2 (Treviño-Morales et al.

2019), G45.3+0.1 (Bhadari et al. 2022), N159E-Papillon

(Fukui et al. 2019) and N159W-South (Tokuda et al.

2019) with the model of Kumar et al. (2020) can be

challenging. According to Maity et al. (2024), the for-

mation of HFSs from cloud-cloud collision (CCC) is a

combined effect of turbulence, shock compression, mag-

netic fields, and gravity. The connection between CCC

and the presence of HFSs has already been observed in

several Galactic (e.g., SDC13, W31 complex, W33 com-

plex, and AFGL 5180 & 6366S; Peretto et al. 2014; Wang

et al. 2022; Maity et al. 2022; Zhou et al. 2023; Maity

et al. 2023) and extragalactic (e.g., N159E-Papillon and

N159W-South; Fukui et al. 2019; Tokuda et al. 2019)

massive star-forming regions (MSFRs). However, each

molecular cloud has a distinct gas distribution in both

position and velocity space. Therefore, detailed observa-

tional studies of new target sites are essential to enhance

our understanding of the proposed ideas of HFS forma-

tion and, consequently, to obtain comprehensive insights

into the subject. The observational investigations are

also essential to determine how the mass accretion rate

through the filaments affects overall star-forming activ-

ity, including MSF.

Massive stars are known for their tremendous radia-

tive and mechanical feedback, which greatly influences

their parental molecular environment (Strömgren 1939;

Bressert et al. 2012; Dale et al. 2014; Geen et al. 2015).

Therefore, the study of the origin of HFSs and the ef-

fect of mass accretion through the filaments on star-

forming activity demands comprehensive investigations

at the early stages of MSF, which ensures an undis-

turbed molecular environment. MSF begins inside hot

molecular cores (Mayra et al. 1999; van der Tak 2004;

Paron 2024). Later, the intense ultraviolet radiation

from massive stars, beyond the Lyman limit, ionizes the

surrounding gas (Panagia 1973). The compactness of

the ionized (H ii) regions serves as a proxy to detect the

early stages of MSF (see Maity et al. 2023, and refer-

ences therein).

This work involves a multi-scale and multi-wavelength

observational investigation of the molecular cloud

G321.8−0.01 (hereafter, G321), which is at a distance

(d) of about 1.98 kpc (Urquhart et al. 2018). Fig-

ure 1a displays Herschel three-color composite image

(red: 500µm, green: 350µm, and blue: 250µm) of our

target site. Several parsec-scale filaments appear in the

visual inspection of the color composite map. The map

is overlaid with the Sydney University Molonglo Sky

Survey (SUMSS; Bock et al. 1999) 843 MHz radio con-

tinuum emission contours and the position of the APEX

Telescope Large Area Survey of the Galaxy (ATLAS-

GAL) clumps (Urquhart et al. 2018). Earlier studies

toward G321 detected 22 GHz H2O and Class I 95 GHz

CH3OH maser emissions (Walsh et al. 2011; Chen et al.

2011; Yang et al. 2017), marked with the plus symbol

in Figure 1a. Additionally, Yang et al. (2022) detected

outflow signatures in several ATLASGAL clumps, repre-

sented by black asterisks in Figure 1a, which are indica-

tions of ongoing star formation in G321. The presence

of filaments in the Herschel continuum images makes

G321 an ideal site to search for new HFSs and to in-

vestigate their possible formation mechanisms. The ab-

sence of any extended H ii region ensures that the gas

kinematics remain unaffected by feedback from massive

stars. This allows us to explore the initial conditions

of star and/or structure formation within the parental

molecular cloud. Therefore, such source offers a unique

opportunity to study the early stages of HFSs, which is

a challenging task in star formation research. The prox-

imity of G321 (d ∼1.98 kpc) enables the detection and

study of filaments using the SEDIGISM molecular line

data. This study helps to determine the mass accretion

rate through the filaments and understand their impact

on star-forming activity, including MSF.

The structure of this paper is as follows: Section 2

provides detailed descriptions of the dataset used in our

research. Section 3 outlines the major findings. These

findings are analyzed and interpreted in Section 4. This

paper concludes with Section 5, highlighting the princi-

pal conclusions drawn from the results of this study.

2. DATA SETS

In this work, we explored several archival data sets

from different surveys spanning in wavelengths from

near-infrared (NIR) to radio, which are listed in Table 1.

The ionized emission toward our target region is traced

with SUMSS 843 MHz (Bock et al. 1999) and SARAO

MeerKAT Galactic Plane Survey (SMGPS) 1.28 GHz

(Goedhart et al. 2024) radio continuum images. The

rms noise levels (σ) of the SUMSS and SMGPS data

are about 1 mJy beam−1 and 20 µJy beam−1, respec-

tively (Bock et al. 1999; Goedhart et al. 2024). We

used 13CO(J = 2–1) and C18O(J = 2–1) line data

from the Structure, Excitation, and Dynamics of the In-

ner Galactic Interstellar Medium (SEDIGISM; Schuller

et al. 2017) survey to study the gas distribution and

kinematics, and to calculate the mass of the molecular

gas. The native resolution, velocity separation, and rms

noise of these line data are approximately 30′′, 0.25 km

s−1 and 1 K, respectively (see Schuller et al. 2017, for
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more details). To reduce noise and enhance the visibil-

ity of faint or diffuse features in the molecular line data

without significantly distorting the overall structure, the

data were smoothed using a Gaussian function with a

width of 2 pixels (i.e., ∼19′′). The resultant angular res-

olution and rms noise are about 36′′ and 0.35 K, respec-

tively. The Herschel images at 160–500 µm and the AT-

LASGAL 870 µm image are examined for the large-scale

(∼1-10 pc) features in the thermal dust emission. In ad-

dition, these Herschel images are also utilized to produce

the column density (i.e., N(H2)) and dust temperature

(Td) maps (see Section 3.1 for details). For the core-scale

study (∼0.01 pc), high-resolution Band-7 (∼0.88 mm)

images from Atacama Large Millimeter/submillimeter

Array (ALMA; Proposal Id: 2013.1.00960.S, PI: Csen-

geri, Timea) at two different resolutions were collected

from the ALMA Archive1 (see Table 1). The ALMA

observations in two different configurations, the 7 m

and 12 m arrays, provided images with different reso-

lutions. The 12 m array provides higher spatial resolu-

tion, while 7 m array offer better sensitivity for extended

sources. Therefore, the 7 m array and 12 m array to-

gether enable detailed studies of both the diffuse and

compact components of the target. The photometric

magnitudes of point-like sources at 3.6, 4.5, and 5.8 µm

were acquired from Spitzer GLIMPSE-I Spring ′07 cata-

log. Additionally, we collected Vista Variables in the Vı́a

Ĺıactea (VVV) Ks band image and photometric magni-

tudes of point-like sources in the H and Ks bands from

the VVV Data Release 5 (DR5; McMahon et al. 2021).

For bright sources that are saturated in the VVV sur-

vey, we used photometric data from Two Micron All Sky

Survey (2MASS; Minniti et al. 2010, 2017).

3. RESULTS

3.1. Physical environment of G321

Star-forming activity is closely related to the density

and temperature of the medium. Figures 1b and 1c

present the N(H2)) and Td maps for our target area, re-

spectively, with a resolution of about 12′′. These maps

were derived from Herschel images using the tool hires

(Men’shchikov 2021). The N(H2) map clearly shows the

presence of filaments in the area of our interest. The

N(H2) value toward the position of the ATLASGAL

clumps is above 2× 1022 cm−2, while the filaments are of

relatively lower column density. The dust temperature

toward the filamentary structures observed in theN(H2)

map is about 15 K. A relatively higher Td (i.e., ∼20 K) is

observed toward the high-column density regions, which

1 https://jvo.nao.ac.jp/portal/alma/archive.do

are shown with yellow arrows in Figure 1b. The SUMSS

radio continuum emission is detected exclusively toward

these regions. On the other hand, the high-column den-

sity regions, which are marked with cyan arrows in Fig-

ure 1b, are relatively cooler, and their Td is about 10

K. The availability of the MeerKAT 1.28 GHz high-

resolution radio continuum image reveals the presence

of four compact H ii regions (see H ii-1–H ii-4 in Fig-

ure 1c). Their effective radii (RHII), total flux density

(Sν), and dynamical timescale (tdyn) are listed in Ta-

ble 2 (see Appendix B for details).

The large-scale molecular gas distribution toward

G321 is presented in Figure 2 using SEDIGISM 13CO(J

= 2–1) data. Figure 2a is the 13CO(J = 2–1) integrated

emission (i.e., the moment-0) map for the velocity (vlsr)

range [−38.25, −27.25] km s−1, showing the morphology

of the molecular cloud in the plane of sky. The dotted

rectangle highlights the area covered in Figure 1a for

Herschel continuum images. The peak emission map

is displayed in Figure 2b. Both Figures 2a and 2b re-

veal intense molecular emission toward the position of

the ATLASGAL clumps and the presence of several fila-

mentary structures similar to those observed in the dust

continuum images in Figure 1a. The intensity-weighted

velocity (i.e., the moment-1) map and the velocity map

corresponding to the peak intensity (referred to as the

‘peak velocity map’) are presented in Figures 2c and

2d, respectively. The moment-1 map displays the spa-

tial distribution of overall gas velocity and provides the

first hint about the presence of two velocity components,

which appear in blue and red. The peak velocity map

indicates that the filamentary structures observed in the

peak intensity map have quite similar velocities across

their length. This feature has been well reflected in Fig-

ure 3, which presents the moment-0 maps of 13CO(J =

2–1) emission at vlsr from−38.25 to−27.25 km s−1, with

an interval of about 0.75 km s−1. This image reveals

how the gas velocity changes over cloud structures. The

narrow integration range (i.e., < 1 km s−1) ensures that

the gaseous structures observed in Figure 3 are velocity-

coherent features of the molecular cloud.

3.2. Detection of filament skeletons and the

distribution of color excess sources

The visual inspection of the Herschel continuum im-

ages in Figure 1a and the molecular gas emission in Fig-

ures 2 and 3 indicate the presence of filaments in our

target area. To identify the filament skeletons, we uti-

lized getsf (Men’shchikov 2021) on the 13CO(J = 2–1)

moment-0 map, shown in Figure 2a. The getsf tool re-

quires four inputs to function: the distance to the source,

the angular resolution of the image, and a rough estima-
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Table 1. List of archive data sets utilized in this work.

Survey Wavelength/Frequency Resolution (arcsec) Reference

/line(s) /Beam size (arcsec2)

SARAO MeerKAT Galactic Plane Survey (SMGPS) 1.28 GHz ∼8×8 Goedhart et al. (2024)

Sydney University Molonglo Sky Survey (SUMSS) 843 MHz ∼45×63 Bock et al. (1999)

SEDIGISM 13CO/C18O (J = 2–1) ∼30 Schuller et al. (2017)

Atacama Large Millimeter/submillimeter Array (ALMA) 879 µm ∼4.9×3.1 and 0.33×0.16 Pro. Id: 2013.1.00960.S

ATLASGAL 870 µm ∼18.2 Schuller et al. (2009)

Herschel Infrared Galactic Plane Survey (Hi-GAL) 160, 250, 350, and 500 µm ∼12, 18, 25, and 37 Molinari et al. (2010)

Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE) 3.6, 4.5, 5.8 µm ∼2 Benjamin et al. (2003)

Vista Variables in the Vı́a Ĺıactea (VVV) 1.6 and 2.2 µm ∼0.8 Minniti et al. (2010)

Two Micron All Sky Survey (2MASS) 1.6 and 2.2 µm ∼2.5 Skrutskie et al. (2006)

Table 2. Physical parameters of the H ii regions.

H ii Regions RHII (pc) Sν (mJy) log(Nuv [s−1]) tdyn (Myr)

H ii-1 0.05 0.34 44.02 0.02

H ii-2 0.22 13.32 45.61 0.12

H ii-3 0.34 25.67 45.89 0.22

H ii-4 0.09 6.17 45.27 0.03

tion of the widths of the largest filament and core. In

this case, the distance of the source and the angular

resolution of the image are 1.98 kpc (Urquhart et al.

2018) and 36′′, respectively. Through visual inspection

of the moment-0 map in DS92, we estimated the widths

of the largest filament and core to be 260′′ and 160′′,

respectively. The last two inputs are required to set a

cutoff during successive unsharp masking to prevent de-

composition to a very large scale (Men’shchikov 2021).

The getsf-identified filament skeletons (on the scale of

204′′) are highlighted in Figure 4a over the 13CO(J =

2–1) moment-0 map. Several parsec-scale filaments are

found to converge at two distinct junctions, character-

ized by intense molecular emission and high N(H2) val-
ues (see the arrows in Figure 4a), which perfectly match

the definition of HFS (see Myers 2009). Therefore, at

least two HFSs, named HFS-1 and HFS-2, are detected

using getsf in our target area. The hubs corresponding

to HFS-1 and HFS-2 are labeled as Hub-1 and Hub-2,

respectively, in Figure 4a. The detection of two HFSs to-

ward G321 is an interesting finding considering the fact

that there are only a few sources reported in the liter-

ature with more than one large-scale HFS (> 1 pc) in

the same star-forming site, such as IC 5146 (Wang et al.

2019; Dewangan et al. 2023b), G45.3+0.1 (Bhadari et al.

2022), and Galactic ‘Snake’ (Dewangan et al. 2024).

The high-density regions are susceptible to star-

forming activity, which can be inferred from the detec-

2 https://sites.google.com/cfa.harvard.edu/saoimageds9

tion of embedded protostars or Class I young stellar ob-

jects (YSOs), which show infrared excess due to their en-

velopes and the dusty circumstellar disks (Povich et al.

2011; Sharma et al. 2017). We have utilized Spitzer pho-

tometric data (at 3.6–5.8 µm) to detect Class I YSOs

in our target site, considering point-like sources with a

photometric magnitude error of 0.2 mag or less. Pre-

vious studies of Hartmann et al. (2005) and Getman

et al. (2007) showed that Class I YSOs can satisfy the

color conditions: [4.5] − [5.8] ≥ 0.7 and [3.6] − [4.5] ≥
0.7. The positions of 61 Class I YSO candidates are

displayed on the 13CO moment-0 map in Figure 4b,

within the yellow-dotted region. Several YSO candi-

dates are detected toward both hubs (Hub-1 and Hub-

2; see Figure 4a) and the filaments. Interestingly, we

observe a relatively large number of YSO candidates to-

ward Hub-1 compared to Hub-2. In Figure 4c, we have

visually marked the extent of Hub-1 and Hub-2 with

two blue circles of sky-projected radii about 2.1 and 1.4

pc, respectively. Hub-1 and Hub-2 are zoomed-in using

the VVV Ks band image in the top-left and bottom-

right insets, respectively. The superior spatial resolu-

tion and sensitivity of the VVV Ks band image reveal

many point-like sources compared to the Spitzer images

(not included here) for both hubs. The red rectangles

overplotted on the VVV Ks band images in the insets of

Figure 4c highlight the sources with color excess, where

H−Ks > 1.8. This cutoff value has been obtained from

the color-magnitude analysis of a nearby control field

(size ∼4′.5 × 4′.5, centred at l = 321◦.724 and b = −0◦

.225). This cutoff value of 1.8 was utilized to detect the
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color excess sources for the MSFR toward l = 345◦.5 and

b = 0◦.3 in the study of Dewangan et al. (2018a). The

better photometric depth of the VVV data allows the de-

tection of 140 color excess sources toward Hub-1 and 32

for Hub-2. Since all these NIR color-excess sources are

distributed toward regions of intense molecular emission,

it is unlikely that they are foreground or background

sources; therefore, they can be considered YSO candi-

dates. The use of 2MASS data for bright sources adds

6 more unique color excess sources for Hub-1, while it

does not contribute any additional color excess sources

for Hub-2.

3.3. The physical properties of the molecular cloud,

hubs, and the filaments

In this section, we estimate the mass of the molecular

cloud, hubs, and the filaments. We also determine the

line-mass of the filaments and the mass accretion rate

along them toward their hubs in HFS-1 and HFS-2.

3.3.1. Mass estimation using SEDIGISM 13CO(J = 2–1)
and C18O(J = 2–1) data

The 13CO column density (i.e., N(13CO)) can be cal-

culated using the equation form Mangum & Shirley

(2015),

N(13CO)=
3h

8π3µ2
dmS

Qrot

gJ

exp
(

Eup

kTex

)
exp

(
hν

kTex

)
− 1

(1)

× 1

J(Tex)− J(Tbg)

τ13
1− exp(−τ13)

∫
Tmb dv,

with an assumption that the system is in local ther-

modynamic equilibrium. Here, Tex and Tbg stand

for the excitation temperature related to our target

source and the cosmic microwave background temper-

ature, respectively. Tmb represents the main beam tem-

perature of the line emission. J(T ) is the Rayleigh-

Jeans equivalent temperature, which is defined as

(hν/k)/(exp(hν/kT )− 1). The energy of the upper

state, its degeneracy, and the line strength are denoted

with E, gJ, and S, respectively. For the J = 2− 1 tran-

sition, gJ = 2Ju + 1 = 5 and S = Ju/(2Ju + 1) = 2/5.

The rotational partition function (Qrot) is approximated

to be KT/hB+1/3 (McDowell 1988; Yuan et al. 2016),

where B is the the rotational angular momentum con-

stant. From the Jet Propulsion Laboratory (JPL) spec-

troscopic database3 (Pickett et al. 1998), we obtained

B = 55101.011 MHz and the dipole moment, µdm =

0.11046 Debye for 13CO molecule. The optical depth

3 https://spec.jpl.nasa.gov/ftp/pub/catalog/catdir.html

for the 13CO(J = 2–1) emission (τ13) can be estimated

from the ratio of the line peak intensities of 13CO(J

= 2–1) and C18O(J = 2–1) data (see Miettinen 2012;

Mangum & Shirley 2015; Liu et al. 2020),

Tmb(
13CO)

Tmb(C18O)
≈ 1− exp(−τ13)

1− exp(−τ13/R)
, (2)

where, R (= 7.4; Areal et al. 2018) is the isotopic ratio

of 13CO and C18O. The τ13 values are numerically cal-

culated using Equation 2 for pixels with peak intensities

greater than 3σ, where 1σ = 0.35 K for both the 13CO

and C18O data (see Section 2). The τ13 map and its

statistics are included in Appendix A (see Figure A1a).

Then, we obtained the N(13CO) values using Tbg = 2.73

K, Tex = 15 (20) K, the integrated 13CO(J = 2–1) emis-

sion, and the τ13 values in Equation 1. The N(13CO)

values are then converted to N(H2) for N(H2)/N(13CO)

= 7 × 105 (e.g., Frerking et al. 1982). The N(H2) map

and its statistics for Tex = 15 K can be found in Fig-

ure A1b in Appendix A. Figure A1 shows that estima-

tions of τ13 and the corresponding N(H2) are unavail-

able for many pixels due to the absence of C18O(J =

2–1) emission above 3σ. Hence, we have established

the relationship, N(H2) ∼ 1.173(1.176)× 1021 cm−2 (K

km s−1)−1 for Tex = 15(20) K, by comparing the total

N(H2) and 13CO(J = 2–1) moment-0 values for pixels

where N(H2) values are available. This relationship be-

tween N(H2) and
13CO(J = 2–1) moment-0 value is in

good agreement with the result of Schuller et al. (2017)

and is used to derive the N(H2) values for the entire

molecular cloud. However, it is important to note that

our estimated N(H2) values are uncertain by a factor of

a few, which will propagate to all the physical parame-

ters calculated based on this N(H2) values.

The knowledge of N(H2), the mean molecular weight

(µ; assumed to be 2.8mH from Kauffmann et al. (2008);

where mH is the mass of a hydrogen atom), and the

distance of the the molecular cloud (i.e., d = 1.98 kpc)

allows for the calculation of its total mass. The com-

puted mass will have an uncertainty of a factor of a

few, mainly due to the uncertainty in N(H2). For the

moment-0 values above 3σ (see Figure 2), the total mass

of the molecular cloud is about 7.93(7.91)× 104 M⊙ for

Tex = 15 (20) K, respectively. Similarly, the total mass

of Hub-1 and Hub-2 are estimated to be nearly 1.60×104

M⊙ and 3.81 × 103 M⊙, respectively. There is no sig-

nificant difference in the masses of the hubs for Tex =
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15 and 20 K, up to two decimal places. The red circles4

with a diameter of about 12 pixels (i.e., ∼1.1 pc; see

Figure 4c) along the filaments are utilized to extract the

velocity profile along the length of the filaments, which

are detailed in Section 3.3.2. We calculated the mass

of these filaments (i.e., F1–F7) for Tex = 15 K, using

the total 13CO(J = 2–1) moment-0 values, covered with

the red circles. The length (LFil), mass (MFil), and

line-mass (i.e., (M/L)Fil) of the filaments are listed in

Table 3. Based on the (M/L)Fil values, the stability of

the filaments is discussed in Section 4.1.

3.3.2. Estimation of the mass accretion rate through the
filaments to the hubs

The mass accretion rate (Ṁ||) along the filament is a

key parameter for the HFSs. Hence, we calculated Ṁ||
using the equation from Kirk et al. (2013),

Ṁ|| =
∇V obs

|| MFil

tan(α)
, (3)

where, ∇V obs
|| represents the observed velocity gradient

along the filament, and α is its angle relative to the plane

of the sky. The average velocity for the circular regions

of filaments F1–F7 (see Figure 4c) is estimated by fit-

ting Gaussians to their velocity profiles and is shown

as a function of distance from their hubs in Figure 5.

We then applied a linear fit (see the red lines) to the

average velocity distribution along the length of the fil-

aments to estimate ∇V obs
|| . The velocity dispersion for

these regions is indicated using a color scale, and the

average velocity dispersion (σFil
avg) for F1–F7 is listed in

Table 3. The physical association of filament F4 with

both Hub-1 and Hub-2, along with the presence of a

dense fragment (as detailed in Section 3.4), complicates

the velocity distribution along the filament, making it

impractical to apply the simple mass accretion model

proposed by Kirk et al. (2013). The moment-0 maps for

narrow velocity integration ranges (see Figure 3) do not

show a clear signature of filament F7; hence, the detec-

tion of this filament is highly doubtful. Therefore, the

velocity gradients for filaments F4 and F7 have not been

calculated. The finite LFil and ∇V obs
|| indicate that α

is neither close to 0◦ nor 90◦ for the filaments F1, F2,

F3, F5, and F6. Hence, assuming α = 45◦ and using

MFil and ∇V obs
|| in Equation 3, we obtained their Ṁ||

values, which are listed in Table 3. The Ṁ|| varies from

1.61 × 10−3 to 11.25 × 10−3 M⊙ yr−1 for the filaments

4 By comparing the filament F6 observed in Figures 3k and 3l, we
noticed that the getsf-identified skeleton for F6 is not accurate.
Consequently, we manually selected the first four circular regions
of F6 toward Hub-2.

F5 and F3, respectively. The combined Ṁ|| in Hub-1

through filaments, F1, F2, and F3 is about 26.35×10−3

M⊙ yr−1. However, for Hub-2, combined Ṁ|| through

filaments, F5, and F6 is about 4.17 × 10−3 M⊙ yr−1.

Our estimated mass accretion rate can vary by a factor

of 0.58 to 1.73 for α = 30◦ to 60◦. It is important to note

that the getsf-estimated average width of the filaments is

about 1.8 pc. However, to avoid contamination from the

surrounding molecular gas and to better determine the

average velocity, we selected circular regions with a rela-

tively smaller diameter (∼1.1 pc). This same width was

used to calculate the total mass of the filaments; hence,

our reported values of MFil and Ṁ|| represent lower lim-

its. It is important to note that the analytical model by

Kirk et al. (2013) is simplistic, assuming filaments as

cylinders of uniform density and neglecting the effects

of core formation and stellar feedback. Hence, the vary-

ing density of the filament, the formation of its core, and

the influence of stellar feedback can impact the velocity

profile along the length of the filament. Furthermore,

any deviation from the ideal cylindrical shape will result

in different projection angles at various points along the

filament, thus affecting its velocity profile. These fac-

tors prevent a perfect linear fit of the average velocity

plot, as seen in Figure 5. Therefore, a better model is

necessary for more precise results.

3.4. Study of the hierarchical structures form clump-

to the core-scale

Star-forming molecular clouds often exhibit hierarchi-

cal density structures. To reveal the same in our tar-

get site, we performed a dendrogram analysis using the

Python-based tool astrodendro5, which can be applied to

astronomical 2D images as well as 3D (position-position-

velocity) data cubes (Rosolowsky et al. 2008; Goodman

et al. 2009; Burkhart et al. 2013). For 2D images, astro-

dendro requires three input parameters: 1. min value,

the minimum flux density for pixels to be included in

a structure, 2. min delta, the minimum peak density

difference required between two potential structures to

consider them separate entities, and 3. npix, the min-

imum number of pixels necessary to form the smallest

possible structure. The physical interpretation of these

input parameters is illustrated in detail using a cartoon

diagram in Figure 6 of Chen et al. (2018). Based on the

inputs, astrodendro provides a hierarchical tree structure

composed of branches and leaves. Branches, which are

larger and fainter structures, are positioned lower in the

tree and can break down into new branches and leaves.

5 https://dendrograms.readthedocs.io/en/stable/index.html
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Table 3. Physical properties of the filaments.

IDs Associated with LFil MFil (M/L)Fil σFil
avg ∇Vobs

|| Ṁ||
(M/L)Fil

(M/L)turcrit

(pc) (× 103M⊙) (× 102M⊙ pc−1) (km s−1) (km s−1pc−1) (×10−3M⊙ yr−1)

F1 Hub-1 12.08 6.88 5.70 1.11 0.12 8.43 1.0

F2 Hub-1 3.20 2.84 8.88 1.24 0.23 6.67 1.2

F3 Hub-1 4.50 3.55 7.89 1.25 0.31 11.25 1.1

F4 Hub-1 & 2 4.35 4.53 10.41 1.29 — — 1.3

F5 Hub-2 2.23 1.58 7.09 1.05 0.10 1.61 1.4

F6 Hub-2 8.92 2.78 3.12 1.27 0.09 2.56 0.4

F7 Hub-2 4.90 2.90 5.92 1.79 — — 0.4

Leaves are small, bright structures at the tips of the tree

that do not subdivide.

3.4.1. Clump-scale hierarchical structures in ATLASGAL
870 µm continuum image

We performed the dendrogram analysis on the AT-

LASGAL 870 µm continuum image to study clump-scale

(∼1 pc) structures in the rectangular area highlighted in

Figure 3g. The input parameters for astrodendro were

min value = 3σ and min delta = 1σ (∼60 mJy beam−1).

The npix value was set to be 22, corresponding to twice

the beam area of the ATLASGAL data. The hierarchi-

cal structures, i.e., the branch and leaves identified in

the ATLASGAL continuum image, are highlighted us-

ing red and cyan contours in Figure 6a, respectively. The

radii of these structures are calculated as R =
√
A/π,

where A is the exact area. After correcting R for the

ATLASGAL beam size, we have listed the deconvolved

radii as Reff in Table 4, along with the values of A and

Sν . Reff ranges from 0.24 to 0.92 pc. The extent of the

hubs (as shown in Figure 4c) is marked using dotted cir-

cles in Figure 6a. Hub-1 hosts the largest structure (i.e.,

ATLASGAL Branch (ATB)-1; Reff = 0.92 pc), which is

further fragmented into two leaves, namely ATLASGAL

Leaf (ATL)-3 and ATL-4. ATL-6 resides within Hub-2,

and ATL-5 is projected over filament F4, which connects

both the hubs. We have estimated the average Td for

the branch and the leaves (for their area depicted in Fig-

ure 6a) from the Herschel dust temperature map, which

are specified in Table 4.

The knowledge of Sν , Td, and d of these structures al-

lows the estimation of their total mass using the formula

from Hildebrand (1983),

M =
Sν d2 Rt

B(ν,Td) kν
, (4)

where, B(ν,Td), Rt, and kν are Planck function, gas-to-

dust mass ratio, and dust absorption coefficient, respec-

tively. For ATLASGAL 870 µm (i.e., 344.59 GHz) emis-

sion, k870µm344.59 GHz is about 1.54 cm2 g−1, derived from the

relation kν = 10 (ν/1.2 [THz])
1.5

(Hildebrand 1983; Li

et al. 2020). Then, using average Td values, d = 1.98

kpc, and Rt = 100 (e.g., Weingartner & Draine 2001;

Mutie et al. 2021) in Equation 4, we estimated the

mass of the dendrogram structures. The M–Reff plot

for the astrodendro-identified structural components are

shown in Figure 6b. The blue dashed line indicates

the Kauffmann & Pillai (hereafter, KP-10) condition

for MSF, i.e., M(R) > 870 M⊙ (R/pc)1.33 (Kauff-

mann & Pillai 2010). For the dust opacity value used

in this paper, the mass coefficient provided by Kauff-

mann & Pillai (2010) is reduced by a factor of 1.249.

Hence, the modified KP-10 (hereafter, mKP-10) condi-

tion for MSF is M(R) > 697 M⊙ (R/pc)1.33 (Kauff-

mann & Pillai 2010). The white region above the gray-

shaded area in Figure 6b satisfies the mKP-10 condi-

tion. Branch-1 and its associated ATL-3 significantly ex-

ceed the mKP-10 limit, while ATL-4, ATL-5, and ATL-

6 are positioned near the threshold for MSF. On the

other hand, ATL-2 significantly falls below the mKP-

10 limit. Furthermore, assuming the structures to be

spherical, we can derive their density and column den-

sity using the formulas: n = 3M/4πµmHR
3
eff (Li et al.

2020) and N(H2) = M/πµmHR
2
eff (Bhadari et al. 2023),

respectively. The mass, density, and column density

of all the dendrogram structures are listed in Table 4.

These structures have a density of about 104 cm−3, with

N(H2) > 1022 cm−2. The typical error in the mass es-

timation is about 20%, considering the uncertainties in

Td, Sν , and d are about 10%, 15% (Schuller et al. 2009),

and 6% (Urquhart et al. 2018), respectively. The den-

sity and column density have similar uncertainties as the

mass of the structures. Given that kν and Rt = 100 can

have significant uncertainties (see Li et al. 2020), the

20% error should be considered a lower limit, and the

actual error could be several times larger.

3.4.2. Core-scale hierarchical structures in ALMA Band-7
data
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The area covered by the blue circle within ATL-3 (see

Figure 6a) is zoomed-in in Figure 7a using ALMA Band-

7 continuum data (beam size ∼4′′.9 × 3′′.1). A single

structure is traced in the ALMA data at this angular res-

olution above the 3σ limit (where 1σ ∼40 mJy beam−1),

which is highlighted with the yellow contour. The star-

forming activity of this structure is revealed through the

detection of Class I YSO candidates, as well as 22 GHz

H2O and Class I 95 GHz CH3OH maser emissions to-

ward it (see Figure 7a). The total flux density for the

structure is calculated to be about 4.43 Jy. Following

the formulas described in Section 3.4.1, we calculated

the basic physical parameters for this structure, which

are Reff ∼0.07 pc, M ∼139 M⊙, n > 106 cm−3, and

N(H2) > 1023 cm−2. Here, Reff is the geometric mean

of the semi-major and semi-minor axis corresponding to

the exact area of the structure, after being corrected

for the beam size. For the mass estimation, we used

k880µm341.06 GHz = 1.52 cm2 g−1 and the average dust tem-

perature of ATL-3 (i.e., Td = 18 K). The availability of

ALMA Band-7 continuum image with a better resolu-

tion (beam size ∼0′′.33 × 0′′.16) allowed us to further

zoom-in on the area covered by the red dotted circle

in Figure 7a. The zoomed-in image is shown in Fig-

ure 7b. To explore the hierarchical structures at the

core scale (i.e., ≲ 0.01 pc), we utilized astrodendro on

the ALMA Band-7 high-resolution image. The input

parameters for the astrodendro analysis were min value

= 3σ, min delta = 1σ (∼2 mJy beam−1), and npix =

138, corresponding to twice the beam area of the ALMA

data. Similar to Figure 6a, the astrodendro-identified

branches and leaves are highlighted in the ALMA Band-

7 continuum image using red and cyan contours, respec-

tively (see Figure 7b). The positions of the Class I YSO

candidates, 22 GHz H2O, and 95 GHz Class I CH3OH

maser emissions are overlaid in Figure 7b. This overlay

emphasizes the spatial association between the ALMA

branches and leaves, the YSO candidates, and the maser

emissions. The dendrogram tree obtained from the as-

trodendro analysis of the ALMA data is shown in Fig-

ure 7c. This tree illustrates how the branches are further

fragmented into branches and/or leaves. We have esti-

mated physical parameters for the branches and leaves

using the same input parameters as earlier for the low-

resolution ALMA data, and these parameters are listed

in Table 5. The mass of the branches varies from 8 to

33 M⊙, while the mass of the leaves is less than 10 M⊙.

The density of these structures is about 107 cm−3, and

N(H2) > 1024 cm−2. The uncertainties in Td, Sν , d, kν ,

and Rt propagate to a minimum uncertainty of ∼50% in

the estimation of mass, density, and column density of

the ALMA cores (see Sanhueza et al. 2017; Barnes et al.

2021, for details). The M–Reff plot of the astrodendro-

identified structural components from the ALMA low-

and high-resolution data is shown in Figure 7d, along

with their host ATLASGAL Branch (i.e., ATB-1) and

Leaf (i.e., ATL-3). All the structures, from ATB-1 to

the ALMA leaves/cores, satisfy the mKP-10 condition

for MSF.

3.5. Identification of different velocity components and

their spatial distribution

As mentioned earlier in Section 3.1, the moment-1

map of 13CO(J = 2–1) emission indicates the presence

of two distinct velocity components, represented in col-

ors blue and red (see Figure 2c). To identify the dif-

ferent velocity components of the molecular cloud, the

Galactic longitude–velocity (i.e., l–v) diagram is pro-

duced using the 13CO(J = 2–1) data, which is displayed

in Figure 8a. The integration range in the Galactic lati-

tude is [−0◦.41, 0◦.37], while extracting the l–v diagram.

The dotted yellow line in Figure 8a separates two veloc-

ity components at about −35.25 km s−1. The velocity

range and peak velocity of the blue-shifted component

are [−38.25, −35.50] and −36.75 km s−1, respectively,

while for the red-shifted component, the velocity range is

[−35.25, −27.25] km s−1, with a peak velocity of −32.25

km s−1. The spatial distribution of the blue- and red-

shifted components is shown using their integrated emis-

sion maps in a two-color composite image in Figure 8b.

It is evident from the integrated emission map of the

red-shifted component (shown in red in Figure 8b) that

both the HFSs are part of this cloud component. Inter-

estingly, the integrated emission map of the blue-shifted

component reveals the presence of a filamentary cloud.

Based on the total moment-0 values of the blue-shifted

cloud component for the areas bounded by the yellow

lines, the total mass of this component is calculated to be

about 3.2 ×102 M⊙. The red-shifted component shows a

spatial fit between its high-intensity region and the low-

intensity regions of the blue-shifted filamentary cloud.

This feature is referred to as complementary distribution

in the literature (see Maity et al. 2023, and references

therein). To obtain a more compelling demonstration

of this complementarity, we moved the red-shifted cloud

component in various directions. Based on visual in-

spection, the best alignment is achieved by shifting the

red-shifted component about 4.2 pc to the south-west,

as shown in Figure 8c. The shift estimation is uncertain

due to the error in the source distance and our limited

knowledge of the exact morphology of the cloud compo-

nents at the time of collision. The former contributes an

uncertainty of 6% in the shift estimation, while the lat-
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Table 4. Physical parameters for the astrodendro-identified hierarchical structures in ATLASGAL 870 µm continuum image.

IDs Type Exact Area Reff Sν Td Mass Density log(N(H2) [cm
−2])

(× 103 arcsec2) (pc) (Jy) (K) (M⊙) (× 103 cm−3)

1 Branch 29.1 0.92 46.10 17 1532 6.8 22.41

2 Leaf 2.2 0.24 2.09 17 70 17.3 22.23

3 Leaf 7.0 0.44 24.64 18 749 29.6 22.73

4 Leaf 2.3 0.25 4.15 15 168 38.7 22.59

5 Leaf 4.7 0.36 5.52 14 251 18.6 22.44

6 Leaf 8.0 0.48 7.27 14 332 10.7 22.32

Table 5. Physical parameters for the astrodendro-identified hierarchical structures in ALMA Band-7 continuum image. Dust
temperature for ATL-3 (i.e., Td = 18 K) is utilized for the determination of mass of all the structures (i.e., branches and leaves).

IDs Type Exact Area Reff Sν Mass Density log(N(H2) [cm
−2])

(arcsec2) (× 10−3 pc) (Jy) (M⊙) (× 106 cm−3)

1 Leaf 0.67 4.3 0.10 3.0 14.0 24.39

2 Leaf 0.38 3.2 0.05 2.0 16.9 24.34

3 Leaf 0.17 1.9 0.03 1.0 45.8 24.57

4 Branch 5.68 12.9 1.07 33.0 5.4 24.46

5 Leaf 1.10 5.6 0.18 6.0 11.1 24.40

6 Leaf 0.24 2.4 0.05 2.0 42.3 24.61

7 Branch 1.78 7.1 0.50 16.0 15.0 24.64

8 Leaf 0.41 3.3 0.15 5.0 46.4 24.79

9 Leaf 0.75 4.5 0.11 3.0 12.3 24.36

10 Branch 0.94 5.1 0.26 8.0 21.3 24.65

11 Leaf 0.27 2.6 0.07 2.0 44.5 24.67

12 Leaf 0.46 3.5 0.15 5.0 36.5 24.72

13 Branch 3.71 10.4 0.69 22.0 6.7 24.46

14 Leaf 1.43 6.4 0.29 9.0 12.2 24.50

15 Branch 2.39 8.3 0.52 16.0 10.0 24.53

16 Leaf 0.92 5.1 0.22 7.0 18.7 24.59

17 Leaf 0.31 2.8 0.07 2.0 31.6 24.56

18 Leaf 0.65 4.2 0.10 3.0 15.0 24.41

19 Leaf 0.43 3.4 0.10 3.0 26.5 24.57

ter is difficult to quantify. Overall, our estimated shift

has a minimum uncertainty of 6%.

To better understand the molecular gas distribution

toward Hub-1 and Hub-2 in position-velocity (PV )

space, we extracted the PV diagrams for the arrows

A1–A7 shown in Figure 8b. Arrows A1–A6 are associ-

ated with Hub-1, while A7 extends to Hub-2, passing

through Hub-1. The width of the slices used to extract

the PV diagrams is 3 pixels for A1–A6, and 10 pixels

for A7 to cover a larger area. The extracted PV dia-

grams for the arrows are presented in Figure 9. The PV

diagrams corresponding to A1–A6 show a mixed distri-

bution of two velocity components (see the blue and red

arrows). However, for A7, Hub-1 again shows a mixed

distribution of two velocity components (see the cyan

and red arrows), while other regions, including Hub-2,

exhibit only one velocity component (see the white ar-

rows).

4. DISCUSSION

We carried out a detailed multi-scale, multi-

wavelength observational study of G321. Based on our

results, we discuss the role of filaments in mass accu-

mulation and star formation, the massive star-forming

activity in G321, and the origin of HFSs.

4.1. Role of filaments in mass accumulation and star

formation in G321

G321 hosts two HFSs (i.e., HFS-1 and HFS-2; see

Figure 4), where the hubs (i.e., Hub-1 and Hub-2) are

connected with several parsec-scale filaments. As men-
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tioned earlier, filaments are thought to channel molecu-

lar gas and dust to their hub, making the hub suitable

for MSF (Myers 2009; Kumar et al. 2020). In the case

of G321, the total mass accretion rate to Hub-1 through

the filaments is ∼2.64 × 10−2 M⊙ yr−1. For Hub-2,

combined mass accretion rate through the filaments is

∼4.17×10−3 M⊙ yr−1. In both cases, the mass accretion

rates are comparable to or higher than those observed

in other MSFRs, such as ∼1 × 10−3 M⊙ yr−1 for DR

21 ridge (Schneider et al. 2010), 1–3 × 10−4 M⊙ yr−1

for Serpens (Kirk et al. 2013), 4–7 × 10−4 M⊙ yr−1 for

Monoceros R2 (Treviño-Morales et al. 2019), ∼7.40 ×
10−4 M⊙ yr−1 for G310.142+0.758 (Yang et al. 2023),

∼6.75 × 10−4 M⊙ yr−1 for G148.24+00.41 (Rawat et al.

2024), and ∼1.72 × 10−3 M⊙ yr−1 for the HFS of RCW

117 (Seshadri et al. 2024). The mass accretion rate for

Hub-1 is several times higher than that of Hub-2. It is

important to note that the potential contribution from

filament F4 has not been included in the comparison

between the hubs. Moreover, the simple mass accretion

model by Kirk et al. (2013) does not apply to F4 be-

cause it is connected to both hubs (see Section 3.3.2).

As proposed by Liu et al. (2019), the oscillations ob-

served in the average velocity plot along F4 are likely

due to its fragmentation process, which is supported by

the detection of ATL-5 toward F4. Although no YSO

candidate has been detected toward ATL-5, we expect

star-forming activity to occur later due to the filament’s

ongoing fragmentation. The (M/L)Fil values for fila-

ments in G321 varies from about 312 to 1041 M⊙ pc−1,

which are comparable to or higher than the values for

other filaments, such as ∼385 M⊙ pc−1 for Orion (Bally

et al. 1987), ∼600 M⊙ pc−1 for the G11.11 IRDC (Kain-

ulainen et al. 2013), ∼115 M⊙ pc−1 for a subfilament in

the G35.39 region (Henshaw et al. 2014), and ∼1000M⊙
pc−1 for filamentary IRDC 18223 (Beuther et al. 2015).

The (M/L)Fil values greatly exceeds the isothermal crit-

ical line-mass of about 25 M⊙ pc−1 for 15 K (Ostriker

1964). Hence, the turbulent critical line-mass is esti-

mated using, (M/L)turcrit ≈ 465 (σFil
avg [kms−1])2 M⊙ pc−1

(Henshaw et al. 2014). The line-mass ratio (LMR) be-

tween (M/L)Fil and (M/L)turcrit for the filaments is listed

in Table 3. LMR ∼1 suggests that turbulence provides

major support against the gravitational collapse of the

filaments. LMR ∼1.3 for F4 implies that it is prone to

fragmentation and which is in agreement with our de-

tection of the ongoing filament fragmentation.

Hub-1 is more massive than Hub-2, and its higher

mass accretion rate suggests a dependence of the mass

accretion rate on the hub’s mass. Based on this, we

propose the relation Ṁ|| ∝ Mβ
hub, with β ∼ 1.28 in

our case. This finding indicates that the hub’s gravi-

tational influence plays a significant role in determin-

ing the total mass accretion rate through the filaments.

The concept of gas flowing through filaments under the

influence of gravity is supported by both observations

(e.g., Williams et al. 2018; Wang et al. 2022; Zhou et al.

2022, 2023) and simulations (e.g., Maity et al. 2024).

Although the uncertainties in both Mhub and Ṁ|| are

likely systematic and will not affect the ratio of Mhub

and Ṁ|| between Hub-1 and Hub-2, our estimation of β

is limited to only two data points. Therefore, the value

of β could be more precisely constrained with a larger

sample of Galactic HFSs. The ratio of the total number

of YSO candidates observed in VVV data toward Hub-

1 to Hub-2 is about 4.5, which closely corresponds to

the ratio of their masses. Previously, we found that the

mass of the hub influences its total mass accretion rate.

Thus, this study highlights a potential connection be-

tween the mass of the hub, its mass accretion rate, and

its star-forming activity. The total mass of Hub-1 and

Hub-2 is about 2 × 104 M⊙, which is about 25% of the

total mass of the molecular cloud. The combined mass

accretion rate for Hub-1 and Hub-2 is about 3.1× 10−2

M⊙ yr−1. Given that the mass accretion rate increases

with the mass of the hub, they are expected to accu-

mulate an additional 25% of the cloud’s total mass in

less than 0.6 Myr unless disrupted by the feedback from

the newly formed massive stars. This underscores the

significant role of filaments in mass accumulation and

in creating high-density regions that are conducive to

MSF.

Interestingly, we have detected several small-scale (≲
1 pc) filament candidates within Hub-1 and Hub-2, in-

dicated by black arrows (see Figure 4c). As proposed

by Dewangan et al. (2024), the presence of such small-

scale filaments can be further confirmed through James

Webb Space Telescope (JWST) NIR images in absorp-
tion. The detection of small-scale filaments, along with

large-scale (> 1 pc) filaments connected to hubs, is im-

portant for assessing the self-similar hierarchical HFS

scenario introduced by Zhou et al. (2022), which pro-

poses filamentary mass accretion occurring across multi-

ple scales. Therefore, JWST NIR observations of Hub-1

and Hub-2 will be valuable for further investigation.

4.2. The massive star-forming activity in G321

The presence of four compact H ii regions, two HFSs

with high mass accretion rates (i.e., > 10−3 M⊙ yr−1)

to their hubs, along with evidence of filament fragmen-

tation in F4, makes this region particularly intriguing

for studying its potential for MSF. As shown in Fig-

ure 6, Hub-1 hosts ATB-1, which further fragments into

ATL-3 and ATL-4. ATB-1 and Leaf-3 satisfy mKP-10



G321.93−0.01: A Rare Site of Multiple HFSs 11

condition for MSF (Kauffmann & Pillai 2010). There-

fore, HFS-1 is actively engaged in MSF, which is further

supported by the detection of three compact H ii regions

within Hub-1. By comparing the Nuv values for these

H ii regions (see Table 2) with the theoretical predic-

tions from Panagia (1973), we determined that the ioniz-

ing sources are massive stars of spectral type B1V–B3V.

Furthermore, we estimated the minimum stellar mass for

a massive star that could be expected from the ATL-3

using the formula from Sanhueza et al. (2017):

Mexp =

(
0.3

ϵsfe

17.3

Mclump
+ 1.5× 10−3

)−0.77

, (5)

where ϵsfe is the star formation efficiency. This formula

was derived assuming the range of stellar masses be-

tween 0.08 and 150 M⊙ and adopting the initial mass

function from Kroupa (2001). The study by Wells et al.

(2022) determined that ϵsfe = 0.2–0.3 for a clump of a

few hundred solar masses. Hence, using ϵsfe = 0.2–0.3,

and Mclump = 749 M⊙ for ATL-3 in Equation 5, we

found Mexp ∼13–17 M⊙. Given the high mass accretion

rate of Hub-1, this can be considered a lower limit for

the maximum stellar mass within Hub-1, and we may

expect a small cluster of O-type stars to form in Hub-1.

We have estimated the thermal Jeans mass for ATL-

3 to be about 3 M⊙ using Equation 6 from the study

of Palau et al. (2015). This estimate is in agreement

with the masses of the ALMA leaves/cores detected

within ATL-3, which range from 1–9 M⊙, with an av-

erage of about 4 M⊙ (see Table 5). Subsonic/transonic

turbulence is sufficient to explain the existence of the

ALMA leaves above the Jeans mass (i.e., > 3 M⊙).

However, the thermal Jeans mass estimated for the

ALMA branches, which is in the range of 0.1–0.2 M⊙,

does not match the masses of their substructures (i.e.,

further branches and leaves). Therefore, the ALMA

branches may represent ensembles of their substructures

that evolve as the substructures themselves evolve, not

through step-by-step thermal fragmentation, but rather

through a simultaneous formation process as discussed

in Morii et al. (2024). It is important to note that the

lack of molecular line data compatible with the resolu-

tion of the ALMA Band-7 continuum image prevents us

from conducting any analysis related to turbulence at

the core-scale.

Although ATL-4 (in Hub-1), ATL-5 (toward Filament

F4), and ATL-6 (in Hub-2) marginally satisfy mKP-10

condition for MSF, the large errors (at least ∼20%; see

Section 3.4.1) associated with the mass estimation cast

doubt on their potential for MSF. Additionally, the ab-

sence of radio continuum emission from these leaves sug-

gests that they are not currently active in MSF. How-

ever, since ATL-4 and ATL-6 are part of Hub-1 and Hub-

2, respectively, and both actively accumulating material

through the filaments, these leaves may evolve into po-

tential MSF sites. Similarly, ATL-5, being part of a frag-

menting filament, has the potential to become active in

MSF at a later stage. The presence of a compact H ii re-

gion (driven by a B1V type source) toward ATL-2 clearly

indicates ongoing massive star-forming activity. Inter-

estingly, ATL-2 falls below the mKP-10 limit for MSF,

a result that aligns with approximately 10% of the MSF

sites listed in Beuther et al. (2002), as noted by Kauff-

mann & Pillai (2010). This suggests that the mKP-10

limit serves as an approximate threshold for MSF, and

follow-up studies are required for such sources, including

ATL-2.

According to Motte et al. (2018), MSF begins in mas-

sive dense cores (MDCs) that contain low-mass pre-

stellar cores. Over time, these MDCs develop into in-

frared (IR)-quiet protostellar objects that harbor low-

mass stellar embryos (< 8M⊙). These embryos then

evolve into IR-bright high-mass protostars (> 8M⊙)

through gravitational inflows, eventually maturing into

massive stars capable of creating H ii regions. In the

case of Hub-1, all the structures from ATB-1 and ATL-3

to the ALMA leaves/cores satisfy the mKP-10 condition

for MSF. Interestingly, two ALMA branches (IDs: 4 and

13) have masses above 20M⊙; however, they are further

fragmented into low-mass cores. The detection of YSO

candidates, along with 22 GHz H2O and Class I 95 GHz

CH3OH maser emissions, indicates ongoing star-forming

activity in some of the ALMA low-mass cores. Thus, the

presence of only low-mass cores actively forming stars

within a hub that satisfies the condition for MSF sup-

ports the applicability of the idea proposed by Motte

et al. (2018). It is important to note that the ALMA

data cover a small area of ATL-3, which is located at
the edge of the H ii-2 region (not shown in the figure).

As a result, it appears that the main driving source of

the H ii-2 region is beyond the coverage of the ALMA

observations. Therefore, a high-resolution ALMA ob-

servation covering the entire area of ATB-1 would be

beneficial for revealing the complete core mass function,

including the cores associated with the H ii regions. The

absence of H ii regions toward Hub-2 indicates that HFS-

2 can be in the early stages of Motte’s scheme. However,

the presence of H ii regions toward Hub-1 and the ATL-

2 suggests that they are in the later stages of evolution.

Hence, we observe significant differences in the evolu-

tionary stages of MSF at our target site, G321.

4.3. Origin of the hub-filament systems
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Despite being part of the same cloud component (see

Section 3.5), HFS-1 and HFS-2 show significant differ-

ences in terms of the mass of their hubs, mass accre-

tion rate through the filaments, number of color excess

sources present in the hubs, and their potential for MSF.

In this section, we attempt to explain the origin of these

HFSs. As earlier mentioned, a convincing picture of the

complementary spatial distribution between the blue-

shifted filamentary cloud component and the red-shifted

component was achieved by shifting the red-shifted com-

ponent toward the south-west direction (see Figure 8c).

The complementary distribution of two cloud compo-

nents with a spatial shift in the plane of sky is a well-

recognized signature of CCC (e.g., Fukui et al. 2017;

Dewangan et al. 2018b; Fukui et al. 2021; Tsuge et al.

2021; Maity et al. 2023). The colliding molecular clouds

create a compressed layer at their interface with an inter-

mediate velocity, connecting the velocities of the parent

molecular cloud components in the PV diagram, which

is referred to as a bridge feature (e.g., Fukui et al. 2014;

Haworth et al. 2015b,a; Torii et al. 2017; Sano et al.

2018; Fukui et al. 2021; Priestley & Whitworth 2021;

Maity et al. 2022). It is worth noting that the PV dia-

gram is highly dependent on the morphology and density

of the colliding cloud components. The angle (θcol) be-

tween the observer’s line of sight and the axis of collision

also influences the PV diagrams (Fukui et al. 2018a).

In the worst-case scenario, i.e., at θcol = 90◦, the collid-

ing clouds become indiscernible in velocity space (e.g.,

Takahira et al. 2014; Priestley & Whitworth 2021).

The intriguing feature of the l–v diagram for G321 is

the presence of two cloud components and the absence

of the bridge feature. Several studies based on numerical

simulations demonstrated the temporal evolution of PV

diagrams in the context of CCC (Takahira et al. 2014;

Haworth et al. 2015a; Maity et al. 2024). Haworth et al.

(2015a) argued that the bridge feature may disappear

if one cloud component punches through the other. In

such cases, the compressed layer will mix with the cloud

component passing through the other (Maity et al. 2024)

in the velocity space. The observed morphology of the

blue- and red-shifted cloud components toward HFS-1

is consistent with the scenario in which one cloud com-

ponent punches through the other. Specifically, the red-

shifted component appears to have passed through the

blue-shifted filamentary cloud, creating a cavity or low-

intensity region in the filament. As a result, this sce-

nario does not align with the proposal by Kumar et al.

(2020), where HFSs form through the merging or over-

lapping of filaments. In addition, the detection of the

mixing of two velocity components in the PV diagrams

along A1–A7 toward Hub-1 (see Figure 9) suggests that

the compressed layer created during the collision has

merged with the red-shifted cloud component in veloc-

ity space. Therefore, this study suggests that the forma-

tion of HFS-1 was possibly triggered by the collision of

the red-shifted cloud component with the blue-shifted

filamentary cloud. The collision timescale can be es-

timated using the formula, tcollision = lloc/vloc (Maity

et al. 2023). In this expression, lloc and vloc denote the

spatial shift along the collision axis and the intrinsic col-

lision velocity, respectively. These quantities are related

to the observed spatial shift (lobs) and observed collision

velocity (vobs) by the relations lloc = lobs/sin θcol and

vloc = vobs/cos θcol. The detection of two cloud compo-

nents in the l–v diagram for our target sites, along with

the necessity of spatial shift for complementary distri-

bution, indicates that θcol is significant and less than

90◦. Hence, we assume θcol to be within the range of

30◦ to 60◦. Using lobs = 4.2 pc, vobs = 4.5 km s−1,

and θcol = 30◦, 45◦, and 60◦, the corresponding collision

timescales (tcollision) are estimated to be 1.58, 0.91, and

0.53 Myr, respectively. These timescales are consistent

with the dynamical timescales of the H ii regions (i.e.,

tdyn < 0.25 Myr) and the mean age of the Class I YSOs,

which is about 0.44 Myr (Evans et al. 2009). This study,

therefore, suggests that a CCC event approximately 1

Myr ago triggered star-forming activity in the region of

the collision (i.e., toward Hub-1). The collision also con-

tributed to an increase in the total mass and density of

the gas in the collision region, leading to its high mass

accretion rate and massive star-forming activity. In the

case of CCC, the collision velocity has a significant in-

fluence on MSF, which can be understood through a

direct comparison between G321/Hub-1 and a few CCC

sites from literature such as NGC 6334, W31 complex,

and AFGL 5180 (Fukui et al. 2018b; Maity et al. 2022,

2023). The observed collision velocity for AFGL 5180,

G321/Hub-1, W31 complex, and NGC 6334 are about

3.7 km s−1 (Maity et al. 2023), 4.5 km s−1, 8 km s−1

(Maity et al. 2022), and 12 km s−1 (Fukui et al. 2018b),

respectively. Although AFGL 5180, G321/Hub-1, and

the W31 complex have a similar collision timescale of

about 1 Myr, they show variations in massive star-

forming activity due to their distinct collision veloci-

ties. AFGL 5180 contains one hyper-compact H ii re-

gion (≲ 0.05 pc), while G321/Hub-1 has three compact

H ii regions associated with B1V–B3V stars. On the

other hand, the W31 complex hosts a classical H ii re-

gion powered by several O-type stars. It suggests higher

collision velocities lead to the creation of more massive

stars in terms of both their number and mass. This

aligns with the findings of Fukui et al. (2021) (see Fig-

ures 10 and 11 in their work), which demonstrated that
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increased collision velocities result in higher column den-

sities, facilitating the formation of large numbers of mas-

sive stars. Additionally, the formation of several O-type

stars in NGC 6334 within a relatively shorter timescale

(i.e., tcollision ∼0.1 Myr) shows that massive star-forming

activity accelerates with increasing collision velocity.

The filaments connected to Hub-2 (i.e., F4, F5, and

F6) have a relative velocity of about 1.5 km s−1 as

shown in the two-color composite image in Figure 10a.

Interestingly, we detected at least three filaments to-

ward ATL-2 through visual inspection of the moment-0

maps of 13CO(J = 2–1) emission for the velocity ranges

[−32.25,−31.75] and [−29.25,−28.75] km s−1. These

filaments are marked using dashed-dotted lines over the

two-color composite image in Figure 10b. These fila-

ments were not visible in Figure 4 due to their weak

emission strength in the integrated intensity map for

the wide velocity range (i.e., [−38.25,−27.25] km s−1).

ATL-2 is located precisely at the junction of these fila-

ments, making the entire configuration a candidate HFS

(C-HFS). The differing velocities of the filaments for the

HFS-2 and C-HFS support the idea proposed by Kumar

et al. (2020), where HFSs form through the merging or

overlapping of filaments. Further insights into this can-

didate HFS can be gained through molecular line obser-

vations with improved sensitivity and resolution.

In their recent study, Vázquez-Semadeni et al. (2024)

proposed that CCC and the merging/overlapping of fil-

aments fall under the gravity-driven global hierarchi-

cal collapse (GHC; e.g., Vázquez-Semadeni et al. 2009,

2017, 2019) scenario. However, as shown by Inoue &

Fukui (2013); Inoue et al. (2018), filaments can form in

the absence of gravity, where turbulence and shock com-

pression due to collision play a major role. Specifically,

collisions lead to the rapid compression of turbulence-

driven inhomogeneous structures into filaments. There-

fore, both turbulence and collision have a distinct role in

the formation of filaments. Finally, due to the effect of

gravity, the filaments make a common junction to form

HFSs (see Maity et al. 2024). Similarly, the merging

of filaments amplifies the mass and density in the over-

lapping zones, enhancing the gravitational potential and

driving gas flow along the filaments (see Kumar et al.

2020). Therefore, gravity plays an evident role in the

later stages of evolution for both scenarios (i.e., CCC

and the merging/overlapping of filaments). However,

the distinct effects of collisions and merging cannot be

ignored.

5. SUMMARY AND CONCLUSIONS

To understand the formation mechanisms of HFSs,

mass accretion through the filaments, and MSF, we con-

ducted a multi-scale and multi-wavelength observational

investigation of G321. The key findings of this study are

summarized below.

1. G321 hosts multiple HFSs: HFS-1, HFS-2, and

a C-HFS. HFS-1 and HFS-2 are connected by a

filament (i.e., F4), which shows clear signs of frag-

mentation. This is a unique result, considering

that such complex sites are rare in the literature.

2. HFS-1 and HFS-2 exhibit high mass accretion

rates (i.e., Ṁ|| > 10−3 M⊙ yr−1). We found

Ṁ|| ∝ Mβ
hub with β ∼ 1.28, suggesting the grav-

itational influence of the hub on mass accretion

through filaments. The study of color excess

sources demonstrates a possible connection among

the mass of the hub, its mass accretion rate, and

its star-forming activity.

3. Considering the presence of three compact H ii re-

gions driven by B1V–B3V type stars in Hub-1 and

its high Ṁ|| values, we may expect a small cluster

of O-type stars to form in Hub-1.

4. The analysis of ALMA Band-7 continuum data

inside Hub-1/ATL-3 revealed several high-mass

branches (M ∼8–33M⊙), which are further frag-

mented into branches and leaves. We have calcu-

lated the mass of these leaves/cores to be about

1–9M⊙, which is in agreement with the thermal

Jeans mass of ATL-3 with subsonic/transonic tur-

bulence.

5. A significant difference in the evolutionary stages

of MSF is observed in G321. The absence of H ii

regions toward Hub-2 indicates that HFS-2 can

be in the early stages of Motte’s scheme (Motte

et al. 2018). However, the presence of compact

H ii regions toward Hub-1 and the ATL-2 suggests

that they are in the later stages of evolution.

6. HFS-1 shows a clear signature of collision with

a filamentary cloud about 1 Myr ago, suggesting

that the CCC may have triggered the formation

of HFS-1. In the cases of HFS-2 and C-HFS,

their constituent filaments exhibit relative veloc-

ities (≳1 km s−1), indicating possible formation

through the merging or overlapping of filaments.

Overall, we have found G321 to be an interesting MSF

region, hosting several HFSs. This study clearly shows

that interacting filaments (either by collision or merg-

ing/overlapping) can form high-density regions suscep-

tible to MSF. It is important to note that we have not
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explored the formation mechanisms of the individual fil-

aments in this study, which can be addressed in future

work.
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Figure 1. (a) Herschel three color-composite image. The colors red, green, and blue present Herschel 500, 350, and 250
µm continuum images, respectively. The plus symbol indicates the position of the 22 GHz H2O and Class I 95 GHz CH3OH
maser emissions. The asterisks denote the positions of the ATLASGAL clumps from Urquhart et al. (2018). Notably, the
clumps exhibiting active outflows are marked in black (Yang et al. 2022). Panels (b) and (c) display Herschel column density
(i.e., N(H2)) and dust temperature (i.e., Td) maps, respectively. The contours in each panel show the SUMSS 843 MHz radio
continuum emission. The contour levels are at about [3, 6, 9, 12, and 15] × σ, where 1σ ∼1 mJy beam−1. In panel “b,”
arrows highlight high column density regions. Yellow arrows indicate areas characterized by higher dust temperatures and the
detection of radio emissions, while cyan arrows denote regions with lower dust temperatures and no detectable radio sources.
The rectangular regions highlighted in panel “c” are zoomed-in within the insets. The contours in the top-left and bottom-right
insets represent MeerKAT 1.28 GHz radio continuum emission at [5, 15, 30, and 50] × σ and [5, 50, and 160] × σ, respectively,
where 1σ ∼20 µJy beam−1. A gray circle at the bottom-left corner of each inset indicates the beam size (∼8′′×8′′) of the
MeerKAT data. A scale bar of 5 pc is shown in each panel at a distance of 1.98 kpc.
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Figure 2. (a) SEDIGISM 13CO(J = 2–1) integrated intensity (i.e., the moment-0) map at vlsr of [−38.25, −27.25] km s−1.
The contour levels are at [3, 11, 19, 27, 35, and 43]×σ, where 1σ ∼0.6 K km s−1. The dotted white rectangle indicates the
area of Herschel continuum images shown in Figure 1. (b) The peak intensity map for the same molecular line data. (c) The
intensity-weighted velocity (i.e., the moment-1) map. (d) The velocity distribution corresponding to the peak intensity, referred
to here as the ‘peak velocity map.’ The images in panels “b,” “c,” and “d” are clipped below 3σ level of the moment-0 map.
The asterisks are the same as Figure 1. A scale bar of 10 pc is shown in each panel.
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Figure 6. (a) The panel shows astrodendro-identified hiererchical structures in ATLASGAL 870 µm continuum image. The
branch is highlighted with a red contour, while the leaves are presented in cyan. The yellow dotted circles indicate the extent
of the hubs (i.e., Hub-1 and Hub-2, as shown in Figure 4c). The blue circle inside Leaf-3 is further zoomed-in using the ALMA
Band-7 continuum image in Figure 7a. The area of the white polygon is shown using a two-color composite image in Figure 10b.
The white circle at the bottom-left corner of the image presents the beam size (∼18′′.2 × 18′′.2) of the ATLASGAL data. A
scale bar of 5 pc is added to this panel. (b) The mass–effective radius plot of the astrodendro-identified structural components.
The blue dotted line presents the KP-10 condition for MSF (Kauffmann & Pillai 2010). The white region above the gray shaded
area corresponds to the mKP-10 condition for MSF, and the structural components that satisfy this condition are shaded in
red.
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Figure 7. (a) ALMA Band-7 continuum image (beam size ∼4.′′9×3.′′1) of the area highlighted in Figure 6a obtained with
ALMA 7 m array. The solid red circle represents the extent of the blue circle in Figure 6a. The yellow contour presents the
astrodendro-identified structure. A scale bar of 0.1 pc is marked in the panel. The area under the dotted red circle is further
zoomed-in in panel “b.” (b) Zoomed-in view of the target area using ALMA Band-7 continuum image of beam size ∼0.′′33×0.′′16
obtained with ALMA 12 m array. The astrodendro-identified structures, i.e., the branches and leaves are marked in colors red and
cyan, respectively. A scale bar of 6000 AU is shown on the panel. In panels “a” and “b”, the plus symbol indicates the position
of the 22 GHz H2O and Class I 95 GHz CH3OH maser emissions, and the circles represent Class I YSO candidates. The ellipses
in the bottom-left corners of panels “a” and “b” indicate the beam size of the data. (c) The astrodendro-identified dendrogram
tree for the structural components shown in panel “b.” (d) The mass–effective radius plot of the astrodendro-identified structural
components from ATB-1 to ALMA leaves/cores. For ALMA, “LR” and “HR” stand for low- and high-resolution data. The
blue dotted line and the gray shaded area are identical to Figure 6b.
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Figure 8. (a) The Galactic longitude-velocity (i.e., l–v) diagram for 13CO(J = 2–1) data. The contour is at 10σ, where 1σ
∼0.016 K degree. The integration range for the Galactic latitude is [−0.41, 0.37] degree. The yellow dotted line separates two
velocity components at about −35.25 km s−1. The peak velocities for the blue- and red-shifted components are shown with cyan
and magenta dotted lines, respectively. (b) The spatial distribution of the blue- and red-shifted components. The blue- and
red-shifted components are integrated for the velocity ranges [−38.25, −35.50] and [−35.25, −27.25] km s−1, respectively. The
contour levels for the blue- and red-shifted components are at [3σ, 6σ, 9σ] and [6σ, 15σ, 30σ], respectively. The 1σ values are
0.3 and 0.5 K km s−1 for integrated intensity maps of the blue- and red-shifted components, respectively. The areas bounded
by the yellow lines are considered for calculating the total mass of the blue-shifted component. The position-velocity (PV)
diagrams are extracted along the arrows highlighted in the panel “b”, which are shown in Figure 9. (c) Same as panel “b”,
with red-shifted component shifted by about 4.2 pc. The dashed-dotted and solid white rectangles present the initial and final
positions of the red-shifted cloud component, respectively.
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Figure 9. Panels (a)–(g) present the PV diagrams along the arrows A1–A7, as indicated in Figure 8b. The contour values
range from 1 to 10 K, with intervals of 1 K. The red and cyan arrows in each panel indicate two separate velocity components
mixed together. The white arrows for A7 point to a single velocity component.
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Figure 10. (a) The two-color composite image presents the 13CO(J = 2–1) integrated intensity maps shown in Figures 3i (in
cyan) and 3k (in red) for the region highlighted by the dashed-dotted rectangle in Figure 4c. The moment-0 maps in cyan and
red are displayed on a linear scale from 3σ to 18σ and 3σ to 10σ, respectively, where σ ∼0.15 K km s−1. The black circle,
indicated by a yellow arrow, is Hub-2 as shown in Figure 4c. The dashed-dotted lines trace the filaments (i.e., F4, F5, and
F6) connected to Hub-2. (b) Similar two-color composite image showing 13CO(J = 2–1) integrated intensity maps displayed
in Figures 3i (in cyan) and 3m (in red) for the area covered by the dashed-dotted polygon in Figure 6a. The moment-0 maps
in cyan and red are displayed on a linear scale from 6σ to 15σ and 3σ to 7σ, respectively. The black circle, situated at the
peak emission of ATL-2 (indicated by a yellow arrow), has a radius equal to the leaf’s effective radius. The dashed-dotted lines
indicate the filaments connected to Leaf-2. A scale bar of 5 pc is shown in each panel.
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Gómez, G. C., & Zamora-Avilés, M. 2019, MNRAS, 490,

3061, doi: 10.1093/mnras/stz2736

Vázquez-Semadeni, E., Palau, A., Gómez, G. C., et al.
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Figure A1. (a) The optical depth (i.e., τ13) map. The minimum (Min), maximum (Max), mean, and standard deviation (Std)
values for the τ13 map are provided in the panel. (b) The column density (i.e., N(H2)) map for T ex = 15 K. The Min, Max,
mean, and Std values for the N(H2) map are indicated in the panel in units of 1021 cm−2. In both panels, the red contour
indicates the extent of the 13CO(J = 2–1) emission above the 3σ limit, as shown in Figure 2. A scale bar of 10 pc is displayed
in each panel.

APPENDIX

A. THE OPTICAL DEPTH AND COLUMN DENSITY MAPS

B. THE ESTIMATION OF THE DYNAMICAL AGE OF THE H ii REGIONS

The dynamical age of the H ii regions, which are assumed to be expanding in a uniform medium, can be estimated

using the formula from Dyson & Williams (1980):

tdyn =
4Rs

7cs

[(
RHII

Rs

)7/4

− 1

]
, (B1)

where cs (∼10 km s−1; Bisbas et al. 2009) is the sound speed in the ionized region. RHII is the effective radius

of the H ii region, which was calculated based on their area above 5σ in the MeerKAT 1.28 GHz radio continuum

data (see Figure 1c). The RHII value for each H ii region is listed in Table 2. Rs is the Strömgren radius, given by

Rs =
(
3Nuv/4πn

2
i αB

)1/3
, where Nuv is the number of photons emitted by the ionizing source beyond the Lyman limit,

ni is the initial H number density, and αB (∼2.6×10−13 cm3 s−1; Kwan 1997) is the recombination coefficient. We

used ni = 104 cm−3 based on the average H2 density for the ATLASGAL leaves (see Table 4). We calculated Nuv

using the formula (Matsakis et al. 1976):

Nuv [s−1] = 7.54× 1046
( ν

GHz

)0.1
(

Teff

104 K

)−0.45 (
Sν

Jy

) (
d

kpc

)2

, (B2)

where, ν = 1.28 GHz, d = 1.98 kpc, Teff is the effective electron temperature (assumed to be 104 K), Sν is the total

flux density for the H ii regions. Our calculated Sν (above > 5σ) and corresponding log(Nuv [s−1]) values are included

in Table 2. Finally, using all the input parameters in Equation B1, we estimated the dynamical time scale for the H ii

regions and listed in Table 2.
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