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ABSTRACT

The FIRESTORM project — Feedback-Induced Regions and Emission from Star-forming Tracers of ObseRvable Molecular Gas
— has targeted four star-forming regions to quantify the impact of stellar feedback on star formation. In this paper, we present
multiwavelength results for one of the targets, the nearby high-mass star-forming region W40. Using dense-gas tracers C'30(1-0)
and H'3CO™*(1-0), we identified six velocity-coherent filaments: five at Vi gg ~7.5km s~! and one at Vi.sg~ 5 kms~!. Four of
these converge towards an infrared-bright cluster hosting the most massive star of the region (IRS 1A South, 09.5V), forming
a hub-filament system (HFS). Key physical parameters, including filament lengths, widths, masses, velocity dispersions, and
line masses, are derived. Five dense clumps traced by NoH*(1-0) exhibit subsonic to transonic turbulence, contrasting with the
supersonic motions of their parental filaments, indicating turbulence dissipation. A deficit of emission at Visg~7 kms~! in
several molecular lines, along with a blueshifted absorption dip in the HCN(1-0) profile, suggests that emission from OB-heated
gas is being absorbed by a cold foreground cloud. A bridge-like feature in position—velocity space connects the Vi s~ 5 and
~7.5 kms~! filaments, and spatially coinciding with dense condensations and radio continuum peaks. These findings suggest
that a past interaction — likely a cloud—cloud collision — triggered the formation of HFS and ultimately the central massive cluster.

Key words: stars: formation —ISM: clouds — dust, extinction — H II regions —ISM: individual objects: W40.

within HFSs contributes significantly to mass assembly of massive

1 INTRODUCTION stars and clusters (e.g. N. Peretto et al. 2013; F. Motte, S. Bontemps &

The formation of massive stars (>8 M) and stellar clusters remains
one of the most fundamental yet poorly understood processes in
astrophysics. Infrared and radio surveys have revealed that massive
star-forming (SF) regions often harbour hub-filament systems (HFSs;
P. C. Myers 2009; H. Kirk et al. 2013; S. P. Treviflo-Morales et al.
2019), and there is a growing consensus that filamentary accretion
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F. Louvet 2018; A. L. Rosen & M. R. Krumholz 2020). In some
configurations, massive stars may grow initially from low-mass stars
formed at the hub (e.g. F. Motte et al. 2018). HFSs are therefore
key sites to understand the formation processes of massive stars and
stellar groups (M. S. N. Kumar et al. 2020; P. Suin et al. 2025).
Once massive stars form, their stellar feedback in the form of winds
and radiation alters their environment. Extreme-UV radiation ionizes
hydrogen and drives expanding H1I regions (B. Strémgren 1939; R.
Weaver et al. 1977; L. Spitzer 1978), while far-UV radiation produces
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Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,
provided the original work is properly cited.
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the surrounding photodissociation layers (A. G. G. M. Tielens &
D. Hollenbach 1985; A. Sternberg & A. Dalgarno 1989). This
feedback can reshape filaments and modify the initial conditions,
promoting further star formation. Despite substantial progress, a
number of unanswered questions remain, including How do massive
stars form? What leads to the formation of HFSs? And how do
massive stars shape their surrounding interstellar medium through
feedback?

The SF complex W40 (see Fig. 1) is an ideal nearby laboratory
for understanding these fundamental questions. At a distance of
502+4pc (F. Comerén, A. A. Djupvik & N. Schneider 2022),
adopted in this study, W40 harbours a bipolar H It region (Fig. 1b and
¢) with an angular diameter of ~ 6 arcmin (~ 0.88 pc). The region
is mainly ionized by the 09.5V star IRS 1A South (R. Y. Shuping
et al. 2012; F. Comer6n et al. 2022). It has been recognized since
early optical/radio surveys (H. M. Johnson 1955; G. Westerhout
1958; S. Sharpless 1959). Previous kinematic studies using H o
(R. M. Crutcher & Y.-H. Chu 1982) and C1 (T. Faerber et al.
2025) lines reveal expansion signature in the H1I region. Herschel
imaging reveals a rich multiscale network of filaments (Fig. 1a)
with a characteristic width of ~ 0.1 pc (D. Arzoumanian et al. 2011,
2019); the most supercritical filaments' are closely associated with
dense cores (P. André et al. 2010; A. Men’shchikov et al. 2010;
V. Kényves et al. 2015). The clustering of young stellar objects
(YSOs) (see Fig. 1b) further indicates multiple branches extending
from the central cluster, with only a subset coincident with present-
day molecular filaments, and suggests the partial disruption of the
original HFS (J. Sun et al. 2022a, b). On larger scales, W40 complex
has been classified as an evolved (Stage IV) HFS exhibiting bubbles
and pillars shaped by OB-star feedback (M. S. N. Kumar et al. 2020).
Its proximity and evolutionary state make it a prime site to test the
interplay between filamentary inflow and stellar feedback.

A velocity-resolved multitracer filament analysis of the W40
cloud has not yet been carried out. But this analysis is the key
to understand the dynamical interaction between the HII region
and the surrounding SF region. We observed the W40 cloud as
part of the FIRESTORM (Feedback-Induced Regions and Emission
from Star-forming Tracers of ObseRvable Molecular Gas; PI: J.
Maklai) program. FIRESTORM maps J = 1 — 0 rotational transitions
of dense-gas tracers with the Taeduk Radio Astronomy Observatory
(TRAO) 14-m across four representative Galactic SF regions —
including W40 — to investigate how OB-star feedback reshapes dense
gas and regulates star formation. In this study, we combine dense-
gas tracers” and CO isotopologues — our TRAO 14-m observations of
C180, N,Ht, HCO*, HCN, CN, and C,H; together with Nobeyama
45-m '2CO, 3CO, and C'80; IRAM 30-m H"*CO*, and H"*CN;
and JCMT '2CO(3-2) data — to connect structure and kinematics
across the density hierarchy. Our analysis addresses the following
key questions: (i) what physical processes assembled the W40
hub and filaments (converging flows, cloud—cloud interactions, or
compression by feedback); and (ii) how feedback from the bipolar
H11 region has influenced the surrounding medium, including the
possibility of triggering star formation in the region.

Section 2 summarizes observations and data reductions. Section 3
presents the spatial and spectral distributions of the lines alongside

Based on V. Konyves et al. (2015), a supercritical filament has its line mass
(mass per unit length, Mjine ) larger than its thermal critical line mass, Miine,crit
2Unless otherwise stated, all molecular line transitions refer to the J =1—0
transition.
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the identification of the filaments and clumps. Section 4 discusses
the role of feedback in star formation, and the origin of the W40
HEFS. Finally, our summary and conclusions are given in Section 5.

2 OBSERVATIONS AND ANCILLARY DATA

A summary of the molecular line observations and archival data
used in this paper is provided in Table 1. To approximate the density
regime that each molecule traces, in the same table, we also listed
the effective density n.g of the molecules, defined as the density of
the collisional partner (typically H,), which results in a molecular
line with an integrated intensity of 1 Kkms~!. We refer the reader
to Y. L. Shirley (2015) for an in-depth discussion of the use of n.g
over the more commonly used critical density, n.;. Several lines
contain hyperfine structure splitting transitions that are resolvable by
the spectrometer; their relative strengths and separations are listed in
Table E1.

2.1 Observations with the TRAO 14-m telescope

As part of the large program FIRESTORM (PI: Maklai, J.), we
mapped the W40 cloud in the J = 1 —0 rotational transitions of C'%0,
N,H*, HCO*, HCN, CN, and C,H lines between 87 and 114 GHz
using the TRAO 14-m telescope with the Second Quabbin Optical
Image Array (SEQUOIA), a 4 x 4 MMIC pre-amplifier receiver
array system (L.-G. Jeong et al. 2019). The observations were carried
out in the on-the-fly (OTF) mode from late 2022 to early 2023,
using an FFT2G spectrometer as the backend. For individual spectra,
the total bandwidth and the number of channels were respectively
62.5MHz (corresponding to 187 kms~' at 100 GHz) and 4096,
resulting in a spectral resolution of 15kHz (0.045kms™! velocity
resolution at 100 GHz). Full observational details will be provided in
a forthcoming paper (R. K. Yadav et al. in preparation). The mapped
area covers 20 arcmin x 20 arcmin (2.92 pc x 2.92 pc), centred at
(I = 28.79°, b = 3.52°), chosen to encompass the HFS in the W40
complex. The pointing and focus of the telescope were checked out
every ~ 3 h by observing strong SiO maser sources. The pointing
accuracy was better than 10 arcsec. The OFF position is (I = 28.79°,
b = 4.52°), which does not show any appreciable HCO™ and HCN
line emission. The data were calibrated by the standard chopper
wheel method. The line intensity was initially measured on the
antenna temperature (75) scale and later converted to the main beam
brightness temperature, Ty, using the equation Tr,, = T4 /ng, where
np denotes the telescope’s main beam efficiency. The main beam size
ranges from 46 to 57 arcsec, and the corresponding np values range
from 0.42 to 0.50, as reported in the TRAO 2020 status report.
All the OTF scans were baseline corrected using second-order
polynomial fitting, regridded to a pixel size of 20 arcsec x 20
arcsec using OTFTOOLS, and subsequently made into FITS cubes
using GILDAS CLASS. The average rms noises in Ty, across the
final data cubes range from 0.29 to 0.83K among all observed
lines. The mean system temperatures Ty, are ~178 K for N,H,
~185K for HCN, HCO™", and C,H, 251K for C'®0 and 375K
for CN.

2.2 Ancillary data

In addition to the TRAO observations, we incorporated archival
molecular line data sets, continuum images, and source catalogues
to complement our analysis. All data sets were cropped to a 40
arcmin x 40 arcmin region centred at (I = 28.79°,b = 3.52°), which
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Figure 1. (a) H, column density, Ny, map from the HGBS (P. André et al. 2010) overlaid with 887.5 MHz contour from RACS Data Release 1. Contour levels
are [0.01, 0.05, 0.09, 0.13, 0.17, 0.21] Jy beam™~!. (b) Dust temperature, Tgyg map from HGBS with overlaid positions of Class I (black) and II (cyan) YSOs
from J. Sun et al. (2022a). (c) Composite image combining Herschel 250 pm (red), Spitzer 8 um (green), and UKIRT H « emission (blue). (d) JCMT SCUBA-2
850 um, overlaid with Herschel dense cores (V. Konyves et al. 2015). In each panel, the FoV of the TRAO observation is indicated by a box, and the scale bar
is drawn at a distance of 502 pc. Star symbols in panel (d) indicate the positions of massive stars identified by R. Y. Shuping et al. (2012), with the most massive

star, IRS 1A South, marked with a red star symbol in all the panels.

encompasses both the filamentary dust structure and the associated
bipolar infrared morphology.

2.2.1 Molecular line spectroscopy

The W40 and the nearby young SF region Serpens South were
mapped in the J=1-0 transition of 2Co, ¥Co, C'*0, N,H*
species and CCS(Jy = 87;—7¢) using the Nobeyama 45-m telescope,

covering a field of view (FoV) of 1 deg? and a beam size 0y of 22.2
arcsec (0.054 pc) at 109 GHz (F. Nakamura et al. 2019a). The same
data were analysed by T. Shimoikura et al. (2019, 2020). We retrieved
all data except CCS(y = 8,—76)’ in Ty unit from the VO portal
operated by ADC/NAQJ, based on observations from the Nobeyama
Radio Observatory (NRO).

3CCSUy = 87-7¢) is undetected in the W40 region.

MNRAS 545, 1-20 (2026)
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Table 1. Summary of the molecular line observations used in this study.

Molecular line Frequency Effective density Beam size Channel width Tpeak RMS noise Facility Reference
(Ju=In)? (GHz) (logneg) (em™) (@) (") (®B) (pe)  (Av) (kms™))  [K(Tmp)] [K(Tmp)]
1) ) 3) “) (%) (6) @) (®) ) (10
TRAO observations
C80 (1-0) 109.782173 2.85¢ (14.99)4 49 0.12 0.042 6.2 0.66 Fl This work
CN (132-01/2) 113.490970 423 (14)° 48 0.12 0.040 49 0.83 Fl This work
CoH (132-012) 87.316925 5.29¢ (14) 57 0.14 0.052 2.1 0.29 Fl This work
HCN (1-0) 88.631846 3.65 (14)° 56 0.14 0.052 52 0.30 Fl This work
HCO™ (1-0) 89.188525 2.72 (14)° 56 0.14 0.051 53 0.30 Fl This work
NoH*(1-0) 93.173770 3.74 (13)° 54 0.13 0.049 2.8 0.30 Fl This work
Archival data
2Co (1-0) 115.271202 - 22 0.05 0.100 52.6 0.70 F2 Cl1
13Co (1-0) 110.201322 1.39¢ (16.33)4 22 0.05 0.100 35.0 0.26 2 Cl
C'80 (1-0) 109.782173 2.85° (14.99)4 22 0.05 0.100 9.0 0.36 F2 Cl1
NoHT (1-0) 93.173770 3.74 (13)° 24 0.06 0.100 7.0 0.31 F2 Cl1
HCO™ (1-0) 89.188525 2.72 (14)° 40 0.10 0.165 75 0.09 F3 2
H3CO* (1-0) 86.754288 4.34 (12.3)° 40 0.10 0.165 1.7 0.07 F3 C2
HCN (1-0) 88.631846 3.65 (14)° 40 0.10 0.165 6.4 0.06 F3 2
H3CN (1-0) 86.340167 5.20 (12.3)° 40 0.10 0.165 0.7 0.06 F3 Cc2
2c0 (3-2) 345.795990 - 15 0.04 0.050 80.7 1.90 F4 3

Notes. * For species with fine structure (CN and CoH), the notation is (N, j,—Nyj,).

b Values of negr and Nyef are adopted from table 1 in Y. L. Shirley (2015).

¢ The value of nef is calculated using spectralradex radiative transfer code (J. Holdship et al. 2021).

4 The Nyt values of 3CO(1-0) and C'80(1-0) correspond to the mean Nrer values in the W40 cloud reported in K. Tursun et al. (2024).

Column descriptions: (1) quantum numbers of the transition based on the notation provided in the Cologne Database for Molecular Spectroscopy (CDMS; H.
S. Miiller et al. 2005); (2) frequency of the transition; (3) effective density of the transition assuming a kinetic temperature T} of 20 K. The value in parenthesis
refers to the reference column density in log scale (log Nier) of which nes is calculated; (4) angular resolution of the final data cube in arcsec; (5) angular
resolution of the final data cube in pc at the distance of 502 pc; (6) channel width of the final data cube; (7) peak main beam temperature within the observed
area; (8) mean rms noise measured in emission-free channels (e.g. first 100 channels); (9) facilities: F1 = TRAO14-m SEQUOIA, F2 = NRO45-m FOREST,
F3 = IRAM30-m EMIR, F4 = JCMT15-m HARP; (10) references: C1 = F. Nakamura et al. (2019b), C2 =Y. Shimajiri et al. (2017), C3 = D. Rumble et al.

(2016).

The W40 and Serpens South regions were also mapped in the
J = 1-0 transition of HCO*, H3CO*, HCN, and H*CN by IRAM
30-m telescope, with a beam size, 6 of 28.6 arcsec (0.07 pc) at
86 GHz (Y. Shimajiri et al. 2017). These data cubes, provided in the
T unit, were smoothed to an angular resolution of 40 arcsec and
obtained via private communication with Y. Shimajiri.

The W40 region was mapped in the 2CO(3-2) using the HARP
receiver on JCMT (D. Rumble et al. 2016) (Proposal ID: M15AI131),
with a beam size 6 of 14.6 arcsec and a FoV of 7 arcmin x 18 arcmin,
confined to the area covering the western dust arc and partially the
eastern infrared dark lane. The observations are available in two
different channel spacings: 0.061 and 0.977 MHz (0.05 and 0.85
kms~! at 346 GHz, respectively). We retrieved the data with the
finer channel spacing, provided in the T unit, and converted to Ty
by dividing the data by 0.61, the main beam efficiency reported in
D. Rumble et al. (2016).

We cross-checked the TRAO C'80 and N,H™ data with those from
NRO, and HCN and HCO™ data with those from IRAM. Before
comparison, all data sets were smoothed using Gaussian kernels
to achieve a common spatial and spectral resolutions. The kernel

widths were calculated as Gé,get — 62, for spatial smoothing and

A/ Avfarget — Av2,, for spectral smoothing. We found that the TRAO

C'30 data are systematically weaker (~1 K or 39 percent) than the
NRO at ~7 kms~!. At some positions TRAO shows no emission
or apparent absorption, while NRO shows emission of ~1 K (T ;).
In other positions with a 7 kms™' peak, both telescopes detect
emission, but NRO is brighter by ~1-1.5K (see Fig. Al). To test
whether this discrepancy arises from OFF-position contamination,

MNRAS 545, 1-20 (2026)

we inspected Purple Mountain Observatory (PMO) archival OTF
maps that cover the sky position used as TRAO’s OFF reference.
Those PMO maps show average 'CO and '>CO emission of

"~ 2K at Visg ~ 7.5kms™!, and one map shows weak C!%0
emission (77 ~ 0.4K) at the same velocity. Contamination in the
OFF position may therefore contribute to the inconsistency in the
spectra.

The N,H*, HCO™, and HCN data agree with the archival data
sets within a mean rms difference of 0.24 K (8.36 percent), 0.42K
(6.75 percent), and 0.18 K (4.39 per cent), respectively. The Tpeax
ratios (T;‘,‘ecakl‘(ival / Tg;ﬁ‘o) range from 0.5 to 1.5 for all three lines, with
median values of ~0.95. Approximately 68 per cent of data points lie
between ratios 0.8 and 1.1, indicating overall good agreement with
archival data. Elevated ratios are found towards some clumpy regions
identified in previous millimetre studies (e.g. A. J. Maury et al. 2011;
L. Pirogov et al. 2013). These differences are likely attributable to
calibration uncertainties between telescopes (e.g. conversion from
T} to Typ), beam coupling effects due to compact structures, and
additional errors introduced by Gaussian smoothing and baseline
fitting.

2.2.2 Continuum and others

We obtained the 8 um image (6 = 1.71 arcsec or 4.16 x 1073 pc)
from the Spitzer Enhanced Imaging Products (SEIP) (SSC and IRSA
2020), and Ha image (6 ~ 1 arcsec or 2.43 x 1073 pc) at 6548 A
from the UKST SuperCOSMOS Ha survey (Q. A. Parker et al.
2005). The Herschel column density (Ny,) and dust temperature
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(T4ust) maps (Bg = 18.2 arcsec or 0.044 pc), together with the
250 pmimage and the dense cores catalogue, were obtained from
Herschel Gould Belt Survey (HGBS) (P. André et al. 2010; V.
Konyves et al. 2015). The 887.5 MHz (6 = 15 arcsec or 0.037 pc)
radio continuum image was obtained from the Rapid ASKAP Con-
tinuum Survey (RACS) Data Release 1 (D. McConnell et al. 2020).
The 850 um (g = 14.8 arcsec or 0.036 pc) image was retrieved from
the JCMT Gould Belt Survey (D. Ward-Thompson et al. 2007; H.
Kirk et al. 2018).

3 RESULTS

Fig. 1 shows the W40 complex across multiple wavelengths. For con-
sistency, we adopt an offset coordinate system centred at (/ = 28.79°,
b = 3.52°), which will be used throughout the paper. In panel (a),
the main ionizing source, the 09.5V star IRS 1A South, lies near the
centre of the 887.5 MHz radio continuum, which is approximately
symmetric about the waist (oriented north-west—south-east) of the
bipolar morphology. Other ionizing sources include a B1 and two
B2 stars (F. Comer6n et al. 2022). The radio continuum contours
exhibit a noticeable pinched morphology towards the north-west
and south-east edges of the H1I region. These distortions coincide
spatially with dense filamentary structures seen in the dust emission,
suggesting that the expansion of the ionized bubble is impeded in
these directions, where the surrounding gas density is higher. This
interaction leads to an asymmetric shell: the H 11 region preferentially
expands into regions of lower ambient density, while being confined
or slowed down where it encounters the filaments.

In panel (b), the dust temperature map also exhibits a bipolar
morphology. Class II YSOs are clustered around IRS 1A South,
whereas Class I YSOs are predominantly distributed along the
south-eastern filamentary structures and south-western clumpy dust
structures within the southern lobe of the bipolar H I region.

In panel (c), Ho emission appears patchy and extends primarily
in the north—south direction. The 8 pmemission traces a bipolar
structure, while 250 pm emission highlights prominent filamentary
features to the south-eastern and south-western directions.

In panel (d), the 850 pm continuum traces cold and dense molec-
ular clouds similar to the highest column density regions in the
Herschel column density map. Extended emission is filtered out by
the JCMT data reduction process (D. Rumble et al. 2016), leaving
mainly high density structures concentrated along the boundary of the
radio continuum. Their distribution suggests density enhancements
caused by compression from the expanding H I region.

3.1 Molecular cloud distribution and self-absorption
3.1.1 Molecular cloud distribution

The W40 cloud has been reported to exhibit complex velocity
structures, with multiple components peaking at approximately 3,
5,7, 8, and 10 kms™' (see fig. 18 in T. Shimoikura et al. 2019).
Based on the averaged spectra across the region in several lines (see
Appendix B), we detected four main velocity components (3, 5, 7,
and 10 kms™"). A ~40 kms~! high-velocity feature has also been
reported in T. Shimoikura et al. (2020), but we do not analyse it here
because it shows no kinematic connection with the other components
in position—velocity space (fig. 8 of T. Shimoikura et al. 2020). We
therefore consider it a foreground or background cloud along the line
of sight.

Fig. 2 presents the RGB composite maps of integrated intensity,
generated by intensity integration over selected 1kms™! velocity
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bins. These maps reveal the presence of multiple velocity components
in each molecular line. The velocity bins are selected based on
visually identified peaks in spectra averaged across the observed
area (see Appendix B). An integration width of 1kms™! was
chosen as a compromise between achieving sufficient signal for map
construction and minimizing contamination from nearby velocity
components. For lines with resolvable hyperfine structure, only the
main (strongest) line is considered.

All moment maps in this study were generated using the Behind
the Spectrum (BTS) code* developed by S. D. Clarke et al.
(2018), which produces cleaner maps—particularly for data with weak
emission (e.g. CN and C,H). This code implements the moment-
masking technique, following the method described by T. M. Dame
(2011), to effectively reduce noise while preserving weak emission
signals. The algorithm first unmasks pixels whose emission exceeds
a temperature threshold 7¢. It then iteratively unmasks neighbouring
pixels with emission above a lower threshold 7, continuing this
process until no additional pixels satisfy this criterion. We set the
default thresholds as Tc = 8o and T;, = 50, where o is the rms of
the emission-free channels.

Comparing the line tracers in Fig. 2, differences in the emission
distributions because of temperature effects, density variations, and
chemistry become obvious. The full, mostly filamentary, molecular
cloud structure is best seen in C'80, which resembles most the
Herschel column density map. The '2CO and '3CO maps miss some
emission features that are visible in the Herschel column density
map (contours in Fig. 2) and in the C'®0 map (Fig. 2d). It is mainly
the 7 kms~! component, corresponding to the bulk emission of the
cloud, is clearly seen in C'*O emission and extends farther outwards
from IRS 1A South, but is missing in the '?CO and '3CO lines. We
will show in Section 3.1.2 that this is mostly due to self-absorption
of this velocity component in the '?CO-and partly in the '3CO-
lines. The optically thin lines of H3CO*, H*CN also trace the main
filamentary structures in the W40 cloud, but are less sensitive to
the lower-density gas. NoH™ is another high-density tracer, but it
additionally focuses on cold gas (typically <10-20 K). Interestingly,
it outlines the more clumpy — and not filamentary — structure of
the molecular gas. In contrast, the warmer molecular gas and the
photodissociation region (PDR) close to the central exciting star are
best seen in the important chemistry tracers CN, HCN, HCO™, and
C,H. Most prominent is a bright clump north-west of IRS 1A South.
An additional bright emission peak south-east of the central source is
only seen in C;H. C,H traces best UV-irradiated, moderately dense
molecular gas. CN is an equally good PDR tracer, but requires higher
densities. The south-eastern clump, thus, is probably less dense than
the north-western one. In the following text, we discuss in more detail
the different velocity components found in the W40 cloud.

The velocity structures differ significantly between tracers. For
example, the 7 kms™' component is primarily detected in C'80,
H"3CN, H3CO*, and N,H™. These tracers show no evidence of the
10 km s~! component, which instead appears only in the other lines.
On the other hand, the 3 kms™! component is only detected in the
12C0, '2C0(3-2), 13CO, HCN, and HCO*.

In terms of spatial distribution, the 7 km s~' component is located
mainly outside the edge of the bipolar HIl bubble, and shows
a filamentary’ structure extending towards the south-east. The 5

4Except for H'3CN, where the emission is too weak (~0.5Kkm s~ ), so the
moment-0 map was computed without masking.

SNote that this is only a qualitative description, we performed a dedicated
filament detection in Section 3.2.
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Figure 2. Colour composite moment-0 maps of molecular lines. Each map shares the same FoV and spatial axes. Each colour represents a moment-0 map
integrated over the velocity ranges indicated in the figure?. These ranges were selected to represent the four main velocity components associated with the W40
cloud (3, 5,7, and 10 km g1 ). The white boxes in panels (b), (e), (f), (g), (h), (i), (j), and (k) indicate the extent of the corresponding map. The FoV of each
map is the same as in Fig. 1. The white circle in the lower left corner of each panel denotes the angular resolution of the respective data cube (see Table 1 for
the resolutions). The location of IRS 1A South is marked with a star symbol in each panel. The white contours show the Herschel column density map with
contour levels of [1, 2, 3, 4] x 10?2 cm~2. The facility of which the data are obtained is indicated at the upper left corner of the respective panel.

2 Except HCN, where the range [13, 14] kms~! is used for red channel due to overlap between F(1-1) hyperfine line of the 5 km s~ component and the F(2-1)
line of 10 kms™! component within the [9, 10] km s~! interval.
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Figure 3. (a) Integrated intensity map of HCN over the velocity range [-0.2, +0.2] kms~!, centred on the F(01) hyperfine line of the 7 kms~! component.
Filamentary structures in the south-eastern region (labelled SE1 and SE2 in Fig. 4a) are clearly visible. (b—e) HCN spectra at selected positions, illustrating the
effect of foreground absorption at 7 kms~!, with spectra of C'%0, HCO*, and H'3CN at the same positions as references. The dotted spectrum in each panel
represents the expected profile under LTE and optically thin (t, = 0.1) conditions, with excitation temperature Tx value indicated at the upper right of each
panel. The transitions of HCN hyperfine lines are indicated in panel (b). (b) At the 7km s~! component, the F(2—1) and F(1-1) lines are completely absorbed,
while the F(0-1) line is less affected. (c) At the 3 kms~! component, the F(1-1) line (which lies at 7 km s~!) shows suppressed emission due to absorption. (d)
At the 5 kms~! component, the F(2-1) and F(1-1) lines exhibit steeper red wings, suggesting partial absorption. (e) At the 7 kms~! component, a blueshifted
dip is observed, indicating possible expansion of the absorbing foreground layer. The HCN spectra in panels (b) and (c), as well as the H3CN spectrum, are
smoothed to 0.5 kms~!, while the spectra in panel (e) are smoothed to 0.2 kms~!.

kms~! component lies north-west of the massive stars and extends
largely within the bubble. The 10 km s~! component is concentrated
at the bubble’s waist, while the 3 km s~! component appears clumpy
and is distributed south of the massive stars, at the southern lobe of
the bipolar bubble.

3.1.2 Self-absorption

We suspect that the non-detection of the 7 km s~' component in most
tracers is due to self-absorption. This occurs in the presence of two
layers within the 7kms~' component with different temperatures
(or a temperature gradient), where a cold dense foreground layer
absorbs the emission from background warmer gas, resulting in
their suppression or non-detection. This phenomenon is reported
in previous studies in the W40 cloud, based on comparisons between
optically thick lines and their optically thin isotopologues (L. Pirogov
et al. 2013; T. Shimoikura et al. 2015, 2019; Y. Shimajiri et al. 2017;
T. Komesh et al. 2020). In particular, the 7 km s~! component appears
weak in '2CO and is absent in HCO™", while it is clearly detected as
a peak in C'80 and H'*CO™*. Similar self-absorption features have
also been observed in the nearby Serpens South region (F. Nakamura
et al. 2011).

HCN with its hyperfine structure offers a new opportunity to
investigate this effect, since the degree of self-absorption depends on
the line opacity, which differs among hyperfine lines. Additionally,
for the 2 kms™' component, the satellite HCN(J =1—0, F=1-—1)
line falls at ~7 kms™!, so we can see its line behaviour.

Careful inspection of the HCN spectra reveals several noteworthy
features. A few examples of spectra with distinct profiles are shown
in Fig. 3, and are described below:

(i) In the 7kms~' component, at specific positions (e.g. offset
by (+5', —10") from the central position defined in Section 3), the
HCN spectra are not fully absorbed and instead show a blueshifted
dip (See Fig. 3d), suggesting that the absorbing foreground cloud
is expanding towards the observer. Interestingly, the HCN(J=1-
0, F = 0-1) hyperfine line is less affected by self-absorption (see
Fig. 3a), likely due to its lower optical depth (20 per cent of the main
F(2-1) line). As a result, filamentary structures are visible in the
F(0-1) line. Fig. 3a) shows the moment-0 map of F(0-1) line, where
filamentary structures are clearly seen, but are absent in F(1-1) and
F(2-1) lines (not shown).

(i) In the 5 kms~! component, the F(1-1) line appears suppressed
(see Fig. 3b and Fig. F1). This behaviour can be attributed to a
combination of two effects: (1) hyperfine anomalies, in which the
relative intensity of the F(1-1) line comparing with the main F(2—
1) line is lower than the Local Thermodynamic Equilibrium (LTE)
range (0.6—1) due to population transfer from line overlap effect in
the higher rotational transitions (J. R. Goicoechea et al. 2022), and
(2) self-absorption, the F(2-1) line often shows steeper red wing,°
which can be due to self-absorption by the 7kms~! component that
partially attenuates the F(2-1) line.

(iii) In the 3kms~' component, the F(1-1) hyperfine line (near 7
kms™!) is absent (see Fig. 3b).

Taken together, the HCN spectra provide additional evidence for
self-absorption in the 7 kms~' component in the W40 cloud. The
fact that this component is ubiquitous in C'*O implies that it is

5The mean rms of the residuals after Gaussian fitting at velocity interval of
[6-8]kms~! (red wing) is higher than that in [2—4]km s~! (blue wing).
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Figure 4. (a) Spatial distribution of filament skeletons analysed in this study. The skeletons are colour-coded with their Vi sr profiles, linearly interpolated
from the sampled points (black dots). Each filament is labelled with its designation. The white arrows illustrate the direction of increasing filament length
(corresponding to the positive x-axis in Fig. 5). Note that N1 is shown with a distinct colourmap for clarity. (b) Skeletons of filaments detected from HGBS (V.
Konyves et al. 2015). Both panels share the same FoV and background image (Herschel column density map). The scale bar and star symbol in each panel

follow the definitions in Fig. 1.

relatively dense, to the extent that emission from some species is
entirely absorbed.

3.2 Filament identification and analyses

Since C'80 and H!*CO* are not significantly (or only weakly)
affected by self-absorption, and their integrated intensity maps reveal
filamentary structures similar to those seen in dust emission, we
can use their velocity information to identify filaments as velocity-
coherent structures. Filaments have been successfully detected in
these transitions in other regions (C'30: J. H. Orkisz et al. 2019;
S. Suri et al. 2019; S. P. Trevino-Morales et al. 2019; X.-L. Liu
etal. 2021; H3CO™: N. Schneider et al. 2010; D. Yang et al. 2023).
This allows a direct comparison of filament properties derived from
different tracers.

We used ASTRODENDRO (E. W. Rosolowsky et al. 2008) to identify
filaments in NRO C'80 and IRAM H'3CO™ data. This tool is widely
employed to characterize hierarchical structures such as filaments
(e.g. E. J. Chung et al. 2019; Y. Shimajiri et al. 2023), clumps
(e.g. E. J. Watkins et al. 2019), and cores (e.g. T. Omodaka et al.
2020) using a dendrogram-based algorithm. R.-A. Chira et al. (2018)
compared several filament-finding algorithms applied to simulations
and reported large differences in the detailed structures they recover,
though they agree well on the brightest filaments — the focus of our
analysis. The identification procedures are detailed in Appendix C1.

In total, we identified three filaments (labelled as N1, W1, and W2)
from the C'80 data, and three filaments (labelled as N2, SE1, and
SE2) from the H'3CO™ data. SEI is also detected in C'#0. However,
H'3CO™ is chosen to perform the analysis due to its simpler spectral
profile. None the less, this provides an opportunity to assess the
differences in filament properties derived using different tracers (e.g.
width, see Section 3.2.1).
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We skeletonized the 2D filament mask using skim-
age.morphology.skeletonize,and retained the longest path
within each connected component to define the filament skeleton.
The spatial distribution of the filament skeletons is shown in Fig. 4.
In the same figure, we also plotted the filament skeletons identified
in the HGBS survey (V. Konyves et al. 2015). A comparison shows
that SE1, identified here as a single structure, was separated into two
distinct filaments in HGBS, while N1 was not reported in that survey.
N2 and W1 appear longer in HGBS, and W1 in particular seems to
extend towards Serpens South. In contrast, several filaments in the
eastern and southern regions were identified in HGBS but are not
detected in our analysis.

We derived filament lengths and widths without correcting for
projection effects, using the publicly available Fi1ChaP package
(S. Suri et al. 2019) (see Appendix D1). The values are derived from
the same tracer in which the filament is identified. True lengths are
expected to be larger by factor of ~1.2-1.6 on average, assuming
random orientations.

Along each filament skeleton, we extracted profiles of peak tem-
perature T, LSR velocity Visg, and observed velocity dispersion
oobs by fitting single Gaussians to the spectra. These profiles are
shown in Fig. 5(a), with position ‘0 pc’ defined at the filament
end farthest from central massive stars. Note that this only gives
a rough estimate of the trends, since fitting a single Gaussian
tends to overestimate the o,ps of overlapping multi-Gaussian profiles
and smooth out local variations in Visg. We derived the velocity
gradient (VV) of the filaments by fitting a straight line to the
Visr profile. The values with good fit are shown in the same
figure.

We decomposed oy into thermal (o) and non-thermal (o)
components, and derived the line mass (M;,.) and virial line mass
(M) profiles to evaluate stability against gravitational collapse

(Mﬁffe / Miine). When deriving oy,, we assumed the kinetic temperature
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Figure 5. (a) Profiles of centroid velocity (VLsr) (green *), velocity dispersion (oobs) (blue -), and peak temperature Tpeax (red x) for each identified filament,
derived from single-component Gaussian fitting. The green dashed lines in sub-panel (i), (ii), (v), and (vi) indicate the best linear fit to the Vi sr profile (velocity
gradient, VV), with its value and fitting error denoted on the upper right of the sub-panel. (b) Profiles of thermal (red x), non-thermal (brown *) velocity
dispersions (o, oy, turbulent Mach number (o /o) (blue +), and stability ratio (Mjine/ Mlvige) (green -) of each identified filament. In all panels, the shaded
region of respective colour represents the standard deviation of each data point, and inverted coloured triangles at the bottom of each panel indicate the positions
of Herschel-identified dense cores (V. Konyves et al. 2015): blue for starless, green for pre-stellar, and red for protostellar. In panel group (b), blue dotted lines
represent Mach numbers of 1 and 2, while green dotted lines represent Mjipe / MIVI:I"e = (.5. Brown hexagon scatters in sub-panels (i), (iii), and (iv) denote the oy
of NoH™ clumps (see Section 3.3). Axis labels shown in the top-left panels are common to all six sub-panels.
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Table 2. Physical properties of the filaments identified from molecular line observations.

Mvir

Fil. ID Line L w VLsr Milament Miine line Oth = Cy Ont
(pe) (pc) (kms™") (Mo) (Mgpc™)  (Mgpc™)  (kms™h (kms™")

(1 2 3) 4) 5) (6) ) ) © (10)

N1 CISO(I—O) 2.25(£0.08) 0.29 (£0.13) 5.41(£0.28) 237 (£ 60) 80 (£ 32) 187 (£93) 0.27 0.55(£0.10)
N2 H3CO*(1-0) 1.57(£0.14) 0.21(£0.19) 7.81(£0.18) 143 (£ 39) 77(£82) 81(+41) 0.22 0.34(£0.11)
SE1 H13CO+(1—0) 2.68(£0.14) 0.27(£0.23) 7.16 (£0.18) 277 (£ 67) 94 (£ 93) 87 (£21) 0.24 0.34 (£0.06)
SE2 H3CO*(1-0) 0.77 (£ 0.14) 0.24 (£ 0.06) 6.94 (£0.09) 74 (£30) 96 (£ 63) 95 (£23) 0.26 0.34 (£ 0.07)
Wil C180(1—0) 0.85 (£ 0.08) 0.21(£0.04) 7.10(£0.34) 47 (£ 17) 51(£2)5) 177 (£79) 0.27 0.55(£0.17)
w2 C'80(1-0) 1.44 (£ 0.08) 0.36 (£0.10) 7.09 (£0.09) 142 (£ 50) 80 (£ 32) 172 (£ 52) 0.24 0.55(£0.10)

Note. Column descriptions: (1) filament designation; (2) molecular line used to identify the filament; (3) filament length; (4) filament width; (5) mean centroid
LSR velocity; (6) total filament mass; (7) mean line mass of the filament; (8) mean virial line mass, representing gravitational equilibrium; (9) mean thermal
velocity dispersion (isothermal sound speed); (10) mean non-thermal velocity dispersion. Uncertainties are estimated as follows: W from the standard deviation
of the FilChap width profile (Fig. D1); L from distance and beam-size uncertainties; Mfgament as detailed in Section D; and all other parameters from the

standard deviation of their profiles (Fig. 5). Uncertainties of oy, is negligible (not shown).

of the gas to be equal to the Herschel dust temperature (Tyin, = Tayst)-
The profiles are shown in Fig. 5(b).

Because Herschel dense cores are often found along the filaments
(e.g. P. André et al. 2010), we marked their locations on the profile
plots. A core is included if its perpendicular distance from the
filament skeleton is less than one-quarter of the filament width.

The calculation procedures are detailed in Appendix D. We report
the mean and standard deviation of the parameters in Table 2. Key
results and interpretations based on these parameters are presented
in the subsections below.

3.2.1 Filament width

The filament widths’ derived in this study range from 0.21 to 0.36 pc,
which are resolved at the spatial resolutions of our data (0.05-0.1 pc).
These values are larger by a factor of 2—3 compared to those reported
from dust continuum observations, which typically are found to be
< 0.1 pc (A. Men’shchikov et al. 2010; D. Arzoumanian et al. 2011,
2019). However, that earlier analysis assumed a distance of 260 pc,
roughly half of the 502 pc adopted in our work. Scaling their reported
widths to our assumed distance yields an expected width of ~ 0.2 pc.
Nevertheless, our measured widths remain one to two times higher
than this rescaled value. A similar discrepancy was reported by E.
J. Chung et al. (2021), who found that filament widths derived from
C'30 were systematically broader than those inferred from Herschel
dust continuum in the IC 5146 region.

Previous studies have reported different conclusions about fila-
ment widths. A. Hacar et al. (2023) and G. V. Panopoulou et al. (2022)
found that measured widths often scale with angular resolution — up
to 10 times the beam size — suggesting a strong resolution dependence
(see also fig. 1 in G. V. Panopoulou et al. 2022). In contrast, P. André
et al. (2025) showed that widths in NGC 6334 remain consistently
~0.12 pc, even at JWST resolution.

Additionally, Y. Shimajiri et al. (2023) demonstrated in NGC
2024 that the derived width depends on the tracer used due to the
differences in density regimes traced by various molecular lines.

We examined the effects of angular resolution and tracer choice
on N1 and SE1 width measurements using our available data sets and
found no significant discrepancies (see Appendix D1 and Fig. D1).
However, the small sample size limits the statistical significance of
this conclusion.

"The reported width values are not deconvolved. Given the data resolutions,
deconvolution would reduce widths by no more than 0.05 pc.
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Finally, we find substantial variation in filament width along their
lengths, consistent with previous reports in other SF regions (e.g.
M. Juvela et al. 2012; S. Suri et al. 2019). This might be due to
observational effects such as blending structures.

3.2.2 Velocity dispersions

The thermal velocity dispersions (oy,), are similar across all fila-
ments, ranging from 0.22 to 0.27 km s™!. oy, is based on dust temper-
ature (T, ), Wwhich ranges from 14 to 21 K across the filaments, while
its average value is 18 K. For comparison, the typical Tg,s and oy,
of nearby clouds are 154+ 3K and ~0.22kms~! (D. Arzoumanian
et al. 2019). Our slightly higher values likely reflect external heating
from the H1I region.

The non-thermal velocity dispersions (o) are ~0.34kms~' for
H"3CO™ detected filaments, and ~0.55kms~" for C'80 detected
filaments. In all filaments, o, > oy,.

We noticed an increase of oy, o, and oy towards the right-hand
side in Fig. 5(a) in all filaments except W2. The variations in ops
and oy also increase significantly.

3.2.3 Visr

Visr of all detected filaments are centred around 7kms™!, except
for N1 (~5.3kms™!) and N2 (~7.8kms~!). M. S. N. Kumar et al.
(2020) interpreted N2 as a filamentary structure likely swept up by the
expanding H 11 bubble, potentially explaining its slightly shifted V} sg.
N1 exhibits the most distinct velocity, with a slight offset from the
others. All filaments except SE1 and SE2 display velocity gradients,
indicative of mass accretion within the HFS, with absolute values
ranging from 0.15 to 0.84 kms~! pc™!. Among them, N1 and W1
exhibit particularly clear gradients. For comparison, reported values
in other HFSs are generally lower, e.g. 0.09-0.31 kms~'pc~! in
G321.93-0.01 (A. K. Maity et al. 2025), 0.17-0.39 kms~!' pc~! in
W49A (W. Zhang et al. 2024), 0.04-0.13 kms~! pc~!in G11P1-HFS
(Bhadari, N. K. et al. 2025) and 0.1-0.18 kms~! pc~! in G310 (D.
Yang et al. 2023). Therefore, our gradients appear somewhat higher,
although we note that this comparison is not exhaustive, and other
HFSs with larger values may exist.

The velocity components described in Section 3.1.1 and the
ASTRODENDRO filaments represent different levels of the underlying
gas structure. The 3, 5, 7, and 10km s~! components correspond to
large-scale bulk emission features, while ASTRODENDRO identifies
smaller, velocity-coherent substructures within these components.
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Figure 6. (a) C'30 moment-0 map, overlaid with the spatial path used to extract the PV diagram of C'80 (solid line), along with the position of B1 in PP space.
The arrow indicates the direction of the PV cut from 0 pc. (b) The PV diagram. A bridge-like feature (B1) is observed at a path length of approximately 3.9 pc.

(c) Spectrum extracted from the circular region marked in panel (a).
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Figure 7. Identified clumps overlaid on the N,H' moment-0 map integrated
over the velocity range of —10 to 20 kms~!. The spatial distribution of
Herschel dense cores (V. Konyves et al. 2015) is also overlaid. The white
contours are drawn similarly to Fig. 1(a). The spatial distribution of Clumps 1,
2, and 4 suggests that these clumps may result primarily from local instabilities
triggered by stellar feedback, rather than from large-scale gravitational infall
alone.

Each filament falls entirely within a single velocity component (e.g.
SEl, SE2, N2, W1, and W2 within the 7 kms™' component; N1
within the 5 km s~' component). No dendrogram structures are found
in the 3 or 10 kms™' components. The two decompositions are
therefore complementary, not contradictory: the velocity components
describe the global kinematic environment, and the ASTRODENDRO
structures reveal the coherent filaments embedded within those flows.

K. K. Mallick et al. (2013) proposed that SE1 and N1 formed
independently and later merged, triggering the formation of dense
cores — and eventually massive stars — at their junction. To explore
this potential interaction, we constructed a position—velocity (PV)
diagram connecting SE1 and N1 by hand, as shown in Fig. 6.
The diagram reveals a bridge-like structure (B1) at a path length
of approximately 3.9 pc, suggesting possible physical interaction
between the two filaments. To further investigate this feature, we

also plotted the spectra at the bridge location (B1), shown in the
same figure. At Bl, the 5 and 7 kms~' components are both
broad (FWHM = 2.36 and 1.63 kms~!, respectively) and partially
overlapped. The implications of this kinematic bridge are discussed
further in Section 4.2.

3.2.4 My and MYT

line

The mean line mass (M) of all filaments lies in the range 51—
96 M@ pc~!. The corresponding virial line mass (M}f) range
is 172-187 Mg pc™! with average value of 179 M pc™' for
the C'80 filaments; and 81-95 Mg pc~! with average value of
88 M pc™! for the H*CO™ filaments (see Appendix D5 for cal-
culation procedure). The ratios (Mjne/ Ml‘i’:l‘;"‘l) therefore indicate that
the H'3CO™ filaments are transcritical (~1), i.e. close to gravitational
equilibrium and prone to fragmentation, whereas the C'8O filaments
are subcritical (< 1) consistent with additional support (turbulent
and/or magnetic) dominating over self-gravity (J. Ostriker 1964;
S.-i. Inutsuka & S. M. Miyama 1997). The systematic difference
between tracers is expected—H'3CO* preferentially traces denser
filament skeletons, while C'80O traces more diffuse envelopes where
velocity dispersion is higher, and density is lower. It is to be noted that
all identified filaments in the sample are associated with Herschel-
identified dense cores, consistent with the picture of core formation
proceeds within (near-)critical filaments (P. André et al. 2010; D.
Arzoumanian et al. 2011; V. Konyves et al. 2015). Taken together,
these results suggest that the denser H'*CO™* filaments in the W40
cloud are near the threshold for gravitational instability, while C'80
structures trace less bound, pressure-confined streams feeding the
cores.

3.3 Clump identification and analysis

N,H* traces denser gas compared to C'80, and therefore reveals
compact, locally denser regions along the filaments (see Fig. 2i),
which coincide with Herschel identified pre-stellar and protostellar
cores (see Fig. 1d). We identified these clumps as velocity-coherent
structures using ASTRODENDRO package on the TRAO N,H™ data
cube and derived their physical parameters. A detailed description
of the identification method and derivation of physical parameters is
provided in Appendix C2. We identified a total of five clumps. The
identified clumps are shown in Fig. 7. The derived clump properties
are summarized in Table 3.
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Table 3. Physical properties of the dense clumps identified from N,H*(1-0) observations.

ID a b Tex Taust N(N,H') VLsr Merump Cs =0y Ont Ont/0t Ovir
®) o (K) ®  x10%em ) (kms)  (Mg)  (kmsh)  (kmsh
n @ 0 4) (5) (6) @) ® © (10) (11) (12)
1 038 022 43(£03) 21.5(£1.7) 17.7(£10.1) 530(£0.12) 36(£21) 0.27(£0.02) 0.22(£0.08) 0.79(£0.40) 0.58(£0.37)
2 026 0.19 53(£1.00 20.6(%£1.3) 8.8 (£ 6.6) 4.70 (£ 0.20) 11(£8) 0.27(£0.01) 0.34(£0.07) 1.26(£0.39) 2.26(£1.80)
3 025 024 35(£05) 162(£0.9) 7.6(£5.6) 6.22(£0.18) 11(£8) 0.24(£0.01) 0.35(£0.05) 1.45(£0.32) 2.28(£1.72)
4 048 025 3.7(£04) 225(£14) 9.3(£7.3) 7.04(£0.13) 26(£21) 0.28(£0.01) 0.36(£0.10) 1.28(£0.54) 1.61(%1.38)
5 041 027 39(£06) 199(£24) 9.1(£5.6) 6.91(£0.17) 23(£15) 0.27(£0.02) 0.22(£0.07) 0.81(£0.40) 0.97(£0.66)

Note. Column descriptions: (1) clump ID; (2) major axis; (3) minor axis; (4) LTE-derived NyH™ excitation temperature; (5) dust temperature obtained from
Herschel data (V. Konyves et al. 2015); (6) average NpH™ column density of the clumps; (7) average LSR velocity of the clumps; (8) clump mass; (9) thermal
velocity dispersion (i.e. isothermal sound speed); (10) non-thermal velocity dispersion; (11) turbulent Mach number; (12) virial parameter of the clump. The

derivations of the parameters and their uncertainties are detailed in Section E.

Clump 3 is unique among the identified clumps, being isolated
and not clearly associated with any filament. It also exhibits a nearly
constant C'30 integrated intensity (I ~4Kkms™'), suggesting a
distinct environment compared to other clumps. Its lower dust
temperature (Tyus~ 16 K) is consistent with CO depletion due to
freeze-out onto dust grains (e.g. P. Caselli et al. 1999; A. Bacmann
et al. 2002).

Initially, assuming the gas kinetic temperature (7i) equals the
excitation temperature, Tox (Tx = Tex), all clumps appear supersonic
(one/cs > 2). However, NyH™ typically shows sub-thermal excita-
tion, with T, values four to five times lower than Tj,, a behaviour
also observed in Class 0 YSOs (E. Redaelli, L. Bizzocchi & P.
Caselli 2020). Thus, the assumption 7Ty = T underestimates thermal
velocity dispersion (oy,) by a factor of ~2. Under the more realistic
assumption of Ty = Ty, the clumps exhibit subsonic to transonic
turbulence.

Clumps 1 and 5 have a virial parameter o.;; < 1, indicating they
are gravitationally bound and likely undergoing collapse. Clump
4, with 1 < oy < 2, is near virial equilibrium. Clumps 2 and 3,
with oy > 2, appear to be gravitationally unbound and dominated
by kinetic energy. For Clump 3, turbulence may originate from the
ambient medium, whereas turbulence in Clumps 2 and 4 may be
influenced by feedback from massive stars due to their proximity to
the H1I region. Interestingly, all identified clumps spatially coincide
with at least one Herschel pre-stellar core. We note that all the clumps
have inner sources (e.g. dense cores), which could also influence their
kinematics and stability.

To compare clump-scale non-thermal dispersions (oy,) with their
parent filament-scale values (Section 3.2), we also plot the oy, of
Clumps 1, 2, 4, and 5 in Fig. 5. We find in all cases a lower oy
values of the clumps than those of the parental filaments. This trend
suggests turbulence dissipation during the transition from filament
to clump scales (S. S. R. Offner et al. 2022).

4 DISCUSSION

4.1 Massive star feedback and triggered star formation

The increasing trends of oy, and o, along the filaments as they
converge towards the H Il region (see Section 3.2.2) can be interpreted
as the effect from massive star feedback — in the form of increasing
temperature and turbulence. Similar findings have been reported in
numerical simulations (e.g. P. Suin et al. 2025) and observations (e.g.
D. Yang et al. 2023).

The massive star feedback appears to be positive in W40, with
dense NoH™ clumps forming at the edge of the H 1t region: Clumps 1
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and 2 are located on the edge of the 887.5 MHz contour, while Clump
4 coincides with it. The density might be enhanced by the collection
of the material in the ionization-front/shock-front interface due to
the expansion of the H1I region. At the same time, shielding from
the PDR prevents NoH™ from being destroyed by free electrons, and
the elevated Ty, might further boost its abundance (N.-P. Yu et al.
2018).

Previous studies have proposed that W40 is undergoing multiple
stages of star formation (e.g. A. J. Maury et al. 2011; L. E. Pirogov
2015; T. Shimoikura et al. 2015), with particular attention to the west-
ern ring-like dust structure near IRS 5 (see Fig. 1d for IRS 5 position).
A.J. Maury et al. (2011) noted that this ring is predominantly popu-
lated by Class O protostars, in contrast to the central cluster, which is
rich in more evolved Class II and III objects. This spatial segregation
suggests that the ring is younger compared to regions hosting Class
IT and III objects, and is potentially created by the expansion of the
central H I region. Supporting this view, T. Shimoikura et al. (2015)
detected multiple 2CO(3-2) outflow lobes within the ring, many
of which are associated with HCO*(4-3) clumps, providing further
evidence of ongoing, active star formation. L. E. Pirogov (2015)
proposed a collect-and-collapse scenario to explain the formation of
low-mass clumps along the ring, showing that the observed structures
could be reproduced under conditions of a high initial cloud density
(> 10°cm™3) and a strong ionizing flux (3 x 10% photonss~1).
Consistent with this, we detect H>CN emission — indicative of dense
gas (10°cm™3) — coinciding with the ring structure (see Fig. 2f),
further supporting the idea of triggered star formation scenario in the
ring.

In this work, we propose a second site of potentially triggered
star formation: the waist of the bipolar bubble. This interpretation is
based on the detection of clumpy C,H emission and corresponding
infrared features.

We detect localized, clumpy C,H emission at ~10kms™" along
the waist of the bipolar structure (see Fig. 2 k), suggesting that
this region is actively influenced by feedback processes. C,H is a
dense gas tracer commonly observed both in the early stages of
high-mass star formation (H. Beuther et al. 2008; N. C. Martinez &
S. Paron 2024) and in PDRs, where the gas is shaped by radiation
and stellar winds. Its presence here may therefore reflect either the
onset of gravitational collapse or compression induced by radiative
feedback, or the combination of both. The emission coincide with two
previously reported outflow candidates (R3 and R4; T. Shimoikura
et al. 2015) based on the excess emission in '>CO(3-2) red wing
(11.7kms™' < Viggr < 14.5kms™!).

Moreover, the regions with C,H emission coincide with ‘elephant
trunk’ or bright-rimmed cloud features in infrared images. Such
morphological structures are often associated with scenarios where
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ionizing radiation interacts with pre-existing dense clumps, in partic-
ular via radiation-driven implosion, which can lead to compression
and possibly trigger star formation (e.g. K. Sugitani et al. 1989; K.
Sugitani, Y. Fukui & K. Ogura 1991; K. Sugitani & K. Ogura 1994; T.
G. Bisbas et al. 2011). However, similar pillar-like features can also
arise from alternative mechanisms, such as dynamical instabilities
(P. Tremblin et al. 2013).

Together, these results support the idea that feedback from massive
stars in W40 is not only responsible for the well-known ring structure,
but may also be inducing a newer episode of star formation along the
waist of the expanding H1I region. Dense clumps surrounding the
waist of other bipolar H1I regions are also observed, and interpreted
as star formation triggered by the expansion of central H1I region
[e.g. G338.93-00.06, G316.804-400.05 (M. R. Samal et al. 2018);
and G010.32-00.15 (L. Deharveng et al. 2015)].

4.2 The origin of HFS

M. S. N. Kumar et al. (2020) identified the W40 complex as an
evolved stage of HFS, where the current location of the cluster of
massive stars represents the remnant of such a hub where mass
had accumulated in the past. This is contrast to an early stage of
HFS, where mass accretion is observed along the filaments seen by
velocity gradient of dense gas tracer, and is enhanced towards the
hub, such as in the case of MonR2 (S. P. Trevifio-Morales et al.
2019). To investigate the formation of the HFS in the W40 complex,
we consider the mechanisms proposed for flow-driven filament
formation, as discussed by M. S. N. Kumar et al. (2020). Such
filaments can arise from intra-molecular cloud velocity dispersion
or may be externally compressed by feedback processes such as
expanding shells, stellar winds, H Il region expansions, or supernova
shocks.

Numerical simulations also demonstrate that HFSs can form
through cloud—cloud collisions (CCC) (T. Inoue & Y. Fukui 2013;
Y. Fukui et al. 2018; T. Inoue et al. 2018; A. K. Maity et al.
2024). Observational signatures of CCC include (1) bridge-like
features in PV diagrams connecting two velocity components, and
(2) complementary spatial structures in position—position (PP) space
(see review by Y. Fukui et al. 2021). In our analysis, we detected
a bridge-like feature in the C'®0 PV diagram connecting SE1 and
N1 (Fig. 6). Additionally, two velocity features (VLsg ~ 5.5 and ~7.5
km s~!) are seen overlapping in the PP space, north-eastern direction
of the massive stars (see Fig. 2d). This overlapping feature is also
seen in the PV diagram (Fig. 6b), between 5.4 and 6.4 pc.

This location also coincides with compact high-density gas traced
by CS(5-4) and C3*S(2-1) observed by L. Pirogov et al. (2013),
as well as with peaks in 1280 and 610 MHz continuum emission
(see their figs 2 and 6). These features are situated near the ionizing
massive stars. Additionally, D. Rumble et al. (2016) reported elevated
dust temperatures at the interface based on JCMT observations,
which further supports the presence of compression or heating.

According to L. K. Dewangan (2022), clusters of YSOs and
massive stars are commonly found at the intersection zones of
colliding clouds or within the shock-compressed layers — consistent
with what we observe in W40. Furthermore, simulations by G. C.
Gomez & E. Vazquez-Semadeni (2014), modelling the collision of
two oppositely directed warm gas streams at arelative velocity of 18.4
kms~!, produce filamentary structures and PV diagrams resembling
our observations after 26.56 Myr into the simulation (see their fig.
4). Thus, filaments SE1 and N1 are probably the parental structure
from which the central massive stars formed, and later disrupted
by the expanding H1I region. We note that N1, due to its high
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curvature and its vicinity to the HII region, could alternatively be
dense material compressed by expansion of H1I region. However,
the fact that velocity gradient is observed there favours the former
interpretation.

Taken together, these observational and theoretical clues support
the scenario where the dense filaments (N1 and SEI) in the W40
cloud are the result of shock-compressed layers produced by CCC.
The resulting increase in local density likely triggered the formation
of the massive stars. A similar formation mechanism has been
proposed for other regions [e.g. W33 (M. Kohno et al. 2018; L. K.
Dewangan, T. Baug & D. K. Ojha 2020; J.-W. Zhou et al. 2023);
G31.4140.31 (M. T. Beltran et al. 2022); G013.3134-0.193 (D.
Berdikhan et al. 2025)]. A search of complementary structures in
PP space using wide field CO survey (e.g. The Milky Way Imaging
Scroll Painting (Y. Su et al. 2019) will be essential to further support
this hypothesis.

5 SUMMARY AND CONCLUSIONS

We have carried out a comprehensive multiwavelength investigation
of the HFS in the massive SF region W40, combining new TRAO
molecular line observations with ancillary data sets. Our main
findings are as follows:

(i) A pronounced deficit of emission around ~7 kms~! is seen
in most molecular line observations, accompanied by a blueshifted
dip in the HCN profile of the 7 kms~! component. This points
to the presence of a cold foreground 7 kms~! gas component that
absorbs emission from a warmer background cloud, likely radiatively
heated by the OB association, thereby producing the observed self-
absorption features.

(i) Six velocity-coherent filaments are identified in C'30 and
H'*CO™ data, four of which converge towards the 09.5V star IRS
1A South, forming the hub.

(iii) Two filaments exhibit negative velocity gradients (|VV|=
0.4—0.84kms~! pc™!) towards the hub, indicative of residual mass
inflow.

(iv) Non-thermal velocity dispersions increase in filaments closer
to the H1I region, suggesting feedback-induced turbulence.

(v) Five dense clumps are detected in NoH™ emission, showing
subsonic to transonic turbulence, in contrast to the supersonic
motions in their parental filaments —indicating turbulence dissipation
at smaller scales. One clump, unassociated with any filament, exhibits
the lowest mass and dust temperature.

(vi) A bridge-like feature in position—velocity space, coinciding
with radio continuum peaks and dense gas condensations at the
interface between two filaments (N1 and SE1), suggests a past
collision between two clouds. Such an event would have created
a turbulent shocked environment suitable for the formation of the
HFES and massive stars.

(vii) The overall morphology and kinematics indicate that the
W40 complex represents a late-stage (Stage IV) HFS, where stellar
feedback dominates. The observed structures align with scenarios
involving CCC followed by feedback-driven dispersal of the parental
gas.

The W40 complex thus offers a valuable case study for under-
standing both the early assembly of massive SF hubs and their
subsequent evolution under the influence of stellar feedback. High-
resolution wide-field observations in multiple rotational transitions of
different density and temperature tracers combining with numerical
simulations and chemical modellings will be critical for further
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constraining the cloud’s kinematics, internal dynamics, and chemical
evolution.
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age from the UKST SuperCOSMOS H « Survey (http://www-wfau.
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column density and dust temperature maps, were retrieved from
the HGBS data portal (http://www.herschel.fr/cea/gouldbelt/en/).
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APPENDIX A: C'®0 SPECTRA INCONSISTENCY
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Figure Al. Comparison of C'30 spectra at selected positions between NRO
(orange) and TRAO (blue) observations. Prior to comparison, both data sets
were convolved to a common spatial and spectral resolutions. Each spectrum
represents the average within a circular region of 1 arcmin diameter centred at
the indicated offset coordinates. The dashed green line shows the difference
between the two spectra.

APPENDIX B: MOLECULAR AVERAGE
SPECTRA

Directly averaging a data cube that contains multiple velocity
components can suppress weak spatially compact features in the
resulting spectra. To mitigate this, we constructed channel maps
with a width of 2 kms~! covering the velocity range from —3 to
15 kms~!. For each channel map, we applied a threshold mask
of 1K kms~! (note: for C,H, we adopted a lower threshold of
0.3Kkms™! due to its weaker emission) and then computed the
mean spectrum within the masked area. The final averaged spectrum
was then obtained by averaging over all these channel-based spectra.

Fig. B1 displays the averaged spectra for a selection of molecular
lines. We excluded transitions with closely spaced hyperfine lines
(e.g. HCN) and optically thick lines with high abundance (e.g.
12CO) because they complicate the identification of distinct velocity
components.
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Figure B1. Averaged spectra of five selected molecular lines used to identify
distinct velocity components in the W40 cloud. The shaded regions indicate
the four velocity components identified by visual inspection. The lines without
transition labels correspond to the J = 1-0 transition. Spectra of C'80, HCO™,
and C,H are smoothed to 0.2 kms~! before averaging.

APPENDIX C: FILAMENT AND CLUMP
IDENTIFICATION USING ASTRODENDRO

The ASTRODENDRO package decomposes a data cube into a hierar-
chical structure consisting of three components: leaves, which are
the smallest structures that cannot be further subdivided; branches,
which group together multiple leaves or smaller branches; and
the trunk, which represents the largest connected structure. We
use this framework to identify both filamentary and clump-like
structures, applying different criteria depending on the morphology
and kinematics of interest. We refer the readers to E. W. Rosolowsky
et al. (2008) for a detailed description of the algorithm, and
(0:sc )astrodendro(/0:sc)documentation for the definitions of the
parameters.

C1 Filaments

Filaments were extracted by applying ASTRODENDRO to the NRO
C80 and IRAM H!*CO* data cubes. Candidate filaments were
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required to have an aspect ratio of the major to minor axis of
a detected structure greater than 3, following D. Arzoumanian
et al. (2019). When multiple leaves were identified within a single
filamentary branch, only the longest leaf was retained to avoid
counting smaller embedded substructures as independent filaments.
Filaments associated with Serpens South were excluded from this
analysis.

For the dendrogram construction, different parameter sets were
adopted for the two tracers:

C"®0:min_-value =30,min.delta = lo,min_npix =400.

HBCO': min.value = 50, mindelta = lo, minnpix
= 400.

Here, o denotes the rms noise of emission-free channels of each
cube.

C2 Clumps

Clumps were identified as velocity-coherent structures in the TRAO
N,H* cube using ASTRODENDRO. The analysis was restricted to the
velocity range [9, 15] km s isolating the (F,=1—1, F=1-0,2—
2, 0—1) hyperfine lines for cleaner detection.

Three key dendrogram parameters were adopted: min_value,
min_delta, and min_npix, set to 3¢, 30, and 27 pixels, respec-
tively. Similarly, o is the rms noise of emission-free channels of the
cube. The min npix value corresponds to roughly three times the
beam area in pixels.

From this procedure, ASTRODENDRO identified six structures,
of which five spatially isolated clumps were retained for further
analysis.

APPENDIX D: PHYSICAL PARAMETERS OF
THE FILAMENTS

D1 Length and width

FilChaP code computes radial intensity profiles perpendicular
to the filament skeleton. Instead of averaging over the entire fila-
ment length, the code calculates these profiles in segments. This
localized approach allows the fitting range for each profile to be
set dynamically based on the local intensity minima surrounding
the filament peak. We refer readers to S. Suri et al. (2019) for
an extensive description of Fi1ChaP. FilChaP provides several
methods for deriving filament widths, including Gaussian fits, two
Plummer-like fits (p = 2 and p = 4), and the FWHM computed
from the second moment of the intensity distribution. In the present
analysis, we adopted the Gaussian fit-derived widths as our primary
measurements.

The input file is a list of 3D coordinates (X, y, v) along a filament
skeleton. We estimated the velocity coordinates using moment-2
values. There are three user-defined parameters:

(1) npix: the number of pixels used for perpendicular cuts
(ii) avg_len: the length of a segment in pc
(iii) avg_sep: the separation of perpendicular slices in pc

We fixed npix to be 30, avg_len to be 36g, and avg_sep to be
0.50g, where 65 is the data cube’s angular resolution.

We report the representative filament width by computing the
weighted mean of these individual FWHM measurements. Width
uncertainties were calculated as the unweighted standard deviation
of the FWHM measurements, reflecting the variability in filament
width observed along its length. Additionally, to compare width
estimation using different tracers and angular resolutions, we applied
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Figure D1. Filament widths derived from Fi1lChaP. Panel (a) Comparison of the same tracer at different resolutions (TRAO versus NRO). Panel (c) Comparison
of different tracers (C'30 versus H'>CO™). The horizontal lines mark the weighted mean widths, and shaded rectangles indicate the 1o scatter. Colours match

between points, lines, and shaded regions.

this procedure to N1 using TRAO C'30 data, SE1 using NRO C'80
data, and SE1 using NRO C'80 data smoothed to IRAM H'3*CO*
resolution. The results are presented in Fig. D1.

FilChaP calculates filament length by summing the physical
separations between consecutive pixel coordinates along the skele-
ton. The uncertainty in lengths is estimated by combining the
uncertainties from distance and beam size in quadrature.

D2 Filament profiles

We first defined circular regions along the filament skeleton, each
with a diameter equal to the filament width and a separation
equal to the circle radius. Within each region, we fitted a single-
Gaussian profile to each pixel using the fit_lines procedure
in the specutils package. This allowed us to estimate Tpeqx,
Visr, and ogs. We only fitted strong spectra (> 8c). For C'30
detected filaments, we smoothed the spectratoa0.15 kms~! velocity
resolution before fitting, due to the complex profiles. For each region,
we then calculated the weighted mean and standard deviation of
these parameters. The weight used for the mean was a combination
(in quadrature) of the fitting error and the root mean squared residual
(RSS) of the fit. The mean and standard deviation of Tpea, Visr,
and oy, are shown in Fig. 5 as data points and uncertainties.
These values were then used to derive the following physical
parameters.

D3 Column density

We first derived the column densities of the species where filaments
were detected (C'®0 and H'3CO™) by assuming LTE and optically
thin scenario, using equations (89) and (90) from J. G. Mangum &

Y. L. Shirley (2015).

Nlhin 3h kTex+1 e Eu e /’ll) 1 -1
oo =g r \we 0 3) P\t ) TP kT

f TB dv 2
X cm 7,
f[Ju(Tex) - Jv(Tbg)]

where J,(T) = % is the equivalent black body temperature
in the Rayleigh—Jeans approximation. The line frequency (v), species
dipole moment (1), and rotational constant (B) were obtained from
CDMS:

(D

(i) C80: v =109.782182GHz, E,=527K, pu=0.11x
10" esucm, and B = 5.49 x 10~2 THz;
(ii) HBCO™: v = 86.754288 GHz,
10" esucm, and B = 4.34 x 1072 THz.

E,=4.16K, 1 =39x

Both lines have relative intensity R; = 1 because they do not have
hyperfine structure. We acknowledge that C'80 may not always be
optically thin in the W40 cloud (K. Tursun et al. 2024), which could
lead to an underestimation of the calculated column density in some
regions.

We assumed T.x = Tqus- This is justified at high densities (n(H,) >
10° cm™3) where the dust and gas are thermally coupled (P. F.
Goldsmith 2001; M. Juvela & N. Ysard 2011). This assumption is
more valid for H*CO™* filaments than C'®O filaments due to lower
CI80 effective density. Ty, was obtained from the Herschel dust
temperature map (V. Konyves et al. 2015). Similar to Section D2, we
computed the mean and standard deviation of Ty, for each circular
region. f Ts dv was calculated using the equation for area under a
Gaussian: f Tg dv = Tpeakoobs\/ﬂ, using the T and ogps values
obtained in Section D2. The uncertainties in the column densities
were estimated using Monte Carlo simulations that considered the
standard deviations of Tyus, Tpeak, and Ogps.
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Finally, we converted Ngpecies t0 Ny, using a conversion factor
Xspecies = Nspecies/ NH,. Since we also have the Herschel column
density map N}l we estimated the mean X gpecies of each filament
by dividing Nypecies by N ﬁ;mhel. First, the background N Szmhel value
(5.15x10%" cm™2) was subtracted. The background was estimated
from the mean value in a 1 arcmin diameter circular region centred
at (I =28.73°, b = 3.36°), where no significant emission is observed.
The values for Xcisg range from (3.11 to 3.94) x 1077, consistent
with T. Shimoikura et al. (2019) for the same region, but double the
value reported in other regions (1.7 x 1077 in p Oph and Taurus,
M. A. Frerking, W. D. Langer & R. W. Wilson 1982). The values of
Xyaco+ range from (1.82 to 3.24) x 107!, We adopted a common
mean Xgycies value for each filament. Ny, was then obtained by
dividing Ngpecies by this adopted Xgpecies, and uncertainties were
propagated from Npecies Uncertainties.

D4 Line mass and total mass

First, we estimated the surface density (X)), representing the mass
per unit area along the filament from Ny, :

= Nu, - n, - mu, (D2)

where uy, = 2.8 is the effective molecular weight per hydrogen
molecule, and my = 1.0079u is the mass of a hydrogen atom.
Assuming that the filaments have a Gaussian radial column density
profile, the surface density profile was then multiplied by the area
under a Gaussian with an FWHM equal to the filament width. which
yielded the line mass profile (Mj;,e) along the filament:

Mline = Egl - AGaussiana (D3)

where Agaussian = 1.064 - FWHM.

The uncertainties of line masses were propagated from the width
and Ny, uncertainties.

The total mass of a filament (Mjament) Was calculated by summing
the product of line mass at each point with the separation (As;)
between two consecutive points on the skeleton:

Mitament = Y Mine(i)As; (D4)

1

D5 Velocity dispersions and virial line mass

The observed velocity dispersion oqs is due to thermal and non-
thermal motions. We calculated the thermal (oy,), non-thermal (o),
and total (oy) velocity dispersions from o,y using the following
equations from A. Hacar et al. (2023):

ks Ti
On =cy = | == (D5)
pmy
ks Ty
O =405 — L S (D6)
MespeciesH

Ototal = 1/ Unzl + (751 (D7)

Here, . = 2.33 is the mean molecular weight per free particle in
a molecular cloud, pcisg = 30 and puyisco+ = 30 are the molecular
weights for the respective species. oy, is also equal to the isothermal
sound speed, c;. Since T¢ could not be estimated due to the self-
absorption in '2CO and HCO™, we assumed T; = Ty, the dust
temperature from Herschel, assuming the gas and dust are well mixed
in the filaments. We calculated the ratio oy, /¢, to classity non-thermal
motions within the filaments as subsonic (o, /c; < 1), transonic (1 <
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ont/Cs < 2), or supersonic (o, /cs > 1) (D. Arzoumanian et al. 2019;
E. J. Chung et al. 2019).

The virial line mass (M}I.) was derived following the equation by
K. Wang et al. (2014), which considers the equilibrium between
gravity, thermal, and non-thermal pressures:

vi 202 Ototal : -
M = 75”1 =465 (71 kr;lds_') Mg pe ! (D8)

D6 Velocity gradient

We derived the velocity gradient of each filament by performing a
linear fit to the Vi gg profile and calculating the slope. To evaluate the
significance of this fit, we compared its Akaike Information Criterion
(AIC) to that of a horizontal line fit (which assumes no velocity
gradient). The AIC is a statistical measure used to evaluate the quality
of different models. We only retained fits where the difference in AIC
was greater than two.

APPENDIX E: PHYSICAL PARAMETERS OF
THE CLUMPS

E1 Major and minor axes

To estimate the major and minor axes of each clump, we projected
the 3D dendrogram mask on to the PP plane by collapsing along the
velocity axis. The resulting 2D binary mask was labelled to identify
contiguous regions, and the morphological properties were computed
using the regionprops function from scikit-image. The
lengths of the major and minor axes were taken from the ellipse that
best matches the clump’s shape, as defined by its pixel distribution.

E2 Column density

For each clump, we fitted all pixels with strong emission (Tpeac > 30)
enclosed within its boundary with a single-component hyperfine
structure profile under the assumption of LTE. This assumes a
common T, and line width for all hyperfine lines. The fitting was
performed using the HES code developed by R. Estalella (2017),
which simultaneously fits four independent parameters:

(i) Af = A(1 — e™™): the observed peak intensity of the main
hyperfine line, where 1., is its optical depth;

(ii) Visr: the LSR velocity of the main hyperfine line;

(iii) AV the line width of each hyperfine line;

i) rp =0 —e™™)

The spectra were spectrally smoothed to 0.15 kms~! before the
fitting.

The reported means and standard deviations were calculated over
all fitted spectra and are taken as the representative values and
uncertainties.

T.x was then calculated using the radiative transfer equation:

A= f[Jv(Tex) - Ju(Tbg)]s (El)

where f is the beam filling factor (assumed to be 1), and J,,(T') is
the Planck-corrected brightness temperature:

hv/k

J(T) = ST _ 1

(E2)

The uncertainty in Ty is estimated from Monte Carlo simulations
considering the uncertainties of A¥ and ;.
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Table E1. Hyperfine structure splitting transitions resolvable by the spectrometer.
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Molecule Rotational transition Hyperfine transition Velocity offset (kms™!) Relative strength
CH N=1-0,] =3/2-12 F =1-0 —40.13 5/16
F =2-1 0 10/16
F =1-1 112.59 1/16
CN N=1-0,] =3/2-1/2 F =3/2-3/2 —47.38 3/20
F =1/2-12 —2291 3/20
F =5/2-3/2 0 10/20
F =3/2-172 7.53 4/20
HCN J =10 F =0-1 —7.06 1/9
F =2-1 0 5/9
F =1-1 4.8 3/9
H3CN J =1-0 F =0-1 —7.25 1/9
F =2-1 0 5/9
F =1-1 4.97 3/9
NoHT J =10 Fi=0-1,F =12 —8.01 327
Fi=2-1,F =1-1 —0.61 3727
F; =2-1,F =32 0 727
Fi=1-1,F =2-1 0.96 5127
Fi=1-1,F =10 5.55 327
Fi=1-1,F =22 5.98 5127
Fi=1-1,F =0-1 6.94 1727

Note. Quantum numbers of the transition are based on the notation provided in CDMS. The references of the relative strengths are: CoH(J. Li et al. 2012); CN({J.
Hwang et al. 2024); HCN(J. R. Goicoechea, F. Lique & M. G. Santa-Maria 2022); H13CN(M. Ikeda, T. Hirota & S. Yamamoto 2002); NH*(J. G. Mangum &

Y. L. Shirley 2015).

The total column density of N,H™ is calculated using equation (95)

of J. G. Mangum & Y. L. Shirley (2015):

N[ol(N2H+)=

3h Ot . E, . hv *‘/r q
X X — v av,
g2 1R P\ ikt ) TP \ kT,

(E3)

where Q.o is the rotational partition function, R; =7/27 is the

relative intensity of the main hyperfine line (F;=2—1, F=3-2)
(Table E1), and [ 7,dv represents the total opacity of the main
hyperfine line. The parameters v, u, and B for NoH"™ were
obtained from CDMS: v = 91.3173770GHz, E, = 4.38K, u =
3.37 x 108 esucm, and B = 4.66 x 1072 THz. The uncertainty is
estimated from Monte Carlo simulations considering the uncertain-
ties of 7, and T,.

E3 Velocity dispersions

The thermal (oy,), non-thermal (o,,) and total (i) Velocity disper-
sions were calculated similarity to that of filaments in Section D5,
with n,u+ = 29 being the molecular weight of NoH and oy
obtained from the line width of the fitting results. As with the
filaments, we assumed 7, = Ty, and used the mean Herschel Ty,
value within the clump boundary. Errors are propagated from the o
fitting uncertainties and the standard deviation of Tjg.

E4 Clump mass

The clump mass (M jump) Was calculated by first converting Ny,u+
to Ny, assuming an abundance ratio of Xn,u+ = Nx,u+/Nu, = 7 X
10719, the average of values found by T. Shimoikura et al. (2019)
(see their fig. 10c), and then applying the equation

Mclump = MU,y Npixel Apixel NHZ > (E4)

where Npixel is the number of pixels bounded by ASTRODENDRO
boundary, and Ap. is the area of one pixel. Uncertainties were
propagated from the column density uncertainties. We note that
the mass may have additional uncertainties due to the unresolved
TRAO observation and the conversion factor. A small additional
uncertainty comes from slight variations in the ASTRODENDRO
boundary introduced by parameter choices.

ES virial parameter

To assess the gravitational stability of the clumps, we calculated the
virial parameter (ay;;) using the formulation from (F. Bertoldi & C.
F. McKee 1992). This formulation assumes a spherical clump with
uniform density and neglects external pressure or magnetic field
support:

506%R

vir = s ES
o M (E5)

where M is the clump mass, G is the gravitational constant, and
o is the total one-dimensional velocity dispersion. We adopt o =
Ototal, Which includes both thermal and non-thermal contributions in
quadrature. The effective radius R is defined as R = R.q = /A/T,
following A. J. Rigby et al. (2019), where A is the projected area of
the clump. The area is estimated assuming an ellipsoidal shape based
on the clump’s major and minor axes.

According to the criterion proposed by H. H.-H. Chen et al. (2019),
clumps with a,;; <2 are considered gravitationally bound, while
those with «y;; > 2 are likely unbound or pressure-supported.

APPENDIX F: HCN HYPERFINE ANOMALY

To investigate deviations of the HCN hyperfine structure from LTE,
we analysed the ratios of Tjeqx, f T dv, and AV between the satellite
lines and the main line for the 5 kms~' component. We performed
simultaneous three-component Gaussian fits on a pixel-by-pixel basis
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Figure F1. HCN Ry2—Ro; space plotted in terms of (a) Tpeak. (b) f T dv, and (c) AV, following fig. 5 in J. R. Goicoechea et al. (2022). R, refers to the ratio
of F(1-1) line to the F(2-1) line, while R, refers to the ratio of F(0-1) line to the F(2-1) line. The red dotted lines indicate the LTE ratios in the optically thin
limit. The blue curves in panels (a) and (b) show the LTE ratios as optical depth t increases. The blue points correspond to fits for the 5 kms~! component. The
opacity of the scatter points is scaled by the residual sum of squares (RSS) of the fits to de-emphasize poor fits.

using the fit_lines routine in the specutils package. The to the frequent non-detection of the F(1-1) line (see Section 3.1.1).
10 kms~' component was excluded from the analysis because its The results are presented in the Rj,—Ry, space following the format
spectra frequently exhibit a secondary component at 5 kms™" along of fig. 5in J. R. Goicoechea et al. (2022), as shown in Fig. F1.

the line of sight, which causes blending between the F(1-1) line of the
5 km s~! component and the F(2—1) line of the 10 km s~! component.
The 3 kms~' component was also excluded from the analysis due This paper has been typeset from a TX/IATgX file prepared by the author.
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