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ABSTRACT

Aims. W49A is a prominent giant molecular cloud (GMC) that exhibits strong star formation activities, yet its structural and kinematic
properties remain uncertain. Our study aims to investigate the large-scale structure and kinematics of W49A, and elucidate the role of
filaments and hub-filament systems (HFSs) in its star formation activity.

Methods. We utilized continuum data from Herschel and the James Clerk Maxwell Telescope (JCMT) as well as the molecular lines
12C0O (3-2), 3CO (3-2), and C'¥0 (3-2) to identify filaments and HFSs within W49A. Further analysis focused on the physical proper-
ties, kinematics, and mass transport within these structures. Additionally, recombination line emission from the H /OH/Recombination
(THOR) line survey was employed to trace the central H1I region and ionized gas.

Results. Our findings reveal that W49A comprises one blue-shifted (B-S) HFS and one red-shifted (R-S) HFS, each with multiple
filaments and dense hubs. Notably, significant velocity gradients were detected along these filaments, indicative of material transport
toward the hubs. High mass accretion rates along the filaments facilitate the formation of massive stars in the HFSs. Furthermore, the
presence of V-shaped structures around clumps in position-velocity diagrams suggests ongoing gravitational collapse and local star
formation within the filaments.

Conclusions. Our results indicate that W49A consists of one R-S HFS and one B-S HFS, and that the material transport from fila-
ments to the hub promotes the formation of massive stars in the hub. These findings underscore the significance of HFSs in shaping

the star formation history of W49A.
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1. Introduction

Survey results from Herschel have shown that filaments are
ubiquitous in molecular clouds and that most dense clumps or
cores are formed in filaments (André et al. 2010; Molinari et al.
2010a; Li et al. 2016; Mattern et al. 2018; Schisano et al. 2020)
and play a key role in star formation (Palmeirim et al. 2013).
Filaments can overlap further to form a hub-filament system
(HFS; Myers 2009). Recent case studies and statistical studies
indicate that HFSs are the favorite sites of high-mass star for-
mation (Trevino-Morales et al. 2019; Zhou et al. 2022; Liu et al.
2023; Xu et al. 2023; Ma et al. 2023; Yang et al. 2023; Kumar
et al. 2020). In gravitation-dominated and hierarchical collapsing
molecular clouds, the material is transported through filaments
toward the gravitational center, or hub. These hubs continue to
accumulate mass from the surrounding filaments, making them
optimal sites for the formation of high-mass stars or star clus-
ters (Bonnell et al. 2003; Smith et al. 2009; Peretto et al. 2013;
Viazquez-Semadeni et al. 2019).

However, our understanding of the kinematics and dynamics
of HFSs is still rather limited in terms of important aspects such
as velocity gradients along filaments, the material transport from

filaments to hubs, the role of dynamic filamentary networks in
influencing star formation within clumps, and the impact of stel-
lar feedback within the hubs on the HFSs (Trevifio-Morales et al.
2019; Wang et al. 2020a; Mookerjea et al. 2023).

W49A is a giant molecular cloud (GMC) that com-
prises several active high-mass star-forming regions, includ-
ing W49A-North (W49A-N), W49A-South (W49A-S), and
W49A-Southwest (W49A-SW); it has a molecular gas mass of
~2x10° M, (Urquhart et al. 2018; Galvan-Madrid et al. 2013)
and is at a distance of ~11.1 kpc (Zhang et al. 2013). There are
many ultra-compact H1 regions in W49A, all of which harbor
high-mass zero-age main-sequence (ZAMS) stars (De Pree et al.
1997). The total stellar mass is ~5-7x10* M, (Homeier & Alves
2005). W49A has two main velocity components, at ~4 and
~12kms~! (Mufson & Liszt 1977; Miyawaki et al. 1986, 2009;
Simon et al. 2001). It has been suggested that the colocation
of these two regions implies that they are moving toward each
other — either as two clouds colliding or as an inward-outward
collapse of one cloud (Serabyn et al. 1993; Welch et al. 1987)
— or that they are the result of feedback from nearby H 11 regions
(Peng et al. 2010). Galvan-Madrid et al. (2013) suggested that the
starburst of W49A most likely occurred because of a localized
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gravitational collapse of a HFS and that there are three such
filament structures associated with W49A-N.

Past studies have mostly focused on the correlation between
the two cloud regions at ~4 and ~12kms~! and the cause of
the active star formation (Peng et al. 2010; Galvdn-Madrid et al.
2013; Miyawaki et al. 2022), while paying little attention to their
structure and kinematics. In this work we primarily investigate
the structure, kinematics, and star formation of two major HFSs
located on both sides of the central Hi region in W49A. In
Sect. 2, we introduce the data used in this study. In Sect. 3, we
introduce the data processing results in detail. In Sect. 4, we dis-
cuss and analyze the observation results. Finally, in Sect. 5 we
summarize the main results of this work.

2. Archive data
2.1. The CO molecular data

The '2CO(3-2) data were obtained from the CO High-
Resolution Survey (COHRS) with an angular and spectral res-
olution of 14" and 1 kms ~!, respectively (Dempsey et al. 2013),
and a root-mean-square (rms) sensitivity o(74) = 1 K per chan-
nel (Rigby et al. 2019). The '*CO (3-2) and C'30(3-2) data
were obtained from the CO Heterodyne Inner Milky Way Plane
Survey (CHIMPS), which has an angular and spectral reso-
lution of 15” and 0.5kms™' (Rigby et al. 2016). The survey
achieved mean rms sensitivities of o(TA)~0.6K and 0.7K
per 0.5kms™! velocity channel for '*CO (3-2) and C'80 (3-2),
respectively. These two surveys were performed with the James
Clerk Maxwell Telescope (JCMT) in Hawaii.

2.2. The radio recombination line data

The radio recombination lines (RRLs) HI151a—HI156«
and HI158a (1.6-1.9GHz) were obtained from the
H1/OH/Recombination (THOR) line survey of the inner
Milky Way survey (Beuther et al. 2016; Wang et al. 2020b).
Observations of 5-6 min per pointing were conducted with the
Very Large Array C configuration in L band (Beuther et al.
2016). With a significant detection of all RRLs, the data were
gridded to a spectral resolution of 5kms~! (Beuther et al. 2016).
The first release of the THOR data covered observations for [ =
14.0°-37.9°, and [ = 47.1°-51.2°, |b| < 1.25°. The second release
provided observations of the whole survey (/ = 14.0°-67.4° and
|b| < 1.25°). Centre d’Analyse de Données Etendues (CADE)'
currently provides H1 integrated intensity maps at a resolution
of 40” (excluding continuum) in units of Jy beam~' kms~', and
continuum emission maps at frequencies of 1060, 1310, 1440,
1690, 1820, and 1950 MHz with a resolution of 25", in units
of Jybeam™' (Beuther et al. 2016; Wang et al. 2020b). For the
combined THOR+Very Large Array Galactic Plane Survey
(VGPS) data, the 1o brightness sensitivities for a spectral
resolution of 1.6kms~' at 217, 40”, and 60" are 16, 3.9, and
1.8 K, respectively. At 60" resolution, the corresponding 1o~ rms
of the VGPS data alone is even better than ~1.5 K (Beuther et al.
2016).

2.3. The far-infrared data

The Herschel key project, Herschel infrared Galactic Plane Sur-
vey (Hi-GAL; Molinari et al. 2010b), is the first unbiased survey
of the galactic plane in the far infrared. Hi-GAL covers the entire

I https://cade.irap.omp.eu/dokuwiki/doku.php?id=thor
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Galactic plane with a nominal latitude limit of |b| < 1°. The
data include continuum images at 70, 160, 250, 350, and 500 pm
obtained with the Photodetector Array Camera and Spectrome-
ter (PACS; Poglitsch et al. 2010) and Spectral and Photometric
Imaging Receiver (SPIRE; Griffin et al. 2010) cameras on board
the Herschel Space Observatory (Pilbratt et al. 2010). The nom-
inal beam sizes are 5.2, 12", 18”7, 25", and 37" at 70, 160, 250,
350, and 500 pm, respectively.

2.4. The mid-infrared data

The Galactic Legacy Infrared Mid-Plane Survey Extraordinaire
(GLIMPSE) is a mid-infrared survey (3.6, 4.5, 5.8, and 8.0 um)
of the Inner Galaxy performed with the Spitzer Space Telescope
(Benjamin et al. 2003). The angular resolution is better than 2" at
all wavelengths (Benjamin et al. 2003). The MIPS/Spitzer Sur-
vey of the Galactic Plane (MIPSGAL) is a survey of the same
region as GLIMPSE at 24 and 70 wm, using the Multiband Imag-
ing Photometer (MIPS) on board the Spitzer Space Telescope
(Rieke et al. 2004). The angular resolutions at 24 and 70 um are
6” and 18", respectively.

3. Results
3.1. The column density and dust temperature distribution

We used Herschel images to fit spectral energy distribution
(SED) and obtain the target region’s hydrogen molecule column
density and dust temperature. Because some saturated pixels
appear in the images at 160, 250, and 350 pm in the center of
WA49A (see the top panel of Fig. A.1), it is necessary to recover
the missed fluxes of those saturated pixels (Lin et al. 2016). Here
we used the two-dimensional inward interpolation method on the
original images of W49A at 160, 250, and 350 um to estimate the
fluxes of those saturated pixels (see the bottom panel of Fig. A.1).

The Herschel data were employed to derive the temperature
and column density map of W49A using pixel-by-pixel SED
fitting (Wang et al. 2015). A Fourier transform was first per-
formed on the original image to obtain high- and low-frequency
components. The low-frequency components represented the
background radiation and were subtracted from the data to
remove the background from the image (Wang et al. 2015). Sub-
sequently all images at 70, 160, 250, and 350 um were convolved
to a circular Gaussian beam with full width at half maximum
(FWHM) = 36.4” using the kernels provided by Aniano et al.
(2011) and re-gridded to the same pixel size. Finally, we fit each
pixel with the following formula:
I, =B, - e_TV)’ (H
where the Planck function, B,, is modified by the optical depth
(Kauffmann et al. 2008):

_ HMu,muky Ny,
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where pp, = 2.33 is the mean molecular weight adopted from
Kauffmann et al. (2008), my is the mass of a neutron, Ny, is
H; column density, Rgq = 100 is gas to dust ratio, and the dust
opacity per unit dust mass follows from (Ossenkopf & Henning
1994)

m’>g™!, 3)

20[—2 Y
o= '(505GHZ)C


https://cade.irap.omp.eu/dokuwiki/doku.php?id=thor

Zhang, W., et al.:

0°06'
03'

N b

E &

g 00 Z

— 17

) )

<

© 0003 =

O

06'

43°15'

10"
Galactic Longitude

05'

A&A, 688, A99 (2024)

0°06'
37.5
35.0
03'
. 32.5 g
<
£ o 300 £
s
:—1 27.5 2
3
5 Z
O 0003 25.05
22.5
06' 20.0
17.5

43°15' 10'

Galactic Longitude

05'

Fig. 1. Color map of the hydrogen molecular column density (left) and temperature (right) distributions of the W49A. The contours (from the
outside in) represent 1.5% to 96.5% of the peak integrated intensity of >CO (3-2), in intervals of 5%.

where the dust emissivity index S is fixed to 1.75 in the fit-
ting (Wang et al. 2015). Finally, we obtained the column density
and dust temperature maps, as shown in Fig. 1. The hydrogen
molecule column density and dust temperature calculated by us
are consistent with that of Lin et al. (2016). For the column den-
sity and dust temperature at the peak position (I = 43.17°, b =
0.01°), our fitting results are 1.7 X 103 cm™2 and 39.4K, respec-
tively, while the corresponding values of Lin et al. (2016) are
2.4 x 102 cm™2 and 39.4K.

3.2. Filaments and hub-filament systems
3.2.1. Optical depth of CO (3-2)

We calculated the optical depth (1) of isotopic CO (3-2) lines
in W49A. The optical depth of '>CO (3-2) is greater than 1 in
most regions of W49A, while the optical depth of '*CO (3-2)
is less than 1 in most areas (see Fig. B.1). Although C'80 (3-2)
exhibits a significantly lower optical depth than 1, it only traces
the densest region at the center of W49A. Therefore, we mainly
use '3CO (3-2) for the analysis of this work.

3.2.2. Filaments

Following Wang et al. (2015), we identified filaments in W49A
by considering the morphology, temperature, and velocity coher-
ence (see Fig. C.1). Filfinder” is a Python package integrated to
identify filamentary structures in clouds (Koch & Rosolowsky
2015). This method relies on a mask matrix. We used regions
with 3CO (3-2) integrated intensity greater than five times the
RMS as the mask matrix. Then, filamentary structures were
identified as skeletons in the distribution of hydrogen molecule
column density within the masked regions. A total of ten fila-
ments were found in W49A, and they are displayed in Fig. 2.

3.2.3. The blue- and red-shifted hub-filament system

The averaged '*CO (3-2) profiles of W49A (see Figs. D.I and
D.3) indicate that there are two main molecular clouds with

2 https://fil-finder.readthedocs.io/en/latest/
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Fig. 2. Filament structures of the W49A region. The color map is
the distribution of the hydrogen molecular column density. The range
of contours (from the outside in) is from 7.06 x 10> cm™ to 1.71 X
10% cm™2. The star-like skeleton shows the filaments, and the circles
and boxes represent W49A-N and the dense clumps from the catalog
of Urquhart et al. (2014) and De Buizer et al. (2021). Plus signs in the
figure represent the YSOs marked by Saral et al. (2015) in W49, and
the cross signs denote YSOs reported by Kuhn et al. (2021). A black
cross represents Class I YSO, a red cross is a Class I YSO, a green plus
sign represents Class III YSOs, and a green cross sign is for a flat SED
source.

different velocities along the line of sight: one blue-shifted
(B-S) cloud (-4-7kms~!) and one red-shifted (R-S) cloud (7—
23kms™'). These two clouds have been detected with many
molecules at different optical depths, including '>CO, '*CO,
C'80, CS(2-1), H3CO™ (1-0), H'*CN (1-0), and N,H*(1-0)
(Mufson & Liszt 1977; Miyawaki et al. 1986; Galvan-Madrid
et al. 2013). The system velocities of these two clouds are ~4 and
2kms™!, respectively (Miyawaki et al. 1986, 2022; Serabyn
et al. 1993).

A99, page 3 of 19


https://fil-finder.readthedocs.io/en/latest/

Zhang, W., et al

0°06'
03' _
. v
! 5
£ 00 T Y =
— \\\J() ‘B
2 YA 3
2 g =1
& -0°03' g
S

06'

43°15' 10 05'
Galactic Longitude
0°06'
10%
03' _
b
[}

£ 5
'L?, 00' 2
2 5
p=3 e}
g o
& -0°03" g
1073

06'

43°15'

10'
Galactic Longitude

05'

L A&A, 688, A99 (2024)

0°06'1 6

5
03'1 47
3 3 &
£ £
00 « |2 £
2 =
5 : I 3
g -0003' s ; 0 >
S

06' ¥
. 2
0°06'/
03' v
% 2
= £
£ 00 £
— =
2 =
2 2
—_— o
g -0°03'] >
Q
061- -

43°15'

Galactic Longitude

Fig. 3. B-S and R-S HFSs in W49A. Left panels: heat map representing the hydrogen molecular column density overlaid with the integrated
intensity contours of the R-S (bottom) and B-S (top) components of '>?CO (3-2). The colored dots mark the skeletons of the filaments corresponding

to the R-S (bottom) and B-S (top) components. Right panels: heat map
components of '>CO (3-2), overlaid with contours of the integrated inte

representing the velocity distribution of the R-S (bottom) and B-S (top)
nsity of the R-S (bottom) and B-S (top) components. The masked area is

where the integrated intensity is less than ten times that of the image rms. The red circle indicates the shell of the H 11 region in W49A-N with the
radius of ~3.3 pc, and the black cross indicates the central location (Peng et al. 2010).

In the left panels of Fig. 3, contours of the integrated inten-
sity of '2CO(3-2) for B-S and R-S clouds are respectively
superimposed on the hydrogen molecule column density map,
with the corresponding filament skeletons marked. Filaments
F1,F2,F3, and F9 match the B-S clouds well (upper-left panel
of Fig. 3). F2 and F3 converge toward the B-S dense clumps
in W49A-S. F 1 converges toward Clump 14 in the hub, and F9
intersects with F 1 at Clump 3 (Sub-hub 1). We refer to the HFS
composed of F 1, F9, and Clump 3 as Sub-HFS 1. All this sug-
gests that the F 1, F2, F3, F9, and B-S dense clumps in the hub
constitute the B-S HFS.

Similarly, filaments F2, F4, F5,F6, F7, F 8, and F 10 match
the R-S clouds (lower-left panel of Fig. 3). Here F4, F5, and F6
converge to the dense clumps in W49A-N, F2 and F 10 converge
to W49A-S, F7 converges to W49A-SW, and F 8 intersects with
F7 at Clump 4 (Sub-hub 2). F7, F 8, and Clump 4 constitute Sub-
HFS 2. W49A-S and W49A-SW match the R-S cloud well and
likely are part of it. We suggest that F2, F4, F5, F6, F7, F8,
F 10, and R-S dense clumps in W49A-N, W49A-SW, and W49A-
S constitute the R-S HFS.
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3.3. Properties of the filaments

3.3.1. Velocity components and velocity dispersion in the
filaments

The kinematics of the filaments within W49A, and spectra of
13CO (3-2) extracted at 27 different positions along the ten fil-
aments are shown in Fig. D.6. At positions outside the hub,
spectra of '3CO (3-2) often show a single velocity component,
while at positions near the hub, dual velocity components appear,
suchasatP4onF2,P10andP11onF4,P12onF5, and P 18 on
F7. Therefore, the B-S HFS coincides with the R-S HFS along
the line of sight; they mainly appear in W49A-N, where their
hubs coincide.

There are noticeable velocity gradients along the filaments.
For instance, the peak velocities at P7, P8, and P9 of F3 are
7.44(%0.36), 2.33(x0.09), and 1.63(20.14) kms~!, respectively.
Similarly, the peak velocities at positions P 15, P 16, and P 17
of F6 are 8.94(x0.21), 13.10(x0.16), and 14.84(+0.47)kms~!,
respectively (see Fig. D.6). All velocity gradient along the
filaments and toward the hubs are presented in Table 1.
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Table 1. Filaments and clumps in W49A.

Filament ID Affiliated HFS Structures associated with the filament Velocity gradients along the filament Velocity gradient near the clump
(clumps and filaments) (kms~ pc!) (kms~' pc!)

F1 B-S HFS, Sub-HFS 1 C3,C5,F9 -0.42(0-6.8 pc), —0.09(17.3-22.3 pc) —1.48 and 1.08(C 3)

F2(B-S) B-S HFS W49A-S 0.3(0-10 pc),—0.67(10-13 pc) -

F2(R-S) R-S HFS W49A-S,C11,C6 0.29(20-28 pc) —2.37 and 0.58(W49A-8S),-0.95 and 0.24(C11)

F3 B-S HFS W49A-S, C7 —-2.13(04.3 pc), —1.96(4.3-7.4 pc) -0.20 and 0.31(C7)

F4 R-S HFS W49A-N 1.25(0-3.7 pc), 0.22(3.7-13 pc) -

F5 R-S HFS W49A-N 0.92(0-2.8 pc),—0.27(2.8-18 pc) -

F6 R-S HFS W49A-N, C 12 0.39(0-17.5 pc) -0.28 and 0.25(C 12)

F7 R-S HFS, Sub-HFS 2 W49A-SW, C8,C4,F8 0.31(5.5-21 pc) -0.88 and 1.21(W49A-SW),-0.41 and 0.7(C4)

F8 R-S HFS, Sub-HFS 2 C4,C9,C10,F7 0.27(5.2-17.5 pc) -

F9 B-S HFS, Sub-HFS 1 C3,F1 —0.11(0-5 pc),-2.72(5.5-7.2 pc) -

F10 R-S HFS W49A-S, C 15 -1.32(0-3.1 pc),0.38(3.5-10 pc) -

Table 2. Physical parameters of the filaments.

Source ID [ M T qust M.
(pc) (Mo) (K) (Mo yr™)

F1 23.82+1.55 36027 +4682 2646 —7.66(+0.99)x 1073
F3 1243 +0.81 4237 +551 26.05 —8.74(x1.14) x 1074
F5 15.66 +1.02 11197 + 1455 25.80 -3.24(+0.42) x 1073
F6 13.92+0.90 7638 +993 2568 3.41(+0.44)x 1073
F7 17.10 £ 1.11 28092 + 3651 24.71 8.17(x1.06) x 1073
F8 1872 £1.22 9562+ 1243 25.14 1.13(x0.15) x 1073
F9 6.66 = 0.43 5681 +738 24.66 —3.26(+0.42)x 1073
F10 6.69 = 0.45 6577 +855 30.13 2.72(x0.35) x 1073

The velocity dispersion (FWHM/V8In2) across the
27 positions on the filaments ranges from 0.83(£0.11) to
4.11(x0.21)kms~!. These values are relatively large com-
pared with that detected in other HFSs, for example 0.24—
0.39kms™! for Monoceros R2 (Trevifio-Morales et al. 2019),
0.58-1.49kms™! for G18.88-0.49 (Dewangan et al. 2020), and
0.58kms~! for G326.611+0.811 (He et al. 2023). This increased
dispersion may in part be due to the dual velocity gas compo-
nents found and to the gas flow along the filaments. Indeed the
velocity dispersion is larger when closer to a hub (for instance,
on F 1 in B-S HFS, the velocity dispersions for P 1, P2, and P3
are 2.41(x0.23), 2.21(+0.19), and 1.1(x0.23) kms~!, respectively.
On F 10 in R-S HFS, the velocity dispersions for P26 and P27
are 2.08(+0.16) and 1.66(+0.10) km s™!, respectively.)

3.3.2. The physical properties of the filaments

Because there is mutual contamination caused by the overlap of
the B-S and R-S HFSs in the line of sight in the hub regions and
sections of F2 and F4 (Sect. 3.3.1), we primarily calculated the
physical properties of filaments F1, F3, F5, F6, F7, F§, F9,
and F 10, which are outside the B-S and R-S hub regions. It is
necessary to clarify here that, due to the superposition of double
velocity components in the line of sight near W49A-N (hub),
the calculated lengths, masses, temperatures, and mass accretion
rate of filaments are all values excluding those from the central
hub. This may represent a lower limit of the actual values.
Table2 presents the physical properties of several fila-
ments, including the length, mass, average temperature, and
mass accretion rate on the filaments. The mass of the filaments

was calculated based on the column density using the method
proposed by Ma et al. (2023):

M = pimy ) Agisa (DN (), @)

where Apixe1(i) represents the area of a pixel, and Ny, (i) is
the hydrogen molecule column density corresponding to the
pixel. According to Table 2, the length range of the filament
skeletons is estimated as 6.66(+0.43)-23.82(+1.55) pc, and the
mass range is 4237(x£551)-36 027(+4682) M. The filaments in
W49A have relatively large linear scales, contain significantly
more mass, and provide an excellent environment for subsequent
star formation.

The formalism proposed by Kirk et al. (2013) was used
to estimate the accretion rate of filaments in W49A using a
cylindrical model and velocity gradients as follows:

M = (VVM)/tanp, )]

where M represents the mass of the filament, and £ is the incli-
nation angle of the filament on the plane of the sky, typically
assumed to be 45 °. Using this method, we obtained the mass
accretion rates for these filaments from the molecular cloud edge
to the outer regions of the hub, with absolute values ranging from
8.74(x£1.14)x107™* to 8.17(x1.06)x1073 My yr~! (see Table?2).
The filaments in W49A exhibit higher mass accretion rates
compared with many other HFSs in the literature, for example
0.30-1.80x10% My yr~! for Monoceros R2 (Trevifio-Morales
et al. 2019), 1.4-3.6x107* My yr~! for G310.142+0.758 (Yang
et al. 2023), and 12-3.6x10™* M,yr™' for G326.27-0.49
(Mookerjea et al. 2023). This is consistent with the fact that
W49A is one of the strongest star-forming regions in the
Milky Way.

3.4. Star formation in the blue- and red-shifted hub-filament
systems

In Fig. 4, the integrated '3CO (3-2) emission of both the B-S and
R-S HFSs is overlaid on the color map of the 1420 MHz contin-
uum emission, respectively. The map shows that the 1420 MHz
continuum emission is a better match to the high-mass star-
forming regions associated with the R-S HFS, such as W49A-N,
W49A-SW, and W49A-S, but does not match the dense clumps
of the B-S HFS; the strongest 1420 MHz emission is between
two dense clumps. However, compared with the observations
with high sensitivity and high angular resolution at 3.6cm
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Fig. 4. Integrated intensity of '3CO (3-2) for the B-S HFS (top) and R-S
HES (bottom), shown with the contour. The color map is the 1420 MHz
continuum emission.

(De Pree et al. 1997), we find that most dense clumps in the R-
S and B-S HFSs contain ultra-compact Hu regions. There are
many high-mass ZAMS O-type stars in these ultra-compact H 1t
regions (De Pree et al. 1997). The distribution of the H,(n =
151-158) emission, which traces the ionizing gas of the Hu
region, also matches the 1420 MHz continuum emission (see
Fig. D.5) and shows the presence of an expanding H 11 region.

As shown in Fig. 5, the distribution of the 8 pm emission
in W49A is also consistent with the R-S HFS. The strongest
1420 MHz continuum emission is at the position of the densest
clump of the R-S HFS and coincides with the waist of a bipo-
lar bubble structure traced by 8 pm emission. The dense gas of
the R-S HFS overlaps with this waist region where most massive
stars are located generating the bipolar bubble.
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Fig. 5. Color map 8 pm continuum superposed on the white contours
of the *CO (3-2) integrated intensity of the R-S HFS. The red circles
mark the collision of two dense components, as identified by Miyawaki
et al. (2022). The black plus signs indicate the distribution of mas-
sive stars in W49 confirmed by Wu et al. (2016). The dotted black line
denotes the waist of the bipolar bubble, and the white plus sign is where
the 1420 MHz continuum radiation is strongest. The dashed white lines
mark the outline of the bipolar bubble.

4. Discussion

4.1. Kinematics and star formation in the blue-shifted
hub-filament system

The center of the B-S HFS region has an interesting centripetal
velocity gradient (see Fig. D.2). The velocity decreases from
~5.0to 1.5kms~! from the edge of W49A-N to the dense clumps
in the center of it, which suggests that the dense clumps of the
B-S HFS are gravitationally collapsing. Figure D.4 illustrates the
gas velocity structure around the two dense clumps, LC 1 and
LC2, in the B-S hub. The fitting results suggest that the gas
appears to be converging toward the gravitational center under
the influence of gravity (Hacar et al. 2017), which further sup-
ports our idea. The strong 3.6 cm radio emission within the LC 1
and LC 2 regions and many high-mass ZAMS stars identified in
them (De Pree et al. 1997) indicate that they are ultra-compact
Hu regions, while gas accretion at larger scales continues.
Filament F1 show velocity gradients ~—0.21 kms™! pc™
from the ends to the edge of Clump 14 (hub in W49A-N;
see Fig. E.1). F2 and F3 converge toward the B-S dense
clumps in W49A-S, and show velocity gradients ~0.30 and
—0.17kms™! pc~! from their ends to the edge of W49A-S, respec-
tively (see Figs. E.2 and E.3). Both filaments probably transfer
materials onto the B-S HFS dense clumps in the hub. Still,
because of confusion with the R-S HFS along the line of sight,
we only calculated the mass accretion rates from the periphery
to the hub edge in F1 and F3, which are —7.66(+0.99) x 1073
and —8.74(x1.14)x 10™* M, yr’l, respectively (see Table 2). This
value is much higher than those derived for several other HFSs
(see Sect. 3.3.2). Considering that F2 may also transfer mate-
rials toward the hub of the B-S HFS at a similar rate, the true

1
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Table 3. Dense structures and their physical parameters in W49A.

Name Len @ been @ Req ®) M© T duse @ ¥ () n(Hy) Y
©) ©) (po) (Mo) K) (gem™)  (x10%em™)
W49A-N 4317 -0.01 546+035 98844 +12848 3386 0.22+0.04 2.10+0.27
W49A-S 4316 -0.03 3.66+024 26240+ 3411 3191 0.13+0.02 1.85+0.24
W49A-SW 4315 001 2.85+0.19 13553+1762 3184 0.11+0.02 2.03+0.26
Sub_hubl 4323 -0.05 325+021 12745+ 1657 2539 0.08£0.01 1.28+0.17
Sub_hub2 4312 0.03 4.07+£026 14858 +1931 2489  0.06+0.01 0.76 £ 0.09
Clump5 4325 -0.09 1.63+0.11 2090 + 272 20.74  0.05+0.01 1.67+0.22
Clump6 43.08 -0.08 1.63+0.11 1913 + 249 21.69 0.05+0.01 1.53+0.20
Clump7 43.09 -0.05 1.22+0.08 61079 2592 0.03+0.01 1.16x0.15
Clump8 43.11 0.04 3.04+0.20 8385 + 1089 2173 0.06+0.01 1.03+0.13
Clump9 43.08 0.00 1.82+0.12 1823 + 237 2648 0.04+0.01 1.05+0.14
Clump10 43.06 000 1.63+0.11 1455 £ 189 2351  0.04+001 1.17+x0.15
Clump11 43.14 -0.06 1.63+0.11 2173 +£282 2462 0.05+0.01 1.74+0.23
Clump12 4319 0.07 1.63+0.11 1119 + 145 23.39 0.03+0.01 0.89+0.12
Clump13 4316 0.01 508+033 83714x10881 33.57 022+0.04 220+0.29
Clump14 4318 -0.01 2.64+0.17 21777 +2831 33.84 0.21+0.04 4.10+0.53
Clump15 4318 -0.04 2.03+0.13 4389 + 571 31.01 0.07+0.01 1.80+0.23

Notes. “Coordinates the dense structure’s central point (Galactic longitude, latitude). ®The equivalent radius of the dense structure, Req

(Actump /m)%3 (Rigby et al. 2019). ©The mass of dense structures is calculated from the hydrogen molecular column density. (d)The average dust
temperature of dense structures. “The surface density of the dense structures calculated by T = M/(zR?,) (Mazumdar et al. 2021). " The hydrogen

molecular number density of the dense structure, calculated as n(H,) = 3M/ (47r,umpReq3) (Rigby et al. 2019).

mass accretion rate toward the hub may be ~1.3x1072 M yr~'.
This would indicate a significant inflow of material from the
surrounding regions into W49A-N and W49A-S.

On the other hand, as anticipated by some numerical sim-
ulation models in the past (Bonnell et al. 2003; Smith et al.
2009; Vazquez-Semadeni et al. 2019), F1, F2, F3, and F9
may also fragment and form dense clumps locally. Such dense
clumps may also accrete materials from the filaments and form
low- and intermediate-mass stars. To check dense clumps in the
filaments and their star formation, we extracted 15 clumps asso-
ciated with the B-S and R-S HFSs from the catalog of Urquhart
et al. (2014). Table 3 shows their location, size, mass, and other
physical properties. Because '*CO (3—2) may be optically thick
in dense clumps, we did not try to derive their velocity dispersion
and virial parameters. In fact, we checked the mass-size relation-
ship (M(r) < 580 Mo (Req pcH!33, Kauffmann & Pillai 2010)
of these clumps and found that 14 of them satisfy the condition
to form high-mass stars or star clusters.

Clump3 and filaments F1 and F9 constitute Sub-HFS 1
(Sect. 3.2.3), and F 1 shows a typical V-shaped structure around
it in a position-velocity (P-V) diagram (see Fig. E.1). The two
sides have velocity gradients of ~—1.48 and 1.08 kms™' pc~!,
respectively. Such a V-shaped structure indicates that gravita-
tional collapse is taking place there (Hacar et al. 2017; Ma
et al. 2023). Similarly, V-shaped structures are also found around
Clump 7 in the P-V diagram of F3 (see Fig. E.3). The veloc-
ity gradients along the two sides of Clump7 is ~—0.20 and
0.31 kms~' pc~!. All such clumps appear to be accreting materi-
als from the filaments and are forming stars.

4.2. Kinematics and star formation in red-shifted hub-filament
system

The R-S HFS also shows a centripetal velocity gradient in its
hub (W49A-N) with a velocity increasing from ~10 to 12 km s~
from the edge of W49A-N to its center (see Fig. D.2). Similarly,
within the dense clumps of the R-S hub, there is also a significant

presence of high-mass ZAMS stars (De Pree et al. 1997), many
of which are associated with ultra-compact Hn regions. How-
ever, compared to the B-S hub, the centripetal velocity gradient
of the clumps in the R-S hub is less pronounced, and gas accre-
tion around the clumps appears to be less evident. The filaments
F4, F5, and F6 show velocity gradients ~0.22, —0.27, and
0.39kms~! pc™! from their ends to the edge of W49A-N, respec-
tively (see Figs. E.4 and E.5). They probably transfer materials
onto the R-S dense clumps in W49A-N. Filament F 7 also shows
a velocity gradient ~0.31 kms~! pc™! from its end to the edge of
W49A-SW (see Fig. E.5). The velocity gradient along F 8 from
its end to the edge of Clump4 is ~0.27 kms™' pc™! (Sub-hub2;
see Fig. E.6). F 10 shows a velocity gradient ~0.38kms~! pc~!
from its end to the edge of W49A-S (see Fig. E.6). There is
no clear velocity gradient along F2 from its end to the edge
of W49A-S (see Fig. E.2), which may be due to the projection
effect. These velocity gradients along the filaments suggest the
material transport onto the dense clumps in W49A-N, W49A-S,
and W49A-SW.

The mass accretion rates for filaments F4, F5, and F6
from its end to the edge of W49A-N are ~1.25(+0.16) x 1073,
—3.24(+£0.42) x 1073, and 3.41(x0.44) x 1073 My yr~!, respec-
tively. The mass accretion rates for F7 from its end to the
edge of W49A-SW is ~8.17(+1.06) x 1073 M, yr~!. The material
transport rate from filament F 10 to W49A-S is ~2.72(+0.35) X
1073 M, yr~'. Such values are also much higher than the mass
accretion rates found in other HFSs (1071073 Mg yr~!; André
et al. 2014; Trevifio-Morales et al. 2019; Yang et al. 2023;
Mookerjea et al. 2023; Seshadri et al. 2024). Therefore, filaments
of the R-S HFS also transfer materials from the surrounding
regions onto the dense clumps in the center at a high rate.

Similar to the B-S HFS, many dense clumps on the filaments
of the R-S HFS show evidence of accreting materials from fila-
ments locally. Typical V-shaped structures were detected around
Clump 1 (W49A-S) and Clump 11 on F2, Clump 12 on F6,
Clump 2 (W49A-SW) and Clump 4 on F 7, the velocity gradients
of their two sides are ~-2.37 and 0.58, ~—0.95 and 0.24, ~—0.28
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and 0.25, ~1.21 and —0.88, ~0.70 and —0.41 kms~! pc~!, respec-
tively (see Figs. E.2 and E.5). All these R-S HFS clumps are also
accreting materials from the filaments and are forming stars.

Above results indicate that filaments not only transfer mate-
rial into hub of the HFS, but also fragment and form dense
clumps and further stars locally. In addition, most ClassI
young stellar objects (YSOs) are distributed on the hub or the
dense clumps along the filament, while most Class II YSOs are
distributed near the filaments (see Fig. 2). These characteris-
tics are consistent with the global hierarchical collapse model
(Véazquez-Semadeni et al. 2019).

4.3. Gravitational collapse and accretion flows in Sub-HFS 1

In Sect. 3.2.3, two local hub systems, Sub-HFS1 and Sub-
HFS 2, have been identified within the B-S and R-S HFSs,
respectively. Because Sub-HFS 1 is relatively isolated and is less
affected by the complex environment, we focused on analyzing
the gravitational collapse and accretion flow in Sub-HFS 1.

4.3.1. A global velocity gradient in Sub-HFS 1

The kinematic characteristics along the filaments of Sub-HFS 1
were obtained from Gaussian fitting of the molecular spectral
lines of '*CO (3-2) along the filament skeleton. This resulted
in the velocity distribution along the filaments F1 and F9 as
shown in Fig. E.l. The velocity variation along F1 is sim-
ilar to that found in Ma et al. (2023) and shows gradients
approaching Clump 3 from the left and the right side of ~-0.42
and —0.09km s~ pc~!, respectively. These values are consis-
tent with that detected in several other HFSs, for instance,
~0.8kms™! pc’1 in DR 21 South Filament (Hu et al. 2021),
0.15-0.6km s~ pc™! in SDC13 (Peretto et al. 2014), and 0.43—
0.45kms~' pc~!' in G323.46-0.08 (Ma et al. 2023). However,
F9 shows a much larger velocity gradient approaching Clump 3,
~-2.72 kms~! pc~!, which is possibly due to projection effects.
Both F 1 and F9 are transferring materials onto Clump 3.

A typical V-shaped structure appearing around Clump 3 is
in good agreement with simulation results of Kuznetsova et al.
(2018) and Gomez & Vazquez-Semadeni (2014), and is similar
to that detected in Orion (Hacar et al. 2017) and G323.46-0.08
(Ma et al. 2023). This indicates that accelerated gravitational
collapse is taking place there; the velocity gradients on the two
sides of Clump 3 are ~—1.48 and 1.08 km s~ pc™! (see Fig. E.1).
Such values are smaller than the theoretical values reported by
Kuznetsova et al. (2018, 4-7km s~ pc™') and the observational
results in Orion (5-7km s~ pc™!; Hacar et al. 2017), but they are
close to those obtained by Ma et al. (2023, 1-3kms~' pc™!) in
G323.46-0.08. These differences may result from optically thick
CO lines or projection effects.

4.3.2. The gravitational collapse of Sub-hub 1

If Clump 3 gravitationally collapses in free fall, the observed
line-of-sight velocity can be described by a given impact param-
eter p using the following relationship (Hacar et al. 2017):

VLsrR(P) = Viys0 + Vintan(p) - cos a, (6)
and
1 1
2GM\? 2GM \?
Vi (p) = = ——| =- . )
R p/sina
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Fig. 6. Gas velocity structure as a function of the distance to the center
of Clump 3 (/p =43.23°, by =—-0.05°). Different fitted lines describe the
expected velocity profile for a free-falling particle into potential wells
with different masses, M, and observed at different angles, «, following
Eq. (7).

where Vg0 = 9.0 km s~! is the systemic velocity (as shown

in Fig. E.1), and Viugy is the infall velocity into a potential of
mass M. The distance to its center, R, depends on the projected
distance and the direction angle of the infall motion relative to
the line of sight, a.

The expected velocity profiles of free-falling particles in dif-
ferent potential wells and with different orientation angles are
displayed in Fig. 6. These model results show that a mass of
13000 Mg and a direction angle of 75° provide a better match
for the observations. This model mass for Clump3 is nearly
the same as that derived from dust emission (see Table 3). The
observed gradient appears to be very small for points at dis-
tances greater than ~2 pc, but it rapidly increases as the points
approach the center of Clump 3. This suggests that the motion is
indeed dominated by gravity, which is consistent with theoretical
results that filament collapse is slower than spheroidal collapse
(Pon et al. 2012; Clarke et al. 2017).

4.3.3. Accretion from the filament

We used Eq. (5) to estimate the mass accretion rate of the fila-
ments in Sub-hub 1. The resulting mass accretion rates toward
Clump 3 along F1 and F9 are 915 My Myr~!, 410 My Myr™!,
and 3260 M, Myr~!, respectively. Therefore, a total ~4585 M,
will be transferred onto Clump 3 in 1 Myr. Such a value is much
higher than the ~30 M, from Kirk et al. (2013), the ~440 M,
from Yuan et al. (2018), the ~1216 M, from Ma et al. (2023), and
the ~3000 M., from Sen et al. (2024). Considering that Clump 3
has a very large mass, such a high accretion rate seems to be
reasonable. However, it should be noted that contamination from
the background and foreground may result in an overestimation
of the filament mass and consequently the mass accretion rate.
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Fig. 7. Velocity dispersion and P-V diagram of W49A-N. Top panel:
velocity dispersion of '3CO (3-2), shown with the color map, and the
velocity contours of —1-4kms™' and 9-14kms™!, shown as blue and
red contours, respectively. The white contours represent the strongest
positions of the 1420 MHz continuum radiation (the outermost contour
corresponds to 60% of the peak intensity). The plus sign indicates the
massive YSO reported by De Buizer et al. (2021). The white circle is the
position of the collision pointed out by Miyawaki et al. (2022). Bottom
panel: P-V diagram along the direction of the black arrow in the top
panel.

4.4. The relation between the blue-shifted and red-shifted
hub-filament systems

The P-V diagram in Fig. 7 (bottom) shows that the dense gas of
the R-S HFS has a system velocity of ~12 km s~!, and the dense
gas of the B-S HFS has a velocity of ~4kms~'. We can see that
hubs of the B-S and R-S HFSs are located nearly at the same
position in W49A-N ( see the top panel of Fig. 7). There is a
“bridge” connecting the B-S and R-S hubs in the P-V diagram
(see the bottom panel of Fig. 7), which is usually thought as one

convincing piece of evidence for the existence of cloud-cloud
collision (Fukui et al. 2021). This suggests a head-on collision
between B-S and R-S hubs may have occurred along the line of
sight. Additionally, the surface density of massive YSOs reaches
its maximum at the position where B-S hub overlaps with R-S
hub (see the top panel of Fig. 7). Miyawaki et al. (2022) also
suggest that cloud-cloud collision occurs at the same position
based on the high angular resolution observations of CS and SiO
(see the top panel of Fig. 7).

It should be noted that our current results cannot discard the
possibility of other mechanisms, such as the feedback of nearby
Hu regions (Peng et al. 2010) or the localized gravitational
collapse (Galvan-Madrid et al. 2013).

5. Conclusions

Using CO (3-2) emission lines, RRLs, and infrared and radio
continuum data, we have studied the structure and Kinematics of
the GMC W49A on a large scale. Our main conclusions are as
follows.

1. W49A consists of two HFSs on the line of sight; they have
different systemic velocities and are spatially separated by an
intervening H i1 region. The R-S HES includes a hub at a sys-
temic velocity of ~12kms~! and seven associated filaments
(F2,F4,F5,F6,F7,F8, and F 10). The B-S HFS includes a
hub at a velocity of ~4kms~! and four associated filaments
(F1,F2,F3,and F9).

2. There are clear velocity gradients in the B-S HFS fila-
ments F1 (~-0.21kms™'pc™!), F2 (~0.30kms™! pc™!),
and F3 (~-0.17kms™! pc‘l) and the R-S HFS fila-
ments F4 (~0.22kms™!'pc!), F5 (~0.27kms ! pc!),
F6 (~0.39kms'pc™!), F7 (~031kms'pc™!), F8
(~0.27kms™! pc‘l), and F10 (~0.38kms™! pc‘l). The
B-S hub shows a centripetal velocity gradient from ~5.0
to 1.5kms™! from the edge of the hub to its center; it is
probably gravitationally collapsing. The R-S hub also shows
a centripetal velocity gradient from ~10 to 12kms~! from
the edge of the hub to its center.

3. The absolute values of the mass accretion rates
along the filaments vary from ~8.74(+1.14)x107™* to
~8.17(x1.06)x1073 M, yr~!. This indicates that there is still
significant material transport into both the B-S and R-S
HFSs of W49A.

4. We conducted a detailed analysis of Sub-hub 1 (Clump 3)
in W49A and confirm it is accreting materials through fil-
aments and is undergoing gravitational collapse. In addition,
filaments associated with both the B-S and R-S HFSs also
show evidence of local star formation, as evidenced by the
V-shaped structures around clumps in their P-V diagrams.

5. The separation of the B-S and R-S HFSs and the Hu region
in W49A in velocity space suggests a familiar scenario of
sequential star formation along the central filament struc-
tures. After the central hub evolves into an Hi region, the
two next clumps on either side of the main filament structure
experience gravitational collapse and initiate star formation.
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Appendix A: Interpolating saturated pixels in Herschel images

A few pixels are saturated at the center of W49-N in Herschel images at 160, 250, and 350 pm. Similar to Lin et al. (2016), we used
the interpolated values to replace those saturated pixels. Since the flux in saturated regions generally represents the peak flux of that
area and decreases gradually from the center outward, to some extent, it exhibits a Gaussian distribution of radiation. Therefore, we
used Gaussian fitting interpolation to recover the missed flux in the saturated regions. The interpolated images are shown in Fig. A.1.
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Fig. A.1. Original images at 160, 250, and 350 pm in W49A (top panels) and the images after filling in the saturated regions (bottom panels).

Appendix B: Analysis of CO optical depth in W49A

The optical depth of CO will affect our analysis of velocity gradients in the double velocity components in W49A. This is because
self-absorption in optically thick molecules can affect their measured spectra. Additionally, since it is J = 3-2, it may only trace
relatively high-excitation gas. Therefore, it is necessary to discuss the optical depth of CO molecules in the W49A region here.

Assuming local thermodynamic equilibrium, we estimated the optical depth of '*CO (3-2) using the emission of '?CO (3-2) and
13CO (3-2) with the following formula (Paron et al. 2018):

T 13
_ mbl( CO) ) (Bl)
15.87] iy — 0.0028]

TiCco = — 111(1

The Typ('3CO) here is the main-beam brightness temperature, Ty is the excitation temperature, assuming '>CO (3—2) emission is
optically thick, T is obtained from

T.. = 16.6 ’ (B.2)
In[1 + 16.6/(Tpeax(12CO) + 0.036)]

where Tpea(1?CO) is the peak main brightness temperature obtained from the '>CO (3-2) line. Fig. B.1 shows the distributions of
excitation temperature (left panel) and optical depth (right panel) of '*CO (3-2) in W49A. For '3CO (3-2), the optical depth in most
regions is less than 1, indicating that analyzing the velocity gradient in W49A using '*CO (3-2) is reliable. We set the upper limit
of the color bar range to 1 to better distinguish regions with optical depth higher than 1, they are few and mainly appear as bad
pixels in the outskirts of the cloud, which could be an artifact caused by a very low inferred Tx or a low signal-to-noise ratio in the
13CO (3-2) data at those positions.
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Fig. B.1. Optical depth in W49A.. Left panel: Distribution of the excitation temperature. Right panel: Optical depth of *CO (3-2).

Appendix C: Channel maps of *CO (3-2)

This part mainly shows the velocity channel map in the W49A area.
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Fig. C.1. Channel map of '3CO (3-2) in W49A. The color map is the integrated intensity of '*CO (3-2).
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Appendix D: Spectra of some structures in W49A

This section mainly presents the spectrum distribution at different positions in W49A, aiming to explore the velocity structure in
WA49A. Tt shows the average spectra of '3CO (3-2) at several dense regions in W49A, including the main body of W49A, W49A-N,
and the position of strongest 3CO (3-2) emission. It also includes the average CO spectra of dense structures in the B-S and R-S
components of W49A-N, the '*CO (3-2) spectra at various positions on filaments in W49A, and the distribution of H,(n=151-158)
RRL at the position of strongest emission in W49A-N.
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Fig. D.1. Spectral line analysis of different regions in W49A.. Left panel: Color map of the integral intensity of '*CO (3-2). Circles and boxes
indicate the range of W49A, W49A-N, and the peak region. Right panel: Average molecular spectra of '3 CO (3-2) for three dense structures.
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outlines are the intensity contours, and the black boxes are the extents of the two dense clumps. Right panel: Color map of the *CO (3-2) velocity
distribution of the R-S component. The black outlines are the intensity contours, and the black boxes are the extent of the three dense clumps of
the R-S component.
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Fig. D.3. From left to right: Averaged spectra of '2CO (3-2), *CO (3-2), and C'30 (3-2) corresponding to the positions labeled with clumps in
Fig. D.2.
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Fig. D.4. Gravitational collapse of dense clumps in the hub. According to Egs. (6) and (7), to test whether the two dense clumps (LC 1 and LC 2)
in the B-S HFS are in a state of gravitational collapse, we examined their velocity distributions with radius. Left panel: Velocity distribution with
radius in LC 1 ({y = 43.17°, by = 0.00°), with a fitted curve yielding a systemic velocity of 5.0kms~!. Based on the integral intensity weighted by
the B-S component, we estimated the clump mass to be approximately 17997 M., with the best-fit result at 15000 M, and an inclination angle of
78° for the plane of the sky. Right panel: Velocity distribution with radius in LC 2 ({, = 43.17°, by = -0.00°), with a fitted curve yielding a systemic
velocity of 4.5kms™'. Based on the integral intensity weighted by the B-S component, we estimate the clump mass to be approximately 9098 M,
with the best-fit result at 10000 M, and an inclination angle of 78° concerning the plane of the sky.
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Fig. D.5. RRL at the position of the strongest emission in W49A-N. Left panel: Distribution of H,(n=151-158) emission. Right panel: Average
spectrum of dense regions, representing the velocity distribution of ionized gas.
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Fig. D.6. Spectra of *CO (3-2) along ten different filaments at the positions marked in the central figure.
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Appendix E: Position-velocity diagram along the filaments

Here we present the P-V diagram of filaments in W49A. We performed Gaussian fitting to the averaged '*CO (3-2) spectra within
a 9-pixel region around each pixel along the skeleton of the filaments. This process allows us to obtain the peak velocity and the
fitting error at each position along the filament. It is worth noting that there is a noticeable double-peak structure near the W49A-N
region. For these positions, we conducted Gaussian double-peak fitting (see Eq. (E.1) ) to obtain velocities for both the B-S and R-S
filaments:

) )

f(x)=Aje 1 +Ae 2 . (E.)

However, the two velocity components are mixed in certain areas within the hub without a clear double-peak structure. In such cases,
our approach was to conduct single-peak Gaussian fitting (see Eq. (E.2) ) to the mixed components:

-?

f(x) =Ae 22 . (E.2)

Meanwhile, we marked the positions corresponding to dense structures on each P-V diagram and calculated the velocity gradient
along the filament through linear fitting.
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Fig. E.1. P-V diagrams and velocity gradients of two filaments, F 1 (left panel) and F 9 (right panel).
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Fig. E.2. P-V diagrams and velocity gradients of filament F2, R-S (left panel) and B-S (right panel).
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Fig. E.5. P-V diagrams and velocity gradients of two filaments, F 6 (left panel) and F 7 (right panel).
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Fig. E.6. P-V diagrams and velocity gradients of two filaments, F 8 (left panel) and F 10 (right panel).
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