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ABSTRACT

We present the results of molecular line observations toward the W40 and Serpens South regions of the
Aquila molecular cloud complex, conducted as part of the TRAO-FUNS project to investigate the role of fil-
amentary structures in the formation of dense cores and stars in molecular clouds. We performed a Gaussian
decomposition of the C'30 spectra to disentangle multiple velocity components along the line-of-sight and a
‘Friends-of-Friends’ algorithm on these decomposed components to identify 24 velocity-coherent filaments in
the observed region. The ‘FellWalker’ algorithm is applied on the NyH™ integrated intensity map to identify
the dense cores embedded within the filaments. Many of the filaments previously identified from the Herschel
survey are found to contain multiple velocity-coherent filaments. Virial analysis indicated that all of our iden-
tified filaments are thermally supercritical and gravitationally bound. Velocity gradients are observed along the
filaments in the vicinity of embedded dense cores, indicating the presence of longitudinal flows that contribute
to core formation. The median mass flow rate across the observed region is estimated to be ~35 M, Myr~!,
with Serpens South showing a rate ~40% higher than W40. The analysis of non-thermal motions revealed that
the dense cores mainly show subsonic to transonic motions, while their host filaments are mostly supersonic,
suggesting that the turbulent motions in filaments may dissipate on smaller scales, allowing core formation.
These findings highlight the essential role of the filaments’ criticality, mass flow, and turbulent dissipation in the
formation of dense cores within the filaments.

Keywords: Interstellar medium (847) — Interstellar filaments (842) — Molecular clouds (1072) — Star forma-

tion (1569) — Radio astronomy (1338)

1. INTRODUCTION

Infrared and submillimeter observations have revealed that
molecular clouds are predominantly composed of filamen-
tary structures, which play a fundamental role in the star for-
mation process by channeling gas into the embedded dense
cores and protostars (André et al. 2010; Molinari et al. 2010;
Arzoumanian et al. 2011; Hacar et al. 2013, 2018). These
filaments are ubiquitous, not only in active star-forming re-
gions but also in quiescent, non-star-forming environments
such as the Polaris cloud. In actively star-forming regions,
the majority of prestellar cores are observed to be located
within these filamentary networks (André et al. 2010). The

Herschel Space Observatory has significantly advanced our
understanding of filamentary molecular clouds and the initial
conditions of star formation, revealing their presence across
molecular clouds of varying mass scales, from low- to high-
mass star-forming regions. Its high sensitivity enabled the
first uniform characterization of filament properties—such as
mass per unit length, radial density profiles, and characteris-
tic widths—across the Milky Way star-forming regions (Ar-
zoumanian et al. 2011, 2019; Palmeirim et al. 2013; Konyves
et al. 2015).

While these surveys have significantly advanced our un-
derstanding of the star formation process in molecular
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clouds, it is important to recognize that the majority of the
data are based on continuum emission. Consequently, many
studies of the physical properties attributed to filamentary
structures (e.g., André et al. 2014; Arzoumanian et al. 2019)
may represent a superposition of multiple distinct compo-
nents that are merely aligned along the line-of-sight. If this is
the case, it becomes essential to re-evaluate the derived phys-
ical properties of continuum filaments by decomposing them
into velocity-coherent structures using spectroscopic data.

The TRAO-FUNS (Taeduk Radio Astronomy Observa-
tory survey of Filaments, the Universal Nursery of Stars)
project is a dedicated survey designed to investigate the ve-
locity structure, kinematic behavior, and chemical proper-
ties of low-density filaments and the dense cores embedded
within them, with the aim of understanding their formation
mechanisms. Since the observed three-dimensional position-
position-velocity (PPV) data can trace the multiple line-of-
sight components in velocity, it provides a much more com-
prehensive understanding of the velocity-coherent structures
in a molecular cloud. As part of this series, previous studies
targeting L1478 in the California Molecular Cloud (Chung
et al. 2019), IC 5146 (Chung et al. 2021), and the NGC
2068 and NGC 2071 regions in Orion B (Yoo et al. 2023)
successfully identified velocity-coherent filaments and dense
cores, and derived their physical properties. These studies re-
vealed that in low-mass (LL1478), low- to intermediate-mass
(IC 5146), and high-mass (Orion B) star-forming regions,
the majority of dense cores reside within thermally super-
critical filaments. Furthermore, analyses of non-thermal ve-
locity dispersions using C'80 (1-0) and NoH™ (1-0) transi-
tions consistently showed that dense cores exhibit lower non-
thermal velocity dispersions compared to their surrounding
filaments, suggesting the dissipation of turbulence during the
core formation process.

This work, the fourth contribution of the TRAO-FUNS
project, focuses on the molecular cloud complex Aquila Rift,
located above the galactic plane (b ~ 3°5) at galactic longi-
tude of / ~ 28°8 (Shimoikura et al. 2020). W40, Serpens
South and MWC297 are the major star formation sites of this
region that hosts a total of 651 starless, 292 prestellar and
58 protostellar cores as identified in the Herschel observa-
tions (Konyves et al. 2015). A number of velocity-coherent
structures and molecular outflows have been reported in this
region from mapping observations by the Nobeyama 45 m
telescope (Nakamura et al. 2019). In this study, we have
specifically focused on the W40 and Serpens South regions.

W40 is a young star cluster associated with an HII region
also known as Sh 64 (Sharpless 1959). Several high-mass O-
and B-type main sequence stars have been identified in the
central region of W40, responsible for illuminating the HII
region (Smith et al. 1985; Shuping et al. 2012). Hundreds of
YSOs have also been identified within this region by several

studies over the years (Povich et al. 2013; Mallick et al. 2013;
Sun et al. 2022).

The Serpens South region, first identified by Gutermuth
et al. (2008), hosts a dense protostellar cluster embedded
within a prominent hub-filamentary system. Multiple stud-
ies have provided evidence for filamentary accretion flows
feeding the central cluster, as traced by NoH' (1-0) emis-
sion (e.g., Kirk et al. 2013; Ferndndez-Lépez et al. 2014,
etc.). Nakamura et al. (2014) has argued that the central
cluster formation is triggered by filament collision. As re-
ported by Gutermuth et al. (2009) and Maury et al. (2011),
the high count of protostars compared to Class II YSOs sug-
gests that the region is in an early stage of development and
is highly active. Hence, it provides an ideal environment to
study the morphology and gas kinematics of the natal fila-
mentary structures as they are less affected by stellar feed-
backs at this point in their evolution.

The distance to Aquila has been a subject of debate over
the years. Earlier studies adopted a relatively closer distance
of 260 pc (Gutermuth et al. 2008; André et al. 2010; Maury
et al. 2011; Kirk et al. 2013; Konyves et al. 2015), based
on photometric measurements of Serpens Main. However,
more recent studies have favored a greater distance of ~436
pc (Plunkett et al. 2018; Sun et al. 2022; Friesen & Jarvis
2024), as determined by Ortiz-Le6n et al. (2017, 2018, 2023)
through a series of analyses incorporating multi-epoch Very
Long Baseline Array (VLBA) observations, Gaia Data Re-
lease 2 measurements, and VLBA observations of 22 GHz
water masers toward the protostar CARMA-6, situated at the
center of the Serpens South young cluster. In this study, we
have adopted a distance of 455 4= 50 pc, as derived by Ander-
son et al. (2022) by using Gaia Early Data Release 3 data for
the Serpens South and W40 regions.

Shimoikura et al. (2019) have argued that both W40 and
Serpens South regions are physically connected with each
other, and the outer expanding shell of the W40 HII region
has induced star formation in the central protocluster of Ser-
pens South by interacting with the dense gas associated with
it (see also Nakamura et al. 2017). Such a complex envi-
ronment, comprising a high-mass star-forming region and a
hub-filamentary system, serves as an excellent target for a
systematic investigation of the kinematic properties of fila-
ments and embedded dense cores to get insights into their
formation mechanisms. In this study, we present the physical
properties of the filamentary structures identified by the C'80
(1-0) line and dense cores defined by NoH™ (1-0) emissions
in these two regions.

This paper is organized in the following way. The observa-
tional details are described in Section 2. In Section 3, we dis-
cuss the identification methods for filaments and dense cores
and summarize their physical properties. Section 4 focuses
on the kinematical properties of filaments and dense cores.
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In the end, a brief summary of the entire study is presented
in Section 5.

2. OBSERVATIONS AND DATA REDUCTION
2.1. Observations

On-the-fly (OTF) mapping observations toward W40 and
Serpens South regions of Aquila were carried out using the
multibeam receiver SEcond QUabbin Optical Imaging Ar-
ray (SEQUOIA) of the Taeduk Radio Astronomy Observa-
tory (TRAO)', which is a 14 m single-dish radio telescope
located in South Korea. The receiver SEQUOIA-TRAO
is equipped with 16-pixel Monolithic Microwave Integrated
Circuit preamplifiers in a 4 x4 array and provides an observ-
ing frequency range of 85-115 GHz. The backend system, a
fast Fourier transform spectrometer, has 8192 channels with
a spectral resolution of ~15 kHz, which corresponds to a ve-
locity resolution of ~0.04 km s~! at 110 GHz and a full spec-
tral bandwidth of ~60 MHz. The narrow-band second IF
modules enable the observation of two frequencies simulta-
neously within the 85-100 or 100—115 GHz bands. The main
beam efficiencies of the telescope are 0.48 at 98 GHz, and
0.46 at 110 GHz, respectively (Jeong et al. 2019). The obser-
vations were made from 2016 December to 2018 October as
part of the TRAO Key Science Program, TRAO-FUNS.

To investigate the physical properties as well as chemical
characteristics of dense cores and the surrounding filaments,
we chose eight molecular lines. C'80 (1-0) and NoH™ (1—
0) are selected to trace the relatively less dense filamentary
structures and denser cores, respectively. '3CO (1-0) is ob-
served simultaneously with C'80 (1-0) to reveal the large-
scale bulk motion. Optically thick CS (2-1) and HCO™ (1-
0) along with optically thin H'3CO* (1-0) are observed to
examine the evidence of infall motions in dense cores. SO
(32-21) and NH;,D (11;—1¢;) are observed to investigate the
chemical evolution of dense cores. The observational details,
along with the rest frequency, FWHM-beam size, observing
area, pixel size, channel width, and rms noise level for each
molecular line, are summarized in Table 1. Figure 1 shows
the observed regions for each set of molecular lines over the
Herschel 250 pm continuum image obtained from the Her-
schel Gould Belt Survey Archive’.

2.2. Data Reduction

The raw data, obtained in the shape of tiles after OTF map-
ping, were re-gridded to a cell size of 20” and converted into
the CLASS format after a first-order baseline correction us-
ing the OTFTOOL (Chung et al. 2006). Noise weighting was
applied to obtain a better signal-to-noise ratio (SNR). After

Uhttps://trao.kasi.re kr
2 http://gouldbelt-Herschel.cea.fr/archives

the pre-processing, the baselines of the spectra were removed
by an iterative second-order polynomial fitting. The spectra
were resampled with a channel width of 0.06 km s~!. The
datacube spans a velocity range of 60 km s~!, with its cen-
tral velocity set to 8 km s~ !, similar to the LSR velocity of
Aquila. Then, all the tiles were combined to make one av-
eraged scan map for each transition. The observation was
continuously performed until the rms level of each average
tile was < 0.15 K [T}] for C'®0, 13CO, and NH,D, < 0.1
K [T}] for H3CO™, and < 0.07 K [T}] for the rest of the
observed species at the 0.06 km s~! channel width.

Intensity (Jy beam~!)
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Figure 1. The survey areas of Aquila. The areas observed with
various molecular lines are marked in red ('3CO, C3Q, NoHT
and HCO™), and green (SO, CS, H!3CO*, and NH,D) boxes on
the Herschel 250 um continuum image. The cyan-colored vertical
dashed line (RA = 18:30:37.2) roughly marks the boundary between
the W40 region (eastern side) and the Serpens South region (west-
ern side). The blue dot at the bottom-left corner denotes the beam
size of the Herschel 250 pum observations (18.2”). The scale bar at
the lower-right corner represents a physical length of 0.5 pc, based
on our adopted distance of 455 pc to Aquila.

3. RESULTS
3.1. 13CO and C'80 Emissions

Figure 2 shows the integrated intensity contours of '3CO

(top left) and C'®0 (top right) over the 18.2” high-resolution
H; column density map derived from the 160-500 um Her-
schel data®, suggesting that '3CO emission primarily traces

3 See Section 4.1 of Konyves et al. (2015) for a detailed description of deriva-
tion of the H, column density map for Aquila region.
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Table 1. Observational Details

Molecule Vief OrWHM Area RMS_I (Line) RMS.II (Int. Intensity) Aerit
(GHz) (arcsec) (arcmin?) (K) (Kkms™1) (cm™)

(1) 2 (3) 4 (%) (6) @)
3o (1-0) 110.2013543 49 2255 0.144 0.121 1.9x 103
C'80 (1-0) 109.7821734 49 2255 0.137 0.092 1.9x 103
NoHT (1-0) 93.1734020 52 2255 0.068 0.061 6.1 x 10*
HCO™ (1-0) 89.1885247 57 2255 0.068 0.065 6.8 x 10*
SO (3,-21) 99.2998700 52 1796 0.071 0.051 1.9x 103
CS (2-1) 97.9809533 52 1796 0.070 0.055 1.3 x 10°
H3cot (1-0) 86.7542884 57 1796 0.102 0.050 6.2x 10%
NH,D (111-1¢1) 85.9262630 57 1796 0.159 0.066 6.5 x 10*

NOTE— (1) The observed molecular lines. (2) Rest frequency of each molecular line *. (3) FWHM of the telescope beam (Jeong et al. 2019).
(4) Total observed area. (5) Noise level in T of the final data cube. (6) Noise level of integrated intensity. (7) Critical density of the observed
molecular lines at 10 K (60 K for SO). The references are: 13CO, C!80, and SO: Chung et al. (2021); N,HT, HCO+, H3CO™, and CS:

Shirley (2015); NH,;D: Wienen et al. (2021).

2 https://splatalogue.online/#/home

the extended, large-scale distribution of molecular gas, while
C'30 emission highlights the dense filamentary structures
within it.

Panels (a)-(e) show representative spectra illustrating the
diversity of features identified in the '3CO and C'80 line pro-
files across the mapped region. In panel (a), the C'80 line has
one prominent peak at ~7 km s~!, but the '3CO line shows
two prominent peaks at ~6 and 8 km s~!. However, it can
be seen that the dip between the two peaks of 3CO is close
to the peak position of the C'0 spectrum. This indicates
that the double-peak feature of the 3CO line is caused by the
self-absorption of the '3CO spectrum due to its high optical
depth. There are also two additional peaks in '3CO at ~9 and
9.5 km s~! along with a less prominent one in C'30 at ~9 km
s~!. In panel (b), the C'80 spectral profile exhibits two dis-
tinct peaks at ~7 and 7.5 km s~ ! indicative of multiple ve-
locity components along the line-of-sight as C!30 is usually
optically thin and position (b) is away from dense regions,
as seen from the figure. The '*CO spectrum also shows a
prominent peak near 7.5 km s~!. However, relative to the ~7
km s~! peak observed in the C'30 profile, there is a notice-
able dip in the 13CO profile, suggestive of self-absorption in
13CO. Furthermore, the '3CO profile reveals two additional,
less prominent peaks around 4 and 9 km s~!, with no cor-
responding significant detection in C'30 above the 30 level,
implying that these components trace lower-density molecu-
lar material primarily traced by '3CO. In panel (c), the C'80
spectrum shows a single peak at ~7 km s~ !, indicative of a
relatively simple velocity structure in that region of the cloud.
In contrast, the '3CO profile displays a flattened top, which is

suggestive of higher optical depth effects in '3CO. Addition-
ally, there is also a less prominent peak in 3CO and C'80
at ~6 km s~!. Panel (d) shows a prominent peak at ~6 km
s~! followed by a less prominent peak at ~7 and 8 km s~ in
both the 13CO and C'30 profiles, indicating multiple compo-
nents along the line-of-sight. In panel (e), there are two dis-
tinct peaks in the C'80 profile at ~6 and 7 km s~! with the
6 km s~ ! peak being less prominent than the other, suggest-
ing multiple components along the line-of-sight. The *CO
profile also shows a significant peak at 6 km s~!. However,
close to the 7 km s~! peak of C!30 profile, the *CO profile
looks like an extended shoulder indicative of self-absorption
feature.

The five line profiles, chosen from various parts of the re-
gion, collectively show the overall complexity in the cloud.
In all five cases, the '3CO spectra have larger velocity range
and line widths than C'30, which suggests that C'80 tran-
sition is tracing a more compact region with higher density
than the 13CO transition and the '3CO emission is extended
over a wider region, tracing the bulk motion of less dense
molecular gas. It is also notable that 13CO is much brighter
in the W40 region compared to Serpens South.

3.2. HCO*, CS, SO, and NoH* Emissions

Figure 3 presents the distributions of HCO™, CS, SO, and
N,H™ integrated intensity contours over the Herschel H; col-
umn density map. HCO™, CS, and SO are observed to exhibit
brighter emission in the W40 region compared to Serpens
South, which may be due to the gas (and dust) being warmer
in W40.
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Figure 2. Integrated intensity maps of 3CO (1-0) (top left) and C!30 (1-0) (top right) with contours on the Herschel H, column density map
and spectra of the selected positions (lower panel). The contour levels of are & x [30,45,60,75,90,105] K km s~!, and & x [10, 15,20,25,30]
K km s~ ! for 13CO and C'80, respectively. The blue dots enclosed in square boxes at the lower-left corners of each panel indicate the beam
size of the Herschel H, column density map (18.2”). The beam sizes corresponding to each molecular line are depicted as magenta-colored
dots over their respective species labels. The blue (13CO) and green (C'80) colored spectra shown in the bottom panel are extracted from the
positions marked by black-colored dots in the top panels. The vertical lines in each of the five lower panels indicate the peak positions of the

13C0O and C!80 spectra.

The distribution of HCO™, CS, and SO closely follows the
central high H, column density regions of W40; and it is
well matched with that of 1>CO (see top left panel of Fig-
ure 2). However, in the case of Serpens South, there are
three prominent peaks in the Hp column density, but only
the brightest one (central hub region) has the corresponding
HCOT, CS, and SO peaks, which may be due to the reported
protostellar outflow activities (Plunkett et al. 2015) in this re-
gion. Though CS and SO are not widely regarded as outflow
tracers, they have been reported to trace outflow activity in
certain cases (e.g., Tafalla et al. 2010).

For N;H™ (bottom right panel of Figure 3), it can be noted
that the distribution traces the Serpens South region entirely,
which suggests that the region consists of cold, dense gases
and is in the early stages of star formation (see Kirk et al.
2013; Friesen et al. 2016; Friesen & Jarvis 2024, etc). How-
ever, in the W40 region, the emission shows a clumpy dis-
tribution in the bright C'#0 and dense H, column density
regions.

The overall spatial distribution of these molecules high-
lights the diverse physical conditions and evolutionary stages
present within the W40 and Serpens South regions. This
paper focuses on the identification of velocity-coherent fil-
amentary structures and the embedded dense cores and their
kinematical properties. Discussions on the chemical differ-
entiation between filaments and dense cores using the chem-
ical tracers such as SO and NH;D will be introduced in a
forthcoming paper. In the following sections, we will ex-
plore the filamentary structures and the dense cores embed-
ded within them, examining how these molecular features
connect to the large-scale gas morphology and ongoing star
formation activity.

3.3. Filamentary Structures
3.3.1. Identification of Velocity-coherent Filaments
The '3CO (1-0) line is useful to trace the large-scale cloud

but has limitations due to its large optical depth in the ar-
eas of high column density. Hence, the C'30 (1-0) line
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Figure 3. Distribution of HCO™, CS, SO, and N,H" integrated intensity contours over the Herschel H, column density map. The contour
levels are o x [3,10,20,30,40] K km s~! for all the species. The blue dots enclosed in square boxes at the lower-left corners of each panel
indicate the beam size of the Herschel H, column density map. The beam sizes corresponding to each molecular line are depicted as magenta-

colored dots over their respective species labels.

was used to resolve velocity components on the line-of-sight
and identify velocity-coherent filamentary structures in the
Aquila region. For this purpose, the C!'80 spectrum at each
pixel was subjected to Gaussian decomposition to disentan-
gle the multiple velocity components using the automated
Gaussian decomposing Python class Decompose from the
package funstools,* which is an optimally developed
Python-based program tailored for TRAO-FUNS data. The
decomposition process follows the three steps described in
Yoo et al. (2023).

Step 1 consists of velocity and spatial smoothing of
the spectra using the initial smoothing parameters to im-
prove SNR and spatial continuity, respectively. From the
smoothed spectrum, the peak velocity positions of the ex-
pected Gaussian components are determined by applying the
find_ peaks algorithm in the scipy.signal package.
Step 1 returns the initial guesses for each decomposed
Gaussian component for the next step. Step 2 fits a Gaus-

4 https://github.com/radioshiny/funstools

sian profile to the spectra using the initial guesses determined
from Step 1 to find the best-fit spectrum and returns the
resulting Gaussian fitting parameters for each velocity com-
ponent of the spectrum. In Step 3, a final Gaussian fitting
is performed to enhance the spatial continuity of the decom-
posed results. This is accomplished by modifying the initial
guesses for each pixel based on the best-fit parameters de-
rived from Step 2 in its neighboring pixels. Then, a multi-
ple Gaussian fit is repeated with the adjusted initial guesses.

During the decomposition of multiple Gaussian compo-
nents from the observed line profiles, we employed two
different combinations of smoothing factors. In Step 1,
where the number and velocities of Gaussian components
are identified from the shape of the line profile and used to
generate the initial guesses for fitting, we applied aggressive
smoothing—5-channel velocity smoothing and 3-pixel spa-
tial smoothing—to minimize the impact of noise and to en-
sure large-scale spatial continuity. In contrast, for Steps
2 and 3, where multiple Gaussian components are fitted to
the observed line profiles, we applied minimal smoothing—2-
channel velocity smoothing and 2-pixel spatial smoothing—to
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preserve the velocity and spatial resolution. Figure 4 presents
an example of the Gaussian decomposition around the posi-
tion marked with a green dot in the left panel. Using the au-
tomated Gaussian decomposing code, 10,673 Gaussian com-
ponents were identified with their peak intensities of an SNR
> 5. Figure 5 illustrates the velocity distribution of the de-
composed components.

The decomposed velocity components are then used to
identify the velocity-coherent filaments using the friends-of-
friends (FoF) algorithm. Note that FoF has been extensively
used to identify velocity-coherent filaments in other regions
as part of TRAO-FUNS study, except for L1478 of the Cali-
fornia Molecular Cloud (CMC), where filament identification
was carried out using the ast rodendro Python package.
The detailed processes of identifying the filaments are sum-
marized as follows: first, all the decomposed velocity com-
ponents are sorted based on their intensity values. Then, the
component having the highest intensity is treated as the seed.
If the velocity difference (vg4ifr) between a component and the
seed component is less than the velocity dispersion (o) of
the seed component and the positional distance between the
two components is < v/2 pixel distance (maximum distance
between the seed pixel and one of the neighboring 8 pixels),
they become a part of a velocity-coherent structure. The min-
imum number of pixels for a velocity-coherent structure was
set to be 28, which corresponds to the number of pixels in a
5 X Opwym area’. This process was iteratively done until no
component was left to be compared.

In the starting run of the FoF algorithm, when the veloc-
ity difference was set to be less than the velocity dispersion
of the seed component (Ggeeq =~ 0.38 km s~1), 9 structures
were identified, as shown in Figure 6 (top left panel). How-
ever, one of the structures in violet, despite having multi-
ple velocity components, was identified as a single velocity-
coherent structure and can be seen spreading across a wide
range. Hence, for this particular structure, the FoF algorithm
was again run with a smaller velocity difference, 0.1 km s~
which was able to identify multiple independent structures
having a single velocity component (colored regions in Fig-
ure 6, top right panel). However, even in the second run of the
FoF, we find several regions where multiple velocity compo-
nents still exist (the violet-colored structure, top right panel).
So, a third run for the FoF algorithm was performed with
an even smaller velocity difference of 0.06 km s~! for this
structure. This trial further resulted in multiple independent
structures (Figure 6, bottom left panel). However, there still

3 Note that this threshold was determined through an iterative procedure.
During the execution of the FoF algorithm, we observed the presence of
small, localised structures comprising 5-10 pixels. To avoid such small
structure, we imposed a minimum size criterion and found that adopting a
threshold of 28 pixels, corresponding to ~ 5 X Orwpm, provides a roubust
choice.

remained a very big and complex structure shown in orange,
which, despite having no multiple velocity components, was
seen to contain multiple independent velocity coherent struc-
tures in the position-position-velocity (PPV) space that were
somehow connected by a small number of components hav-
ing intermediate velocity values. Hence, a final trial of the
FoF algorithm was performed with a velocity difference of
0.04 km s~! to separate these independent structures after
multiple tests with the differences of 0.055, 0.05, 0.045, 0.04,
and 0.035 km s~ !, indicating that the previously identified
big cloud structure was finally decomposed (see bottom right
panel of Figure 6). Note that for other identified structures,
if a FoF run with a given velocity difference revealed multi-
ple velocity components, we also performed additional runs
using a smaller velocity difference to try and separate those
components. Lastly, by visual inspection, it was checked
whether any Gaussian components with significant emission
(~ 50ms) were missed during the FoF run. These compo-
nents were recovered in the final filamentary structures.

Through all these steps, a total of 37 velocity-coherent
structures were identified in the Aquila region. However,
due to multiple trials of the FoF algorithm and with minimal
velocity differences, many of these structures were found to
be small, rounded clumps rather than typical elongated fila-
mentary structures. Hence, after a careful visual inspection
of their distribution in the 3D PPV space, several structures
were merged with each other, satisfying continuity in the
PPV space. In some cases, a small number of pixels were
also discarded that seemed like outliers to the structures but
got connected due to the adopted velocity threshold. Finally,
a total of 23 velocity-coherent structures were identified in
the Aquila region and named as F1, F2, ..., F23 for further
analysis (see Figure 7).

After the identification of velocity-coherent structures,
their skeletons were defined using the Python package
FilFinder (Koch & Rosolowsky 2015), which extracts
their skeletons from the 2D spatial image via a medial axis
transform. To perform this, first we produced the integrated
intensity maps of each structure from their resultant param-
eters (amplitude, velocity centroid, and velocity dispersion)
derived from the Gaussian decomposition. The FilFinder
algorithm not only provides information on the skeleton of
the structures (see the left panel in Figure 7) but also the ones
for the branches stretched out from the skeleton.

The structures F14A and F14B were identified as a single
structure, F14, while running the FoF algorithm. However,
FilFinder provided two different skeletons for the struc-
ture; hence, we visually divided the structure into two struc-
tures as F14A and F14B. Note that structures F10 and F14A
exhibit complex velocity distributions that could not be ef-
fectively separated using the FoF algorithm. Therefore, Prin-
cipal Component Analysis (PCA) and Density-Based Spa-
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Figure 5. Distribution of C!80 velocity centroid values obtained

by the decomposition of Gaussian-fitted line profiles throughout the

entire observed region of 2255 arcmin?.

tial Clustering of Applications with Noise (DBSCAN) were
collectively employed to separate them into smaller velocity-
coherent structures (see Figure A.1, Appendix A for details).

F14A was separated into Fl14a, Fl4c, F14d, and Fl4e, and
F10 was separated into F10a and F10b. For continuity in
naming, F14B was renamed to F14b.

3.3.2. Lengths and Widths of the Filaments

The length of the structures (/) is adopted as the length of
the respective skeletons obtained using the FilFinder al-
gorithm. The minimum and maximum lengths obtained were
0.6 pc (F22) and 4.0 pc (F12), respectively, with a median
value of 1.4 pc. However, note that these derived lengths
may be affected by projection effects and should be treated
as lower limits to the true physical lengths of the filaments.

The FilFinder algorithm was also used to find the
widths of each structure by creating radial profiles centered
on the structure’s skeleton. Then, the averaged radial pro-
file is fitted with the 1D-Gaussian model to determine the
FWHM as the width of the structure (W). The widths range
from 0.03 pc (F10b) to 0.32 pc (F6) with a median value
of 0.13 pc. Note that our median width is comparable to
that of the characteristic width of filaments (0.1 pc) revealed
by the Herschel observations (Arzoumanian et al. 2011) and
to the median value of 0.12 £ 0.04 pc obtained by Konyves
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was set to be 0.04 km s~ 1.

et al. (2015). However, out of 23 identified velocity-coherent
structures in this study, 9 have widths larger than 0.15 pc.
This can be attributed to our adopted distance to the target
(455 pc), compared to that of Konyves et al. (2015) (260 pc).
Also, our derived widths may be affected by the coarser spa-
tial resolution of C'80 (49”) compared to that of Herschel
(18.2").

Table 2 lists the lengths and widths of each velocity-
coherent structure determined using the Fi1Finder algo-
rithm. However, though F2, F8, and F16 were identified as
velocity coherent structures by the FoF algorithm and Fl4e
by the DBSCAN algorithm (see Appendix A), FilFinder
was not able to provide skeletons for these structures. Ac-
cordingly, all other structures have been considered as fila-
ments. Table 2 also lists the aspect ratio (AR), defined as the
ratio of length / and width W of the structure (AR = [/W),
that suggests how the velocity-coherent structures are elon-

gated (André et al. 2014). Note that ARs for all of the fila-
ments are > 3, signifying their elongated morphology.
Figure 7 illustrates the morphologies, skeleton structures,
and spatial distribution along the R.A. and Dec. axes for all
the identified velocity-coherent filaments. The 2D distribu-
tion of Gaussian-decomposed velocity centroid values, pro-
viding an insight to their 3D distribution® (left panel), and
the spatial distribution of YSOs (right panel), as identified
by Pokhrel et al. (2023), over the filaments is presented in
Figure 8. Figure 9 contains the velocity channel maps of
the filamentary structures with intervals of 0.5 km s~! from
4-8.5 km s~ !, which show the velocity distribution in differ-

6 The distribution of velocity centroids in the 3D PPV space for
https://imbunty575.github.io/Aquila-

each filament is available at
Filaments/Filaments_PPV.html.
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https://imbunty575.github.io/Aquila-Filaments/Filaments_PPV.html

10 MOHARANA ET AL.

ent structures in detail. Around 40% of the total identified
filaments exhibit mean velocities between 4 and 7 km s~ !,
whereas the rest lie within the 7-8.5 km s~ ! interval. The
first panel of Figure 9 suggests that Filament 18 (F18) has
the lowest velocity component among all the filaments. The
average velocity centroids and the total velocity dispersions
for each filament are tabulated in Table 2.

3.3.3. Column Densities, Masses, and Line Masses of Filaments

The C'80 column densities of the identified filaments were
derived using the formula obtained under the assumption of
local thermodynamic equilibrium (Garden et al. 1991; Pattle
et al. 2015),

3kg ehBJ(JJrl)/kBTex
Netso = g3 2 J+l

ex+ 3kB / dv (1)

1 _ efhv/kB Tex

where B is the rotational constant, u is the permanent dipole
moment of C'80 molecule, J is the lower rotational level,
T is the optical depth, kg is the Boltzmann constant, and &
is the Planck constant. The excitation temperature (7¢y) is
calculated using the relation given by Pineda et al. (2008):

Ty
1\’
i T
1Il<1+T0(1§r+eT0/ngl) )

where T is the radiation temperature, Ty = hv /kg and Ty,
is the cosmic microwave background temperature (2.73 K).
We used the radiation temperature of '3CO for Tz under
the assumption that 1*CO and C!'®0 have similar excita-
tion temperatures and '>CO is optically thick compared to
C180 (Ti3¢p > Te1sg)- Nakamura et al. (2019) reported that
Ti3cg typically exceeds 1 across the dense filamentary struc-
tures in Aquila and reaches values greater than 2-3 toward
the Serpens South region. These findings support the as-
sumption of high optical depth for '3CO in these environ-
ments. Teisg is derived by adopting the abundance ratio of
[13CO/C!80] = 5.5 (Frerking et al. 1982) and the relation

Tex = (2)

Tmax,CIXO " 1—e "o

3
Tmax, oo 1—e Mo 7 @

where T, c13g and T, 15¢o are the maximum intensities
of C'30 and 13CO, respectively. Our derived excitation tem-
peratures (7cx) exhibit a strong one-to-one correlation with
the dust temperatures (7y,s) obtained from Herschel obser-
vations, maintaining an average ratio of Tox /Tgyst = 1 across
all identified velocity-coherent filaments. However, in the
W40 region, specifically for filament F18, we observed a sig-

nificantly higher ratio (Tex/Tgust > 2). A similar trend was

reported by Nakamura et al. (2019), who derived an excita-
tion temperature map for the entire Aquila region using '>?CO
(1-0).
The integral term at the right side of Equation 1 can be
| T(vo

approximated as
T(v)dv ~ / Tapdv,
/ v) J(Tex) =T (Tog) 1—e—0) J ™

where Vy is the central frequency, T, is the observed main
beam temperature of the spectral line, and J(T') is the source
function, J(T) = Ty /(e™/T —1). [ Tpdv was adopted as the
area under the fitted Gaussian profile. In this way, the C'80
column densities for the filaments were estimated and found
to be in the wide range between 10'* cm~2 to 10'® cm~2 with
a median value of 8.7 x 10'* cm~2.

We smoothed the Herschel high-resolution Hy column
density map (18.2") to TRAO C'30 beam size (Gpwum =
49"y and divided the Hy column density value with our de-
rived C'80 column density value at those regions of the fil-
aments where there is only a single velocity component (~
88% of the pixels associated with the filaments exhibit a sin-
gle velocity component) to derive the fractional abundance
of C'80 at each pixel position. The average fractional abun-
dance’ obtained is [C'30/H,] = (7.943.7) x 1078, Figure
10 shows the comparison between C'80 and H, column den-
sities obtained from C!30 emissions and Herschel data, re-
spectively. A least squares fit to the data gives a power law
relation of the form Ngisq o< (NH2)0'4. However, this rela-
tion was not adopted for the derivation of C!80 fractional
abundance, as the fit was strongly biased towards the regions
where N}}IIZerSChel goes high, but Nqisg does not show a pro-

portional rise (> 3 x 10?> cm™2, vertical blue-dashed line of
Figure 10). This behavior likely arises due to CO depletion,
as at high densities of ny, > 103 cm ™~ and low dust temper-
atures of < 20 K, CO is usually depleted and freezes onto the
surfaces of dust grains (Caselli et al. 1999). If the filament
depth is assumed to be comparable to its width (~ 0.1 pc), a
volume density of 10° cm™3 corresponds to a column density
of ~ 3 x 10%2 cm~2, which aligns with the threshold above
which the increase in Ngisg becomes less pronounced.
Ng;r“hel values of the filaments range from 5.4 x 10! to
1 x 1023 cm~2 with a median of 1.2 x 10?2 cm~2. The masses
of the filaments were derived from the Ngzer“hel data instead
of the derived Nisq data to avoid any CO depletion effect
(masses from N1 are on average ~ 10% lower). At posi-
tions where multiple velocity-coherent filaments overlap (F6
and F23, F6 and F22, F9 and F12, etc.), Ncisq is converted
to Ny, using the derived [ClgO/ Hz] abundance ratio, and
subsequently used to derive the mass at those positions. The

7 Note that pixels (positions) where multiple filaments overlap are not con-
sidered during the calculation of this abundance ratio.
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minimum and maximum masses for our identified filaments
are 33 My (F10b) and 726 Mg, (F12), respectively, with a
median value of 154 M. The line masses (M)j,e) are cal-
culated by dividing the mass of a filament by its length and
range from 41 Mg, pc~! (F23) to 216 M, pc~! (F14a) with
a median value of 107 M, pc~'. Table 2 lists the average
values of Ty, Ng;r“hel and Ngisg, masses and line masses

of the identified filaments. Note that the uncertainties in the
masses and line masses are propagated from the uncertainty
in the adopted distance to Aquila and the standard deviation
of Hy column density values within each of the filaments.
Also, the line mass maybe affected due to the projection ef-
fect in the derived lengths of the filaments.



12 MOHARANA ET AL.

—1°50' - L
1.8
. i
5 —2°00' \ L
[
2 )
) ) N
E; 10’ - L 1.6
b}
20' 1 40-60kms™! 6.0-65kms~! [
1.4
—1°50' - . L =
g
\ \_) /\ \ 1.2 ~
5 —2°00 - L M
2 ' z
g 104 ~J - =
o 1.0 2
p) =
20/ 4 —1 -1k ED
6.5-7.0kms 7.0-75kms 5
(=]
: : . : L0.8
—1°50' 1 /\/\' /\/ A
é —2°00’ 4 J J - L 0.6
S
S
A ( !
[
0.4
20/ 4 -1 -1 |
7.5-80kms 8.0-85kms
18h3om 31m 30m 20m 18h32m 3qm 30m 20m
R. A. (J2000) R. A. (J2000)

Figure 9. Velocity channel maps of the identified filamentary structures. The colored lines denote the filament skeletons, following the same
color scheme as in Figure 7, and the black-colored lines signify the branches corresponding to the main skeleton. The lower limit to the color
scale is set at the 3x orys_1 level for better visualisation of the filamentary structures. A filament skeleton is selected in a specific channel map
if 70% or more of its velocity centroid values fall within the corresponding velocity range.

3.3.4. Velocity Dispersion and Critical Line Mass of Filaments

Velocity dispersion plays a crucial role in understanding
the kinematic properties of filaments. The observed velocity
dispersion (Oyps) is related to the FWHM of the line profile
with the relation o, = FWHM/+/81n2. The thermal ve-
locity dispersion (o) is defined as o = [k Tgas /Mobs|'/
for the observed molecule with mass mgps. The non-thermal
velocity dispersion (O, ), originating from the turbulent mo-

tions of gas, is related to o, and, oy, as follows,

2 2
Onth = 4/ Ogps — Oy
(5)
) kg Tgas
=4/ O%ps — :
Mobs

For C180 line, mgps is calculated as mgps = Ucisg X my,
where pUeisg = 30 is the molecular weight of C!'80 and

1 = 1.67 x 10727 kg is the mass of the hydrogen atom. Note
that we have used Ty to infer Ty, throughout our analysis.
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Figure 10. Comparison of C'30 and H, column densities of iden-
tified filaments. The red solid line represents the least squares fit
to the data, resulting in the power law relation Ngisg o< (NH2)0'4,
The obtained average abundance ratio [CISO / Hg} =79x107%is
presented with the green solid line. The orange contours repre-
sent kernel density estimates (KDE), highlighting the regions where
the majority of the column density measurements are concentrated.
The vertical blue-dashed line indicates the approximate position in
Ngfr“h"l beyond which C'80 depletion is significant.

We define the total velocity dispersion (Oio) of the gas,
including both thermal and non-thermal effects, as

Otot = \/ anth + C%7 (6)

where c; is the isothermal speed of sound at temperature Tgys,
and defined as ¢, = [kp Tyas /Mu mean) /. Here Umean is the
mean molecular weight per free particle (= 2.37) assuming
the mean mass of gas with the composition consisting of
71% hydrogen, 27% helium, and 2% metal (Kauffmann et al.
2008). The average total velocity dispersion ({Gio)) ranges
from 0.35 km s~ (F19) to 0.45 km s~ ! (F20) with a median
value of 0.41 km s~ ! across the filaments.

Assuming the filament is a self-gravitating isothermal
cylinder with infinite length, the thermal critical line mass
of the filament in an equilibrium under thermal and gravi-
tational pressure and the non-thermal critical line mass sup-
ported by turbulent motions can be defined as (Stodélkiewicz
1963; Ostriker 1964):

et _ 2(cs>2/G, %

line

Mnth,crit -9 <Gnth>2 /G, (8)

line

where (c,) and (0,q) are the average sound speed and av-

erage non-thermal velocity dispersion of a filament. Mltll:]ec rit
ranges from 22 My, pc~! (F12) to 34 M, pc~! (F18) with

a median value of 25 M, pc~! and MEL}; “rit ranges from 30

Mg pc! (F19) to 71 Mg, pe~! (F20) with a median value of
53 Mg, pc~! across the filaments.

The contributions from thermal and non-thermal motions
can be collectively attributed by the total critical line mass
(virial line mass), defined as

Mtot,crit -9 <0'tot>2 /G7 (9)

line

where (0yo) is the average total velocity dispersion of a fil-
ament. M, is found to be in the range of 58 Mg pc~!
(F19) to 93 Mg, pc_1 (F20) with a median value of 79 Mg
pc~! across the filaments. The virial mass of the filaments
(M,;;) can be calculated from Mltiontécm as follows:

Myir = M5 1, (10)
where [ is the length of the filament.

Table 2 lists the average values of Oy, the thermal and to-
tal critical line masses along with their uncertainties for all
the identified filaments. The uncertainties in Mltihn’:m, Mﬁ:; erit
and Mltfrfécrit are estimated from the uncertainties in their re-
spective velocity dispersions. Criticality plays a crucial role
in the gravitational stability of a filament and the formation

of dense cores within it (explained in further sections).

3.4. Identification of NyH™ Dense Cores

The N,H™ (1-0) molecular line, typically optically thin,
serves as an effective tracer of dense cores in nearby star-
forming regions. The FellWalker algorithm (Berry 2015)
in the CUPID package (Berry et al. 2007) within the Star-
link® software was applied to the NoH™ integrated inten-
sity map to identify the dense cores. Prior to running the
algorithm, the map was smoothed using a Gaussian ker-
nel to suppress small-scale noise and prevent spurious lo-
calised features from being identified as cores. The rms noise
(Osmooth) Of this smoothed map was estimated to be 0.017 K
km s~'. Pixels with intensities >2 X Ggmoom Were allowed
to be associated with a peak. Two neighboring peaks are
considered separate if the difference between the peak val-
ues and the minimum value between the peaks is larger than
1.5 X Osmooth”- In total, we identified 64 NoH* dense cores
in the observed region (see Left panel of Figure 11). Note
that almost all of the Herschel-identified protostellar cores
and a large number of prestellar cores (Konyves et al. 2015)
spatially overlap with our identified NoH™ dense cores (see
Figure A.6; Appendix D).

8 https://starlink.eao.hawaii.edu/

9 The default value for this parameter is 3 X Ogmooth (Berry 2015) using which
we were getting 56 dense cores. However, this led to the merging of some
cores that were visually separable (e.g., C1 and C3, C19 and C27, etc.).
Hence, we adopted the parameter as 1.5 X Ogmooth-
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Table 2. Physical Properties of the Filaments in the Aquila Region

FLID [ W AR (isg)  (Taust) (Gior) M Mine M Mt NHenehel NG Cores YSOs
®e) (o) (kms~1) (K) (kms~h) M) Mope™)  MopeTh Mg peTh <102 em™2)  (x10!* em2)

(1) 2 3 @ 5 (6) (7 ® © (10) (11 (12) (13) (14) (15)
F1 1.4 005 288 74402 14.8 0.39 £ 0.06 78+ 17 54+12 74+22 24+1 9.5 7.1 0 0
F2 - 65401 17.0 0.35 £ 0.07 20+ 5 114 5.2 0 0
F3 1.9 0.19 99 7.1+£0.1 16.6 0.40 £ 0.06 3284+73 174 +39 76 +£23 27 +£2 10.8 8.3 4 2
F4 1.1 0.12 8.8 6.6+0.1 14.4 0.38 4+ 0.06 138+31 131+29 69+22 23+1 13.4 9.3 2 0
F5 09 006 153 68+0.2 18.9 0.42 +0.06 72+ 16 78+ 18 85+23 31+3 12.3 8.1 0 0
Fo6 33 0.32 9.7 64+02 149 0.39 +£0.05 500+ 111 161+36 71+19 24 +2 12.7 13.7 4 3
F7 39 017 226 69402 15.9 0.38 4+ 0.06 312 + 69 81+£18 70+21 26 £2 10.1 6.7 0 0
F8 -+ 7.0£0.1 14.2 0.40 £+ 0.07 35+8 17.1 7.8 0 0
F9 3.1 019 165 79402 144 041 +£005 472+105 151+34 80+18 23+2 13.6 8.7 7 5
F10a 1.0 0.09 116 7.1+0.1 17.3 0.40 £+ 0.05 46 + 10 44+ 10 79+ 18 28 +2 8.4 7.4 0 0
F10b 0.7 0.03 243 7.140.1 17.3 0.37 £ 0.05 33+7 45+10 66+19 28+1 8.3 5.8 1 0
F11 0.6 0.08 7.0 6.6+£0.1 18.0 0.43 +0.05 63+14 1134+£25 87+£20 29+1 13.9 9.3 2 0
F12 40 026 153 73+02 13.6 042+0.04 726162 183+41 85+15 22+2 16.3 10.3 11 11
F13 24 016 152 7.6+0.1 14.1 0.41 4+ 0.06 301 267 124 +28 81 +22 23+1 13.4 8.2 5 13
Fl4a 14 0.26 54 74+£03 16.4 0.43 £+ 0.05 302+67 216+48 86+20 27+4 14.3 10.5 5 2
Fl14b 09 008 106 7.1+0.1 16.5 0.45+0.04 82+ 18 9% +21 93+17 2742 12.2 9.3 1 0
Fl4c 1.7 012 143 74403 14.5 0.38 £ 0.06 171 £38 100+22 70+22 23+ 1 11.6 8.6 4 1
Fl4d 0.7 0.04 165 8.1+0.1 14.3 0.44 4+ 0.05 46 + 10 70+ 16 89+18 23+2 10.1 8.7 0 0
Flde --o 6.5£0.1 22.2 0.46 £+ 0.06 57+ 13 22.6 12.1 0 0
F15 21 018 115 69402 14.7 0.44 +£0.05 352479 170+38 89+20 24+2 15.7 10.4 4 12
Fl16 - 73402 234 0.45 +£0.04 22+5 8.5 6.5 0 0
F17 1.3 0.15 89 7240.1 17.4 0.42 4+ 0.04 170 =38 128 +28 84+ 17 28+2 10.8 8.2 3 1
F18 25 0.08 309 55+04 21.2 0.43 +0.05 30769 124 +28 89+22 34+4 21.3 26.9 4 2
F19 1.2 0.10 124 7.6+0.1 17.2 0.35+£0.05 65+ 15 52+12 58+17 28 +2 8.2 6.1 0 0
F20 20 0.19 106 724+0.1 13.8 0.45 £ 0.04 4194+94 208 +£47 93+ 15 22+ 1 214 13.1 3 6
F21 1.1 0.12 9.0 7.8+0.1 14.3 0.40 £+ 0.05 98 + 22 914+20 74+£18 2342 11.9 7.9 1 0
F22 0.6 0.15 41 83+02 13.9 0.39 £+ 0.06 51411 82+18 72+20 2341 7.1 4.8 0 0
F23 24 013 184 8.0+0.2 15.6 0.40 £+ 0.06 99 + 22 41+9 77+22 2541 7.4 49 0 0

NOTE—(1) Filament IDs. (2) Filament lengths. (3) Filament widths. (4) Aspect ratio of filaments: defined as the ratio between lenght and width. (5) Average
velocity centroid. (6) Average dust temperature, obtained from the Herschel dust temperature map, smoothed to TRAO C'80 resolution. (7) Average total
velocity dispersion, derived using Equation 6. (8) Mass of filaments. (9) Line mass of filaments, defined as M/I. (10) Total critical line mass of filaments,
derived using Equation 9. (11) Thermal critical line mass of filaments, derived using Equation 7. (12) Average H, column density of filaments, obtained from the
Herschel Hy column density map, smoothed to TRAO C'80 resolution. (13) Average C'80 column density of filaments, derived using Equation 1. (14) Number
of identified NoH™ dense cores present in each filament. (15) Number of YSOs present in each filament, identified by Pokhrel et al. (2023).

While running the FellWalker algorithm, the identified
core 1 (C1) was significantly larger compared to the typi-
cal dense core radius (~ 0.1 pc). Despite multiple iterations
with various sets of parameters, FellWalker was unable to
separate C1 into further segments. The NoH™ velocity distri-
bution, derived from hyperfine fitting at each pixel within C1,
shows that the structure is not velocity-coherent (see Figure
10(a); Appendix B), so it cannot be considered a single dense
core. Hence, we separated C1 into 10 smaller regions (Cla,
Clb, ---, Cl;j) based on their velocity distribution (see Ap-
pendix B for a detailed description of the separation process).
The right panel of Figure 11 shows the spatial distribution of

dense cores Cla to Clj over the NoH™ integrated intensity
image.

Note that there are several other cores, such as C2, C3, C9,
etc., with large radii, which could not be divided into fur-
ther segments by the FellWalker algorithm as well. However,
the velocity centroid distributions within these cores remain
coherent. Hence, we did not attempt to separate them into
smaller segments. Also, there are a number of dense cores
with radius of 2 0.1 pc. This large size of the cores can be
attributed to the coarse spatial resolution (52) of our NoH™
data.

3.5. Physical Properties of the Dense Cores
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Figure 11. Left: The distribution of NyH™ dense cores identified by the FellWalker algorithm in the Aquila region over the integrated intensity
image of NoH™. The vertical black dashed line (RA = 18:30:37.2) roughly marks the boundary between W40 and Serpens South regions.
Right: Zoomed-in figure of the region inside the red-dashed box containing C1 in the left panel. Cla to C1j were identified by applying the FoF
method to the F> 3,1 2 hyperfine component of NpH" spectra present within the C1 region. Core C1j and Clc (lime-colored borders) overlap
with cores Cld and Cle, respectively, in the position space but have different velocities than those. Some parts of core Cli (cyan-colored
border) also spatially overlap with core Cla. The green, red, and yellow-colored stars correspond to the positions of the class 0, I, and flat
spectrum YSOs, respectively, over the W40 and Serpens South region, identified by Pokhrel et al. (2023) in both the figures. The blue dot in

the lower-left corner of both the figures represents the NoH™ beam

The NoHT column densities of the dense cores were de-
rived using the N;H integrated intensity following the equa-
tion given by Caselli et al. (2002) as follows:

Nagpie = 8Wine &1 1
2 A3A g Jv(Tex) — Iv(Thg)
1
X Qrot (11)

1 — e*hv/kBTex gle*El/kBTex ’

where Wiy is the integrated intensity of the NoH™ emission,
A is the Einstein coefficient (= 3.628 x 10~3s~!; Daniel et al.
2006), A and v are the wavelength and frequency of the ob-
served transition, respectively. Oy is the partition function,
derived based on the Tix values at each pixel and E; is the
energy of the lower level. g; = 1 and g, = 3 are the statisti-
cal weights of the lower and upper levels, respectively. Note
that for the C1 region, where multiple cores overlap spatially,
the integrated intensities at each spatial position of the cores
were calculated using the results from the hyperfine fitting.
Using the derived NoH™ column density map, where the
integrated intensity (Wi,) has a signal-to-noise ratio (SNR)
greater than 7, along with the Herschel H, column den-
sity map, we calculated the mean fractional abundance of
NoH* as [NoHY /Hp] = (9.4 £3.6) x 107!°. Based on this
fractional abundance, we estimated the H, column densi-
ties (Vy,) for cores Cla to Clj and determined their masses
(Mcore) by integrating the Ny, values across their spatial ex-
tent. For the rest of the cores, the masses are derived from

size.

Herschel H, column density values. The derived core masses
(M¢ore) range from 1 Mg, (C64) to 249 M, (C2), with a me-
dian mass of 31 M.

The diameter of each dense core was determined by equat-
ing its area to that of a circle. This calculated diameter
was then deconvolved by subtracting the NyH' beam size
(BpwaMm) in quadrature, as follows:

d? — 62um (12)

deore =
The radius of each dense core was then calculated from this
deconvolved diameter. However, for cores C56, C60, C62,
C63, and C64, the deconvolution could not be performed be-
cause d < Brwnm in these cases. For these cores, we adopted
OrwnMm as an upper limit for the diameter. The hyperfine
NoH™ spectra at each pixel position within each dense core
were then fitted with hyperfine profiles to determine the sys-
tematic velocities and total velocity dispersions (see Equa-
tion 0).

Pokhrel et al. (2023) presented a catalog of 172 proto-
stars in the Aquila region, identified through their 1-850 um
SEDs, compiled from multiple surveys, including the Two
Micron All Sky Survey, Spitzer, Herschel, the Wide-field In-
frared Survey Explorer, and JCMT/SCUBA-2 data, as part of
the eHOPS survey (Pokhrel et al. 2023). In the present study,
we utilize this catalog to investigate whether the dense cores
we identified are protostellar or starless. Among the eHOPS
sources, 33 class O protostars, 21 class I protostars, and 19
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flat-spectrum YSOs are located within the boundaries of our Table 3 lists the estimated physical quantities for all the
identified dense cores (marked by asterisks in Figure 11 with identified dense cores as well as the number of YSOs present
green, red, and yellow symbols, respectively). A dense core within each dense core.

associated with any of these protostars is classified as a dense
core with YSOs, while a core without such an association
is considered starless. Out of the 73 identified NoH™ dense
cores, 25 (~35%) of them are found to harbor YSOs.

Table 3. Physical Properties of the Dense Cores in the Aquila Region.

CoreID R.A.(J2000) Dec. (32000)  Reore  (Taust) VLsr Otot N{_’{;““hd Meore o Fi.ID X  YSOs

vir

(hh:mm:ss) (dd:mm:ss) (pc) (K) (kms™1) (kms~1) (x102! em=2) Mp)

(€] @ 3 “ (&) 6 (M ® C)] 10) an - 3daz a3
Cla* 18:30:02.30  -02:02:04.94 036 14.6 7.40 043 £0.14 771.8 221 £50 033+£022 F20 0.19 7
Clb 18:30:06.30  -02:01:04.94 0.11 14.4 7.72 041 £0.14 28.3 19+4 138£094 0
Clc* 18:29:59.63  -02:01:04.93 0.09 133 6.89 0.33 £0.05 22.0 15+£3 1.19£037 2
Cld* 18:30:02.30  -02:03:44.93 0.15 13.6 6.92 0.37 £ 0.06 404 424+10 035%0.11 FIS 0.28 5
Cle* 18:30:00.96  -02:01:04.93 0.08 132 7.74 0.40 £0.05 41.6 21+£5 122+£031 1
CIf 18:29:56.96  -02:09:04.92 0.17  14.1 7.62 0.31 £0.14 22.1 37+£8 037+£033 FI13 0.79 0
Clg* 18:29:59.63  -02:08:04.92 023 138 7.43 041 £0.13 2890 87+£20 045£028 F13 0.33 1
Clh* 18:29:56.96  -01:59:04.92 0.21 13.2 7.31 0.42 £0.08 67.0 113£26 031£0.12 F20 0.74 1
Cli* 18:30:02.30  -02:03:24.93 022 139 7.69 0.44 £0.17 51.8 6515 0.65£050 F13 0.23 1
Clj 18:30:06.30  -02:03:44.94 0.11 13.8 7.19 0.45 £0.05 39.7 27+6 1.19£027 FI15 0.22 0
C2* 18:29:36.96  -01:50:44.88 0.41 12.9 7.45 0.35 £0.02 54.1 249+£56 022£0.03 FI12 0.22 4
C3* 18:30:11.63  -02:06:24.95 033 143 7.07 0.39 £0.02 540 178+40 031=£0.04 FI15 0.31 6
C4* 18:31:09.01  -02:06:25.00 0.15 21.6 4.64 0.45 £0.02 46.3 42+9 049+0.12 FI8 0.46 2
C5 18:31:09.01  -02:04:05.00 0.19 225 5.34 0.40 £ 0.02 396 56+£13 048+0.08 FI8 0.43 0
C6 18:31:45.03  -02:04:04.96 024 224 7.08 0.48 £ 0.01 375 73+£16 0.74+£0.05 Fl4a 0.25 0
C7* 18:29:55.63  -01:58:24.92 023 126 7.65 0.41 £0.02 509 149+34 026£0.04 FI12 0.57 3
C8* 18:30:27.65  -01:56:24.98 026 134 7.53 0.36 £ 0.02 392 111+£25 032+0.05 F9 0.35 2
C9* 18:29:48.96  -01:56:04.91 030 13.1 7.45 0.39 £ 0.01 276 135+£30 035£0.02 FI12 0.56 3
C10 18:29:50.29  -01:57:24.91 0.16 13.0 7.53 0.41 £0.02 40.8  58+13 0.36 +£0.08 0
Cl11* 18:31:38.36  -02:16:44.96 015 173 6.59 0.40 £ 0.01 17.9 30+£7 055£0.07 F17 0.56 1
Cl12* 18:30:15.64  -01:52:44.96 027 136 6.87 0.33 £0.02 274 7617 040=£0.06 FI12 0.44 4
C13* 18:32:27.71  -01:52:24.86 0.17  14.0 7.33 0.38 £0.02 37.2 41+9 051+0.10 Fl4c 0.73 1
Cl14* 18:29:59.62  -02:10:04.92 0.15 145 6.77 0.35 £ 0.01 26.6 38+8 036004 F4 0.97 1
Cl15* 18:30:24.98  -01:54:04.98 0.21 13.4 7.27 0.38 £0.02 352 65+14 044+£0.07 FI12 0.68 3
Cl6 18:29:47.63  -01:47:24.91 0.21 12.0 7.56 0.41 £0.02 270 54£12 0.63£0.10 FI12 0.63 0
C17* 18:30:48.99  -01:55:45.00 0.16 147 8.05 0.35 £0.02 29.9 368 042+0.09 F9 0.63 3
C18 18:31:02.33  -02:09:25.00 0.12 169 6.09 0.34 £ 0.01 28.3 276 0.15£0.05 0
C19 18:30:30.32  -01:52:24.98 0.16 13.6 6.61 0.28 £0.02 19.2 31£7 031+£0.07 FI12 0.52 0
C20* 18:31:49.03  -02:01:24.95 0.17 19.6 7.01 0.40 £ 0.02 319 46+£10 045+0.09 Flda 0.92 1
C21 18:31:53.04  -02:19:04.92 0.15 185 7.03 0.33 £0.02 29.0 30+£7 036+0.10 F17 0.69 0
C22 18:29:27.62  -01:49:24.85 0.12 135 7.57 0.30 £ 0.01 244 15£3 094+0.10 0
C23 18:29:19.62  -01:52:04.82 0.31 13.7 6.73 0.41 £0.02 173 88 +20 0.61 £0.07 F6 0.68 0
C24 18:30:03.64  -01:50:04.95 0.19 135 7.35 0.36 + 0.02 18.5 38+8 058+0.10 FI2 0.53 0
C25 18:30:44.99  -01:57:05.00 0.15 144 7.71 0.43 £0.02 20.0 33+£7 061£0.14 F9 0.44 0
C26* 18:31:37.03  -02:15:24.96 0.08 18.1 6.91 0.33 £0.02 29.6 14+3 1244024 Fll 1.02 2

Table 3 continued
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Table 3 (continued)

Core ID R.A.(J2000) Dec. (J2000)  Reore  {(Tuust)  VLSR Oiot Nggrschel Meore ocore FiLID X  YSOs

vir

(hh:mm:ss)  (dd:mm:ss) (pc) (K) (kms™)  (kmsThH a2 (Ma)

(€] 2 3 “) (%) 6) (O] ®) © 10) an - adaz a3
C27 18:30:34.32  -01:52:24.99 0.15 133 7.37 0.35 £0.02 19.5 34+8 038£0.09 FI12 1.17 0
C28 18:30:53.00  -01:54:45.00 0.18 138 8.12 0.37 £0.02 244 50£11 044+£008 F9 1.17 0
C29 18:30:03.64  -01:48:44.95 0.13 135 7.38 0.31 £0.01 19.7 205 031£006 FI12 1.08 0
C30* 18:29:42.28  -02:12:44.87 0.19 144 7.65 0.31 £0.01 18.2 33+£7 047£0.05 F13 0.55 1
C31* 18:32:05.05  -02:21:04.88 0.08 16.8 7.13 0.33 £0.02 28.0 12+3 140£027 F17 0.91 1
C32 18:32:21.05  -01:55:44.88 0.14 144 7.23 0.32 £ 0.01 21.1 2846 035£0.05 Fldc 0.71 0
C33 18:32:13.05  -02:08:24.89 012 173 7.09 0.32 £0.02 10.9 12+3 1.34+£026 FI10b 0.54 0
C34 18:29:07.59  -02:05:24.75 0.10 147 6.02 0.31 £0.02 342 23+5 0.66=£0.13 Fo6 4.06 0
C35 18:30:26.31  -01:58:04.98 0.17 142 7.88 0.33 £0.01 20.0 37+£8 040+0.04 F9 1.96 0
C36 18:30:04.96  -02:11:44.93 0.08 142 6.36 0.33 £ 0.01 20.5 13+£3 127+£0.13 F4 1.25 0
C37 18:29:19.61  -01:57:44.81 0.15 14.1 7.34 0.31 £0.02 18.3 25+6 039+£0.10 F6 0.64 0
C38* 18:32:14.38  -01:57:04.90 0.08 14.8 7.47 0.32 £0.02 294 15+3 1.10£021 Fl4a 2.04 1
C39 18:32:02.37  -02:01:24.92 0.15 16.7 7.21 0.33 £0.02 26.1 31£7 033+£0.09 Fl4a 2.72 0
C40 18:32:18.38  -01:57:04.89 0.08 14.6 7.12 0.29 £ 0.02 23.0 134+£3 1.04+021 Fldc 1.77 0
C41 18:29:50.29  -02:04:24.90 0.09 14.1 7.73 0.38 £0.02 19.6 15+3 151+£027 F13 1.69 0
C42 18:31:03.67  -01:52:25.00 0.19 148 7.74 0.30 £ 0.01 193  43+10 035£0.03 F9 1.51 0
C43 18:31:55.69  -01:50:04.95 0.08 143 7.78 0.28 £ 0.01 25.6 124+3 1.00£0.10 F21 1.24 0
C44 18:31:59.70  -02:00:04.93 0.08 16.7 6.92 0.31 £0.02 23.8 14+£3 102+020 Fl4a 1.53 0
C45 18:28:47.61  -01:47:44.70 0.08 11.7 6.86 0.23 £ 0.01 9.2 6+1 134+0.17 0
C46 18:29:35.63  -01:46:44.88 0.06 11.0 7.30 0.25 £ 0.01 10.7 6+1 1.69+020 FI12 2.00 0
C47 18:32:46.39  -01:51:44.80 0.07 142 7.47 0.27 £ 0.01 16.6 7£2 159+0.17 Fl4c 0.76 0
C48 18:29:11.62  -01:46:44.80 0.07 111 6.77 0.29 £0.02 15.9 2+1 537+1.13 F6 1.90 0
C49 18:30:16.98  -01:47:04.97 0.13  13.0 7.53 0.30 £ 0.01 10.1 12+3 040£0.09 FI12 2.05 0
C50 18:29:22.28  -01:56:04.82 0.09 140 6.98 0.31 £0.02 12.9 11+£3 135+0.26 0
Cs1 18:31:27.69  -02:15:44.97 0.13 18.6 6.29 0.33 £0.02 15.6 17+4 029+0.15 Fl11 1.37 0
C52 18:31:38.36  -02:03:04.97 003 244 7.75 0.38 £ 0.01 17.5 61 358+0.33 0
Cs3 18:30:35.65  -02:11:24.98 0.07 16.1 6.80 0.26 £+ 0.01 15.2 8§+2 122+£0.13 F3 2.41 0
C54 18:30:42.32  -02:26:24.95 0.08 127 7.77 0.26 £ 0.02 8.6 9+2 1234026 0
C55 18:31:53.03  -01:57:24.95 012 177 7.16 0.31 £ 0.01 18.9 20+4 0.77£0.08 F14b 2.73 0
C56 18:31:19.68  -02:06:44.99 <0.07 279 7.94 0.36 £ 0.02 22.1 51 390+£0.72 0
C57 18:32:14.38  -01:59:04.90 003 152 7.39 0.29 £ 0.02 19.8 7+2 182+036 Fl4a 4.17 0
Cs8 18:30:43.66  -02:05:04.99 0.11 16.3 7.08 0.26 £+ 0.01 13.7 15+£3 0.68+£0.07 F3 2.95 0
C59* 18:30:27.64  -02:10:44.97 0.07 163 6.99 0.30 £0.02 18.9 10+£2 133+£027 FI15 6.25 3
C60 18:30:23.64  -02:07:04.97 <0.07 154 6.88 0.27 £0.02 13.7 4+1 292+£061 F3 3.30 0
Col 18:29:06.28  -01:47:24.78 0.06 13.1 7.28 0.29 £0.02 135 7+2 199 £040 0
C62 18:30:12.97  -01:58:04.96 <0.07 14.2 7.77 0.26 £ 0.01 134 3£1 3.06+£033 F20 5.77 0
C63 18:31:23.68  -01:57:44.99 <0.07 19.0 6.23 0.29 £ 0.01 16.3 4+1 334+£033 FI18 4.97 0
Co4 18:32:53.05  -01:49:04.78 <0.07 143 7.43 0.24 £ 0.01 9.5 ~1 746+ 0.84 0

NOTE—(1) Dense core IDs. Core IDs with asterisk have YSOs. (2) & (3) Coordinates of peak intensity positions of dense cores in sexagesimal units. (4)
Radius of dense cores, derived using Equation 12. (5) Average dust temperature, obtained from the Herschel dust temperature map, smoothed to TRAO N,H*
resolution. (6) & (7) Velocity centroid and total velocity dispersion, obtained from hyperfine structure fitting to the average NoH™ spectra. (8) H, column
density of dense cores at peak intensity position, obtained from the Herschel H, column density map, smoothed to TRAO NoH™ resolution. (9) Mass of dense
cores. (10) Virial parameter, derived using Equation 14. (11) Name of the filaments surrounding the dense cores. (12) Relative abundance of dense cores
defined in Equation 15. (13) Number of YSOs present in each dense core, identified by Pokhrel et al. (2023).

4. DISCUSSIONS
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4.1. Comparison of C'80 Filaments with Herschel
Continuum Filaments

Using the continuum data obtained by the Herschel Gould
Belt Survey, Konyves et al. (2015) identified filament net-
works in the Aquila region from the H, column density map.
Figure 12 shows the comparison between these Herschel con-
tinuum filaments and the velocity-coherent filaments identi-
fied in this study. Although both the identification methods
and the data are different, with significant differences in spa-
tial resolution, they are found to be coincident, especially in
high-intensity regions.

Figure 12 shows that the Herschel filaments exist mostly
within regions where the identified velocity-coherent fila-
ments are defined. However, several filaments that appear
as single structures in the Herschel data exhibit multiple ve-
locity components indicative of being complex and thus are
separated into a number of velocity-coherent filaments in this
study (e.g., the regions of filaments F4, F6, F9, F12, F13,
F20, F22, and F23). From the analysis of the H, column
densities of individual velocity-coherent filaments (see Sec-
tion 3.3.3), identified through Gaussian decomposition of the
C'30 spectra, we find that in regions where multiple com-
ponents spatially overlap, the Hy column densities inferred
from Herschel dust emission are, on average, overestimated
by ~55% relative to those derived for the individual decom-
posed components. Similar comparisons have been done by
Chung et al. (2021) in the IC 5146 molecular cloud and by
Yoo et al. (2023) in the Orion B molecular cloud, finding sim-
ilar results. These results highlight the critical importance
of incorporating velocity information for the identification of
velocity-coherent structures and for assessing their dynami-
cal state.

However, note that there are several cases in which a single
velocity-coherent filament is found to contain multiple Her-
schel filaments (F9, Fl14a, Fl4c, etc.). This can be attributed
to the coarser spatial resolution of our C'80 data (49”) com-
pared to that of Herschel (18.2").

4.2. Kinematic Information of Filaments and Dense Cores

We determined which dense core is related to which fila-
ment by comparing the velocity centroid of the filament from
the decomposed C'80 spectra and the velocity centroid of
the dense core from hyperfine structure fitting to the average
NoH™ spectra. For the dense cores that share positional co-
incidence with more than one filament, we assign the core
to that filament only that has the closest velocity centroid
value (see Figure A.5). In this way, we define two groups
of filaments, such as ‘filaments with NoH* dense cores’ and
“filaments without NyH™ dense cores.” Note that, for several
dense cores, we could not find any surrounding C'80 fila-
ments (e.g., C18, C22, C45, C50, C52, C54, C61, C64). In
most of these regions, the C!30 emission is weak and was

not detected above the Sogrpms 1 threshold level and was thus
excluded during the FoF algorithm processing. Also, in some
cases, we could not find any significant velocity coherent fil-
amentary structure with area > 5 x Opwpnm While running the
FoF algorithm.

4.2.1. Systematic Velocities

The systematic velocities of the filaments are derived from
the decomposed C'80 spectra corresponding to the pixel po-
sitions overlapping with the dense cores. A core-to-envelope
velocity difference less than the speed of sound may indicate
that both the core and the surrounding filament are kinemat-
ically connected. Figure 13 shows that the systematic ve-
locities of dense cores (see Section 3.5) and surrounding fil-
aments have a tight correlation with a difference less than
0.23 km s~! (speed of sound at median dust temperature of
15 K). This similarity suggests that the dense cores and the
surrounding filaments move together with a close kinemati-
cal relation between the two objects. Also note that, we could
not find any difference in this analysis for dense cores with
(magenta dots) and without (blue dots) YSOs.

4.2.2. Velocity Variation along the Filaments and the Embedded
Dense Cores

To understand how the velocity changes along the fila-
ments, particularly near the embedded dense cores, it is im-
portant to examine the distribution of velocity centroid val-
ues obtained from the decomposed C'80 spectra as a func-
tion of distance along the filament’s skeleton. The distance of
each pixel position is measured as a position offset in parsecs
along the filament’s skeleton starting from the zero offset po-
sition specified for that filament in Figure 7 (dot mark over
the skeleton). Note that there are multiple pixel positions per-
pendicular to the skeleton, in which case we assume that all
these pixel positions share the same offset value. In this way
the distribution of velocity centroid values (green dots) along
the skeleton of filament F9 (taken as an example) is shown
in the right-middle panel of Figure 14. The distribution of
integrated intensity along the filament skeleton is also shown
in the right-top panel of Figure 14. The centroid positions of
the embedded dense cores are indicated by vertical magenta
lines, while the magenta dots represent their average centroid
velocities, as listed in Table 3. A comparison between the av-
erage centroid velocity of the cores and the surrounding fila-
ment’s velocity centroid values confirms the tight correlation
discussed in the previous section.

In the case of F9, there is a change of systematic veloc-
ity along the filament with an end-to-end velocity gradient of
~0.2 km s~! pc™!, with local fluctuations at the sub-parsec
scale near the centroid position of embedded dense cores, in-
dicative of longitudinal gas flow motions along the filaments.
To quantify the gas flow rate, we determined local velocity
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Figure 12. The velocity-coherent filaments (this study) vs. the Herschel continuum filaments (Konyves et al. 2015). Gray lines show the
skeletons and branches of the velocity-coherent filaments, while the colored lines trace the Herschel continuum filament skeletons. The beam
sizes of Herschel H, column density and TRAO C'80 maps are presented with black dots at the lower-right corner of the figure.

gradients (VV)) in the vicinity'" of core centroids by per-
forming least-squares fits to the velocity distributions (black
lines in the right-middle panel of Figure 14). For this pur-
pose, velocity measurements within a radial distance of 0.05
pc from the filament skeleton were included in the fits. Figure
A.7 (Appendix E) presents the velocity variations along the
skeletons of the remaining filaments containing dense cores,
with fitted gradients indicated in black solid lines. The de-
rived VV| values, corresponding to the slopes of the linear
fits, are listed in Table A.1 (Appendix E) and span from 0.2
km s~ pc! (C1f; F13) to 1.5 km s~! pc™! (C42; F9), with
a median of 0.6 km s~! pc™!. The uncertainties in VV| were
obtained from the least-squares fitting procedure. However,
it should be noted that all velocity gradients were derived un-
der the assumption of an inclination angle of 45°; within a
plausible inclination range of 30°-60°, the inferred gradients
would vary by a factor of approximately 1.7 to 0.6.

A number of previous studies have reported the presence
of a A /4 shift between the sinusoidal oscillations of density
(traced by integrated intensity here) and velocity distributions
(e.g., Hacar & Tafalla 2011; Kim et al. 2022, etc.), which is
interpreted as the evidence of gravitational fragmentation. In
our case, however, we do not observe any clear A /4 shift,
possibly due to the coarse spatial resolution of our data. Nev-

10 Note that the offset range used to derive the velocity gradient was deter-
mined by visually inspecting the velocity variations in the immediate vicin-
ity of each dense core. Hence, the derived values might be slightly under-

estimated or overestimated accordingly.

ertheless, in certain cases, such as cores C28 and C8 in Figure
14, and several others shown in Figure A.7 (Appendix E), the
velocity centroids along the filament skeleton exhibit a local
minimum near the core center. Such a feature can arise when
a core lies closer to the observer than the filament and gas is
flowing toward the core.

4.2.3. Mass Flow Rates along the Filaments

Over the past decade, both single-dish and interferomet-
ric observations have consistently revealed velocity gradi-
ents along filaments in a variety of molecular clouds span-
ning different physical and evolutionary conditions (see, e.g.,
Kirk et al. 2013; Hacar et al. 2017; Trevifio-Morales et al.
2019; Chung et al. 2019, 2021; Zhou et al. 2022; Kim et al.
2022; Sandoval-Garrido et al. 2025). These velocity gra-
dients serve as quantitative tracers of the longitudinal mass
flow rate along the filaments, thereby providing a direct mea-
sure of the dynamical accretion processes feeding the dense
cores.

The mass flow rates (MH) corresponding to the derived ve-
locity gradients can be estimated by the relation given by
Kirk et al. (2013) for axial flow motions with the assump-
tion of a simple cylindrical model as folows:

_ VM

= 13
I tanor (13)

where My, denotes the filament mass within the range in
length where the velocity gradient (VV)) is measured, and
« is the inclination angle between the filament axis and the
plane of the sky. For simplicity, we adopted a = 45° for all
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calculations. The resulting values of M“, with uncertainties
propagated from those of Mg and VV), are listed in Table
A.1 (Appendix E). Across the filaments, the average mass
flow rates range from 7 Mo, Myr~! (F11) to 178 M, Myr~!
(F20), with a median of 35 M., Myr—!. Notably, filament
F15, which roughly corresponds to the southern filament of
Serpens South as defined by Kirk et al. (2013), has a flow rate
of ~ 52 M, Myr~!, which is in excellent agreement with the
reported value of ~ 49 M, Myr~! (re-scaled to our adopted
distance of 455 pc) based on Np;H (1-0) observations (Kirk
et al. 2013). A regional comparison further indicates that
the median M | in Serpens South is about 40% higher than in
W40, consistent with the enhanced mass flows expected in
hub-filament systems.

4.2.4. Variation of Non-thermal Velocity Dispersion

The non-thermal velocity dispersions (Oy,) at each pixel
position for both the filaments and the embedded N,H™
dense cores were calculated as described in Section 3.3.4.
The Mach numbers (.#), defined as the ratio between Gy
and ¢, (sound speed), provide a measure of the level of tur-
bulence relative to thermal motions within the gas. Motions
are classified as subsonic when .# < 1, and as supersonic
when .7 > 1 (Hacar & Tafalla 2011). If .# lies within the
range 1 &+ 6.4, the motions are considered transonic, where
S/ is the uncertainty in .# , usually propagated from uncer-
tainty in the adopted gas temperature and uncertainty in the
observed velocity dispersion (Ogps).

To derive 8.4, we adopted an uncertainty of 2 K cor-
responding to our adopted Herschel Ty, as suggested by
Konyves et al. (2015). Since, Oyps corresponds to the ve-
locity dispersion of the decomposed components obtained by
Gaussian decomposition of the C'80 spectra, we were unsure
about the uncertainty for each individual component in case
of multiple components along the line-of-sight. Hence, we
selected only those pixels where a single Gaussian compo-
nent was identified and used an average uncertainty of 0.03
km s~ in Oyps, derived from the diagonal elements of the
covariance matrices of the respective fits. In this way, the av-
erage propagated uncertainty in .# was obtained to be 0.17.

The right-lower panel of Figure 14 presents the distribution
of .# along the skeleton of filament F9 (orange dots) and the
embedded dense cores (cyan dots). This distribution reveals
that the .# for the filament are predominantly > 1, indicat-
ing that the motions within the filament are mostly super-
sonic. In contrast, .# for the dense cores embedded within
the filament are < 1 and primarily within the transonic limit
(except for core C8), suggesting that these cores are primar-
ily subsonic or transonic. Figure A.8 (Appendix F) shows
the variation of Mach numbers for all the filaments with their
corresponding NoyH™ dense cores. A similar trend to that of
F9 is observed for the rest of the filaments as well as their

embedded dense cores. Considering the insignificant veloc-
ity shift between the filaments and the embedded dense cores
and the lower Mach numbers in dense cores than those in the
surrounding filaments, turbulence dissipation may have been
processed to form the dense cores in the respective filaments.

However, there are few exceptions where the .# of dense
cores are > 1, particularly those located near the hub-
filamentary region of Serpens South (filaments F13, F15, and
F20) and in the F12 filament. These dense cores are located
in a very complex location with a large number of YSOs
with possible infall and outflow motions that may have ef-
fectively caused spectral broadening, leading to supersonic
Mach numbers.

-4 Dense cores without YSOs .
-4~ Dense cores with YSOs g

y =1.00x - 0.02

50 55 60 65 70 75 80
VEO (km s

Figure 13. Systematic velocities of dense cores measured from hy-
perfine fitting to the NoH™ spectra in comparison with those of sur-
rounding filaments obtained from the Gaussian decomposition of
C'80 spectra. Magenta and blue colors represent dense cores with
and without YSOs. The black solid line represents the least-squares
fit of the data points, and the dashed lines show the range from the
fit result by the sound speed of 0.23 km s~!, derived from the me-
dian dust temperature of 15 K.

4.3. Gravitational Stability in Filaments

To understand how dense cores form within the filaments,
it is important to analyze the gravitational stability of the fil-
aments. Here, we have tried to look at the gravitational sta-
bility of the filaments by analyzing the relationship between
their line mass and critical line mass (see Section 3.3.4). The
virial parameter for filaments is defined as the ratio of the to-
tal critical line mass to the line mass (cfil = Mltflfécm /Miine).
We have also calculated the ratio of thermal and non-thermal
critical line masses (Mltihn’ecrlt and Mﬂﬂ; " respectively) to
Mijne to check for their individual contributions. For fila-
ments with and without NoH™ dense cores defined in Sec-

tion 4.2, Figure 15 presents chilr (blue circles) as well as
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Figure 14. Left panel: C'30 integrated intensity map of filament F9. The black solid line is the skeleton of the filament obtained from
FilFinder. The black dot over the skeleton marks the O offset position along the skeleton. The cyan polygons are the dense cores embedded
in the filament with core IDs labeled in magenta color. The green, red, and yellow colored stars denote the positions of class 0, I, and flat-
spectrum YSOs, respectively, identified by Pokhrel et al. (2023). Right panel: Distribution of filament’s integrated intensity (purple; top panel),
velocity centroid (green; middle panel), and Mach numbers (o,/cs) (orange; lower panel) along the filament skeleton. The core centroid
positions are marked with magenta vertical lines in all three panels. The cores’ average centroid velocities as listed in Table 3 are marked
in magenta dots along the magenta-colored vertical lines in the middle panel. The least-squares fit to the velocity distribution near each core
position is also presented with black solid lines in the middle panel. The cores’ Mach numbers at each pixel position are presented with
cyan-colored points in the lower panel. The horizontal dashed line (G,/cs = 1) in the lower panel marks the boundary between subsonic and
supersonic motions, while the two horizontal dotted lines provide the range for transonic motions. The inset figure in the third panel shows the
histograms for Mach number distribution for both filament and dense cores.

Mllihn’ecri[ /Miine (orange boxes) and Mﬁ:ﬁ‘: I Miine (green trian-
gles) values for each filament. The estimated uncertainties in
these ratios are calculated from the propagation of uncertain-
ties of observed velocity dispersion and line mass.

The critical value af‘ilr = 2 is the lowest critical virial pa-
rameter proposed for non-magnetized clouds (Kauffmann
etal. 2013; Arzoumanian et al. 2013), which suggests that fil-
aments having ag‘ilr >> 2 are gravitationally unbound, whereas
filaments with ol ~ 2+ 1 are gravitationally bound and sta-
ble (e.g., the solar system), and filaments with afl < 2 are
gravitationally bound but unstable. Similarly, filaments with
Miine < Mltihn’(,lcrlt are treated as thermally subcritical, where the
structure is gravitationally stable as thermal kinetic energy
is larger than the gravitational potential energy and provides
support against gravitational collapse. Filaments with Mjj,e

> Mltll;: " are treated as thermally supercritical, where the

structure is gravitationally unstable and either under radial
collapse or fragmentation.

A close inspection of Figure 15 indicates that all the fil-
aments, irrespective of the presence of N,H™* dense core,
have ofil <2, and the ratio Mltlhl{g ™ /Mije < 1, suggesting that
all the filaments are gravitationally bound and thermally su-
percritical. However, filaments having dense cores show an
overall trend of lesser ag‘ilr and Mltll;ec mt /Miine ratios compared
to those without dense cores, suggesting that these filaments
are more gravitationally bound and thermally supercritical,
leading to fragmentation and thus formation of dense cores.
The gravitationally bound and thermally supercritical status
of the filaments without dense cores suggests that these fila-
ments may have an environment potentially capable of form-
ing dense cores. Note that erll;}; ety Mltihn’ecm ~2 across the fil-
aments. This suggests that the effects of non-thermal motions
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are significant throughout the entire molecular cloud. Given
the large YSO population in the region, feedback from pro-
tostellar outflows represents a plausible source of this turbu-
lence. In addition, large-scale gas flows along the filaments
are likely to further sustain and enhance these non-thermal
motions.

Figure 16 shows the number of dense cores per filament as
a function of 1/alll, i.e., the ratio Mje /Mltf;écm. From the
figure, it can be seen that filaments with larger My / Mltio;écm
values tend to contain a greater number of dense cores,
whereas those with relatively smaller ratios host fewer or
none. This trend supports the interpretation that a higher de-
gree of criticality enhances a filament’s ability to fragment
and produce multiple dense cores. Similar findings have
also been reported by Tafalla & Hacar (2015) and Yoo et al.
(2023), underscoring the importance of filament criticality in
governing fragmentation and core formation.

4.4. Virial State of the Dense Cores

In order to evaluate the stability of the identified dense
cores, we derived their virial parameter using the equation
given by Bertoldi & McKee (1992) as follows:

core __ SReore 62
i - +
r GMcorc tot, NpH™

(14)

where R.qre 18 the deconvolved radius of the core obtained us-
ing Equation 12, M. is the mass of the cores, and Gt%m NH
is the total velocity dispersion estimated from Equation 6, us-
ing the non-thermal contributions from the averaged N,H™
line profile over the dense cores.

A system is said to be in virial equilibrium if its kinetic
energy is comparable to its gravitational potential energy.
For a non-magnetic sphere with uniform density, the equi-
librium between gravitational and kinetic energy approaches
the critical value of o = 2 (Vdzquez-Semadeni et al.
2007, Ballesteros-Paredes et al. 2011; Ramirez-Galeano et al.
2022). When o' < 2, gravitational forces dominate over
kinetic energy, indicating that the dense core is gravitation-
ally unstable and may collapse. Conversely, for cores with
o > 2, kinetic energy exceeds gravitational energy, sug-
gesting that such cores are unlikely to undergo collapse and
form stars.

In our analysis, we found that almost 90% of dense cores
have a"® < 2, with all the dense cores with YSOs falling
within this limit, indicating their gravitationally bound sta-
tus. Those small number of cores with af>’® > 2 are not
gravitationally bound and may not form stars in the future.
The derived virial parameters of dense cores (0 °) are plot-
ted against the core mass (M qre) in Figure 17, showing that
o is inversely proportional to Mcore With a power-law in-
dex of -0.6 for our observed region, suggesting that mas-
sive cores tend to be gravitationally unstable. Also, note that

dense cores without YSOs have a smaller power-law index of
-0.8, compared to that of dense cores with YSOs (-0.5). This
smaller index suggests that the gravitational boundedness of
dense cores without YSOs increases more rapidly with mass,
indicating that more massive ones may be close to forming
stars. In the case of dense cores containing YSOs, the feed-
back effects from the YSOs may increase the non-thermal
linewidths of the NyHT emission. As 0’ oc Gt%)t.NzH+’ this
feedback likely results in larger o values, thereby produc-
ing a shallower slope.

However, it should be noted that the derived virial param-
eters in this study have an average uncertainty of ~ 30% and
several dense cores are not fully resolved due to the coarse
spatial resolution of TRAO (Orwpum = 52). Therefore, high-
resolution observations are essential for a more detailed anal-
ysis of the core properties using virial analysis.

4.5. Infall Signature in Dense Cores

To investigate the evolutionary status of the identified
dense cores, we examined the presence of inward gas mo-
tions toward their central regions. Such motions are cru-
cial for core evolution, as they facilitate the accumulation
of gaseous material within the core. This requires select-
ing an appropriate molecular tracer—one that is optically thick
enough to distinguish infalling gas on the far side of the core
from that moving inward on the near side (the characteris-
tic ‘blue asymmetry’ profile), while also probing the densest
inner regions with minimal contamination from chemical de-
pletion. Also, to ensure that the observed asymmetric double-
peaked line profiles are not influenced by multiple velocity
components along the line-of-sight, it is necessary to com-
pare the optically thick line with an optically thin counter-
part. CS (2-1) and HCO™ (1-0), two optically thick molec-
ular lines and well-known infall tracers (e.g., Lee et al. 1999,
2001; Fuller et al. 2005; Sun & Gao 2009, etc.), and H3CO*
(1-0) line, the optically thin isotopologue of HCO™, are col-
lectively chosen to identify these blue asymmetries over the
dense cores.

Figure 18 shows HCO" and H'3CO™ spectra over the cen-
tral regions of two dense cores, C1 and C20, with NoH™ in-
tegrated intensity map as the background. Blue asymmetry
in HCO™ profiles can be clearly seen over both the dense
cores, while H'*CO™ spectra peak right at the dip between
blue and red HCO™ profiles, which coincides with the sys-
tematic velocity obtained from hyperfine structure fitting of
NoH™ spectra. Figures A.10, A.11, A.12, and A.13 (Ap-
pendix H) present the spectral profiles of various species av-
eraged over 30% of the peak intensity contour of each of the
identified dense cores. A close inspection of the spectral pro-
files of CS, HCO* and H'3CO™" from these figures reveals
that ~ 60% of the identified dense cores exhibit this charac-
teristic blue asymmetry profiles in CS and ~ 45% in HCO™,
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dense core.

the ratio between Mj;,e and

indicating the ongoing inward gas motions toward their cen-
tral regions. Note that almost all cores that show blue asym-
metry in HCO™ also display a similar feature in CS. How-
ever, in a few cases, cores with blue profiles in CS do not
show reliable evidence in HCO™, primarily because HCO™
emission was not detected above the 30grms 1 level in those
cores. Furthermore, we also noticed that ~ 80% of the dense
cores that contain YSOs also showed this blue asymmetry.
Notably, all of these identified dense cores with blue asym-
metry have virial parameter < 1 suggesting the dominance of
gravitational energy in these cores.

To quantitatively analyze the infall motions within the
dense cores, we selected a number of dense cores whose av-
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Figure 17. Virial parameters for dense cores with (magenta) and
without (blue) YSOs. The horizontal black-dotted line represents
oy = 2. The black solid line represents the least-squares fit to
all data points, corresponding to a power-law index of -0.6. The
magenta and blue dashed lines indicate the least-squares fits to data
points corresponding to dense cores with and without YSOs, with
power-law indices of -0.8 and -0.5, respectively.

eraged CS (2-1) spectra'!, extracted within the 30% peak
intensity contour, exhibit SNR 2 7. The 30% level con-
tour was adopted as it effectively includes the innermost re-
gion of the dense cores and contains a sufficient number of
blue-asymmetric profiles to obtain an average profile with an
adequate SNR. The blue-asymmetric CS profiles were fit-
ted using the two-layer radiative transfer model, Hill5 (De
Vries & Myers 2005), to derive the infall velocity (viy).

! Note that we found CS to be brighter and less contaminated by outflow
activities than HCO™. Hence, we chose the CS line only to derive the infall
speed.
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The fitting was performed through a Markov Chain Monte
Carlo (MCMC) approach using the emcee!? Python pack-
age (Foreman-Mackey et al. 2013). Figure 19 shows the best-
fit Hill5 profile over the averaged CS spectrum for core C16.
The derived v;, values range from 0.11 km s~! (C52) to 0.73
km s~! (C6), with a median value of 0.42 km s~!. The work-
ing principle of the Hill5 model is described in Appendix
G, where Figure A.9 presents the posterior probability dis-
tributions of all fitted parameters for core C3, and Table A.2
summarises the derived v;, values for all the selected cores.

Comparison of vy, with the free-fall velocity, vy =
\/2GM;i, /Ry, shows that on average v ~ 3 X Vipga, Where
M;, and R;, are the mass and radius of the core within the
30% peak intensity contour. This indicates that the infall
motions within these cores are not purely gravitational but
rather regulated by additional support mechanisms such as
turbulence and magnetic fields.

Further, assuming a roughly constant vj, across Rj,, we
estimated the infall timescale as fj; = Rjy/vin. Compari-
son with the free-fall timescale, ffr = Ri,/v¢r, revealed that
tin ~ 4 X tg, suggesting that the collapse occurs over a period
several times longer than the free-fall time, consistent with
the scenario explained above.

We also calculated the accretion timescale, f,.c =
More /M”, defined as the time required for a core to accu-
mulate its present mass through filamentary accretion. A
comparison of these timescales shows that f,cc ~ 5 X #;, and
tace ~ 20 X tg, indicating that the inflow of material from
the surrounding filamentary network proceeds much more
slowly than the inward motion within the core itself. This
suggests that filamentary accretion likely began well before
the present stage of core evolution and continues to feed ma-
terial into the core but on a much longer timescale than the
core’s regulated internal collapse.

4.6. Evolution of Dense Cores within the Filaments

To discuss how the dense cores evolve within their sur-
rounding filaments, we define the relative abundance of dense
cores as

[CISO} TN A, CISO
~ [NHF]

15)
JTX ANy ud
where the denominator represents the integrated intensity of
NoHT™ at the peak intensity position of a dense core and the
numerator corresponds to the integrated intensity of C'80
at that position. A higher value of X suggests that NoH"
emission is comparatively weak relative to C'80, indicating
a less evolved core. Conversely, a lower X value implies a
more evolved dense core, characterized by stronger NoH™
emission relative to C'30. This is likely due to the deple-

12 https://emcee.readthedocs.io/en/stable/

tion of C'80 in the central regions of dense cores, as de-
scribed in Section 3.3.3, a well-known phenomenon associ-
ated with dense core evolution, wherein CO freezes out onto
dust grains under the cold temperatures typical of dense core
interiors.

Figure 20 shows the variation of X as a function of Her-
schel Hy column density (Ny,) for each dense core. Ny,
serves as an effective tracer of the evolutionary stage of a
dense core, with higher values indicating more evolved cores
and lower values corresponding to less evolved ones. From
Figure 20, it is apparent that dense cores exhibiting lower X
values tend to have higher Ny, values, whereas those with
higher X values generally display lower Ny, values. Fur-
thermore, nearly all dense cores associated with YSOs are
located at the lower-right extreme of the plot, consistent with
their high evolutionary status. However, in the presence of
a YSO, the freeze-out of CB0 is expected to be reversed,
with the molecule being evaporated back to the gaseous state
due to the photons emitted by the YSO. This process could
contribute to the destruction of NoH™ (Caselli et al. 1999,
2002; Bergin et al. 2002), potentially increasing the relative
abundance of dense cores associated with YSOs. However,
no such effect is observed in this case. This may be due to
the localized nature of the evaporation process, which might
not be detectable given the coarse beam size of C'80 (49”),
which likely does not resolve the small-scale variations in-
duced by this effect.

Additionally, NH,D emission, a well-known tracer of
highly evolved dense cores, has been detected slightly above
the 3 X orMms.1 level in the case of five dense cores (4 with
and 1 without YSOs). These dense cores, denoted with di-
amond symbols in Figure 20, are predominantly located at
the lower-right extreme of the plot, further supporting their
evolutionary status.

4.7. Dynamical Properties of Filaments and Dense Cores:
A Comparison between W40 and Serpens South

Section | provides a brief overview of the stellar content,
morphology, and evolutionary status of the W40 and Serpens
South regions. In this section, we present a comparative anal-
ysis of the two regions based on the dynamical properties of
the velocity-coherent filaments and dense cores identified in
this study. Although no systematic difference in Vi g is there
between the two regions, we roughly separate them using a
vertical boundary at RA = 18:30:37.2 (see Figures 1, 7, 11),
with the eastern side corresponding to W40 and the western
side to Serpens South. Out of the 24 velocity-coherent fil-
aments identified in the Aquila region, 15 are found within
W40 and 9 within Serpens South, with ~60% of the fila-
ments in both regions hosting NoH™' dense cores.

The filamentary structures in W40 are relatively simple
in velocity structure and well separated, whereas those in
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Figure 19. Hill5 model fit (red line) to the CS (2-1) spectrum (black
line) of core C16 averaged over the 30% peak intensity contour. The
systemic velocity (Visr) of the core, derived from the hyperfine
fitting of the NpyH™ (1-0) line, is indicated by the vertical green
dashed line. The derived infall velocity is annotated in the top-left
corner of the panel. The residuals are plotted with a vertical offset
of -0.1 K along the y-axis for clarity.

Serpens South display complex velocity patterns, including
spatial overlap between multiple filaments (e.g., F4, F13,
F15, F20; Figure 7). While most filament properties anal-
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Figure 20. [C'30] / [N,H ] as a function of Herschel H, column
density (at peak intensity position) for all the dense cores. The ma-
genta and blue dots represent dense cores with and without YSOs.
The diamond symbols represent the dense cores where NH, D is de-
tected.

ysed in this work are broadly similar across the two regions,
filaments within the Serpens South region are more mas-
sive, with a median line mass ~20% higher, and also exhibit
stronger accretion activity, with an average mass accretion
rate ~40% greater than those in W40. Regarding the dense
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cores, W40 hosts 33 identified NyH™ cores, which are typi-
cally clumpy and compact, with a median radius of 0.12 pc.
In contrast, Serpens South contains the remaining 40 N,H"
cores, which tend to be more extended, with a median radius
of 0.16 pc. A striking difference is also observed in the YSO
population: only 17 YSOs are associated with W40, com-
pared to 56 in Serpens South. Furthermore, Mach number
analysis indicates that a few dense cores in Serpens South
exhibit supersonic turbulence (.# > 1) (see Figure A.8, Ap-
pendix F), particularly within the hub region, likely driven
by ongoing infall and outflow activities (Plunkett et al. 2015)
associated with the large YSO population. In contrast, dense
cores within the W40 region exhibit subsonic to transonic
motions only.

The differences we find in the properties of filaments and
dense cores between W40 and Serpens South are consistent
with, and provide further support for, the evolutionary dis-
tinctions highlighted in previous studies summarised in Sec-
tion 1. Specifically, the relatively simple velocity structures,
compact dense cores, and lower YSO count in W40 align
with its characterisation as a more evolved H II region pow-
ered by massive O- and B-type stars, where strong stellar
feedback has already shaped the environment and dispersed
part of the parental material, thereby limiting the formation
of dense cores and the emergence of new YSOs. In contrast,
the more massive filaments, extended dense cores, higher
YSO population, and enhanced turbulence in Serpens South
are in agreement with its identification as a younger, highly
active hub-filament system, where filamentary accretion and
interactions continue to drive vigorous star formation.

4.8. Relation with other studies from the TRAO-FUNS
Project

The primary objective of the TRAO-FUNS project is to ob-
tain kinematical and chemical information of filaments and
embedded dense cores to understand the physical process in-
volved in their formation within the molecular clouds belong-
ing to the Gould Belt. Table 4 lists the derived physical prop-
erties of four molecular clouds analyzed so far.

The range of filament lengths is found to be consistent
across the four molecular clouds, except for L1478, which
has relatively shorter filaments compared to other regions.
Regarding the range of filament widths, Aquila exhibits a
similar range to that of L.1478 and Orion B, whose distances
from Earth are also comparable to that of Aquila. However,
these observed widths are smaller than the filament width of
IC 5146, which is at a distance of ~700 pc. This result aligns
with recent findings reported by Panopoulou et al. (2022),
highlighting the effect of distance on filament widths. How-
ever, André et al. (2022) have suggested that 0.1 pc is a char-
acteristic filamentary width in nearby molecular clouds. Re-
cent interferometric studies have challenged this character-

istic value by detecting much narrower, velocity-coherent,
fiber-like structures (~0.03 pc) within filamentary regions
(Pineda et al. 2011; Fernandez-Lopez et al. 2014; Henshaw
et al. 2017; Hacar et al. 2018). Note that the TRAO beam
size is larger compared to those of Herschel and interferomet-
ric studies, which may have influenced our derived filament
widths. We plan to revisit this issue in future studies, with the
analysis of additional targets observed in the TRAO-FUNS
survey and high angular resolution data for the filamentary
clouds.

Upon revisiting previous TRAO-FUNS studies, we find
that all velocity-coherent filaments hosting dense cores
across the four regions are both thermally supercritical and
gravitationally bound, indicating that these conditions are
a prerequisite for core formation. Herschel observations of
the Aquila region also revealed that nearly 80% of identified
cores reside within supercritical filaments (Konyves et al.
2015). Nevertheless, several filaments that satisfy these crite-
ria are not associated with dense cores, indicating that super-
criticality and boundedness are necessary but not sufficient
conditions and likely represent an evolutionary precursor to
active star formation.

The overall efficiency of core and YSO formation appears
to be further modulated by the H, column density. In L1478,
all ten filaments are bound and supercritical, yet the numbers
of dense cores and YSOs remain comparatively low, consis-
tent with the region’s lowest average H, column density com-
pared to the others. By contrast, Aquila exhibits the highest
Hj; column density and simultaneously hosts the largest num-
bers of dense cores and YSOs, in addition to all filaments be-
ing gravitationally bound and thermally supercritical. Orion
B and IC 5146 occupy intermediate regimes, where signif-
icant fractions of the filaments are bound and supercritical
(~60% and 80%, respectively), and correspondingly have
moderate numbers of dense cores and YSOs reported. These
results highlight the combined importance of filament criti-
cality and the H; column density. While criticality and grav-
itational boundedness are essential for dense core formation,
the H, column density provides the environmental regulation
that determines how efficiently supercritical filaments evolve
to form dense cores and YSOs, ultimately giving rise to stars.

Future studies on the rest of the molecular clouds observed
in the TRAO-FUNS survey (Polaris flare, Taurus, Perseus,
Serpens Main, and Cepheus) will be able to provide definitive
conclusions regarding the physical processes involved in the
role of filamentary structures in the formation of dense cores.
Further studies will also focus on the chemical differentiation
between the filaments and dense cores using our chemical
tracers, NH,D and SO, in various star-forming regions.
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Table 4. Comparison of Physical Properties of Molecular Clouds Observed by the TRAO-FUNS Project.

27

Cloud Distance Area Fil.# Length Width Core# YSO# Bound-+Supercritical Fil. # Fil.# with cores <NH2 >
(p) (pe?) (pe) (pc) (x10% cm™2)
(¢Y) @ 3 (C) 5 ©6) (@) ®) () 10 an
L1478 450 63 10 (0.16) 0.4-1.1 0.08-0.19 8(0.13) 3(0.05) 10 (0.16) 3(0.05) 7-40
IC 5146 700 140 24 (0.17) 0.2-4.2 0.18-0.67 22(0.16) 40 (0.29) 21 (0.15) 10 (0.07) 22-88
Orion B 423 74 32(0.43) 0.2-6.5 0.05-0.26 48 (0.65) 51 (0.69) 19 (0.26) 12 (0.16) 28-145
Aquila 455 40 24 (0.60) 0.64.0 0.05-0.32 73 (1.83) 73 (1.83) 24 (0.60) 16 (0.40) 84-270

NOTE—(1) Molecular clouds analysed in the TRAO-FUNS study so far. Refer to Chung et al. (2019, 2021) and Yoo et al. (2023) for details on L1478, IC 5146, and Orion B,
respectively. (2) Distance to each molecular cloud. (3) Total observed area of C'80. (4) Number of identified velocity-coherent filaments. (5) and (6) Range of measured lengths
and widths of filaments. (7) and (8) Number of identified dense cores and YSOs. (9) Number of gravitationally bound and thermally supercritical filaments. (10) Number of
filaments that contain dense cores. (11) Range of average H, column densities of filaments. The values within parenthesis in columns of (4), (7)—(10) represent the number

normalised to 1 pc? observed area.

5. SUMMARY

This paper presents the key findings obtained from obser-
vations of multiple molecular lines towards the W40 and Ser-
pens South regions within the Aquila molecular cloud com-
plex using the TRAO 14 m single-dish telescope as part of
the “TRAO-FUNS’ project to study the velocity-coherent fil-
amentary structures in the cloud and their role in the forma-
tion and evolution of dense cores. A summary of the results
is provided below:

1. A total of 24 velocity-coherent filaments were identi-
fied by applying the ‘FoF’ algorithm to the Gaussian-
decomposed velocity components of the C'80 spec-
tra, with some filaments being further separated into
smaller ones using PCA and DBSCAN. The lengths
and widths of the filaments were derived using the
FilFinder algorithm. The other physical parame-
ters, such as mass, line mass, total velocity dispersion,
etc., were also measured and listed in Table 2. Many
of the filaments previously identified from the H; col-
umn density map obtained from the Herschel survey
are found to contain multiple velocity-coherent fila-
ments, thus highlighting the necessity of velocity in-
formation.

2. We identified 64 N,HT dense cores within the ob-
served region by applying the ‘FellWalker’ algorithm
to the NoH™ integrated intensity map. The core C1 is
further divided into 10 cores by applying the FoF algo-
rithm to the decomposed velocity components of the
N,oH™ spectra present in the C1 region. The physical
properties, such as radius, mass, total velocity disper-
sion, virial parameters, etc., were derived and listed in
Table 3 for each of the dense cores.

3. A tight correlation was observed between the system-
atic velocities of dense cores and the surrounding fil-
aments, indicating the close kinematical relation be-

tween the two entities. Also, end-to-end velocity gra-
dients along with local variations at sub-parsec scales,
particularly near the dense cores, were observed in
most of the filaments harboring dense cores.

. Our analysis revealed that velocity gradients along fil-

aments are present near the vicinity of the embedded
dense cores, indicating longitudinal gas flows that con-
verge toward core centers. The corresponding mass
flow rates span 7-178 M, Myr—!, with a median of 35
M, Myr~!, and are notably higher in Serpens South,
consistent with its hub-filamentary environment. How-
ever, comparison of accretion and free-fall timescales
shows that cores collapse much faster than they are re-
plenished by filamentary inflows. This demonstrates
that while filamentary accretion plays a critical sup-
porting role, gravitational collapse dominates the mass
assembly at the core scale.

. The distribution of non-thermal velocity dispersions

extracted from NoHT and C!30 for dense cores and
filaments, respectively, suggested that almost all the
dense cores have subsonic/transonic motions, whereas
the surrounding filaments are primarily supersonic.
This may indicate that the gas turbulent motions in the
filaments around the dense cores have been dissipated
at the core scale to help in the formation of dense cores.

. All the identified filaments are found to be gravitation-

ally bound and thermally supercritical, regardless of
the presence of NpyH™ dense cores within them. This
implies that even filaments without dense cores pro-
vide a suitable environment for the potential forma-
tion of dense cores in the future. Furthermore, it is
observed that filaments with larger Mjj,e /Mltll;eC ™ tend
to host a greater number of dense cores, the majority
of which are associated with YSOs. Therefore, it can

be inferred that the gravitational criticality of a fila-
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ment plays a crucial role in its fragmentation and the
subsequent formation of dense cores and YSOs. Virial
analysis of the dense cores indicates that nearly 90% of
the identified dense cores, including those with YSOs,
have o' values below the critical threshold of 2, con-
firming their gravitationally bound status.

7. Nearly 60% of the identified dense cores, based on the
analysis of the CS, HCO™ and H'3CO™ spectra, dis-
play a characteristic blue asymmetry profile, indica-
tive of ongoing infall motions within these cores. The
infall velocity for a subset of these cores was derived
by fitting the Hill5 model to the CS spectra averaged
within the 30% peak intensity contour. A comparison
between the derived infall and free-fall velocities, as
well as free-fall, infall, and accretion timescales, re-
vealed that the contraction motions within the cores are
not purely gravitational but rather regulated by possi-
ble support from turbulence and magnetic fields.

8. We compared the velocity-coherent filaments and
dense cores between W40 and Serpens South. Out of
24 filaments, 15 lie in W40 and 9 in Serpens South,
with ~60% in both regions hosting NoH™ dense cores.
W40 shows simpler velocity structures in filaments,
compact dense cores (median radius 0.12 pc), and only
17 YSOs, consistent with a more evolved H 1I region
shaped by stellar feedback. Serpens South, by con-
trast, has more massive filaments, larger dense cores
(median radius 0.16 pc), higher accretion rates (~40%
greater compared to W40), and 56 YSOs, consistent
with the presence of the active hub-filament system.

9. Among the four regions studied in the TRAO-FUNS
survey so far, all core-hosting velocity-coherent fila-
ments are found to be gravitationally bound and ther-
mally supercritical, confirming these properties as pre-
requisites for core formation. At the same time, the
total numbers of dense cores and YSOs in each re-
gion correlate with the clouds’ Hy column densities.
Aquila, which shows the highest H, column density,
hosts the most number of dense cores and YSOs and
only slightly fewer filaments than Orion B. Moreover,
all filaments in Aquila, irrespective of the presence of
dense cores, are gravitationally bound and thermally
supercritical. These results highlight that both filament
criticality and ambient column density jointly regu-
late the efficiency of core and star formation within a
molecular cloud.
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APPENDIX

A. SEPARATION OF FILAMENT 14A

A closer inspection of F14A in the PPV space suggested that it contains a number of sub-structures that were not easily
separable using the FoF algorithm due to the very small velocity difference between them. To resolve this issue, we employed
principal component analysis (PCA) on the spatial coordinates of each of these structures to determine the principal axis of
elongation (PCA long axis; see Figure A.1(a)). Then, we mapped the PCA long axis coordinates with the velocity values to
get the distributions of sub-structures along this axis (Figure A.1(b)). Subsequently, we applied the DBSCAN algorithm in the
sklearn.cluster package iteratively on the PCA-velocity dataset to separate the sub-structures (see Figure A.1(c)). The
sub-structures were named in the following way: Cluster 1: Fl4a, Cluster 2: Fl4c, Cluster 3: F14d, and Cluster 4: Fl4e. A
similar velocity distribution was observed with the structure F10, and it was split into two sub-structures named F10a and F10b
(not shown) with the above-mentioned approach.
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Figure A.1. (a): The structure F14A, obtained from the FoF algorithm. The axes shown at the bottom of the figures represent the orientation of
PCA axes, with the longer one being the PCA long axis. (b): Distribution of components in the PCA long-axis & velocity frame. (c): Separation
of substructures using the DBSCAN algorithm. (d): Spatial distribution of the identified distinct velocity-coherent structures.

B. SEPARATION OF DENSE CORE Cl1

To separate the dense core C1 based on kinematic information, we performed hyperfine fitting of the NoH™ spectra on a
pixel-by-pixel basis using seven Gaussian components, corresponding to its seven hyperfine transitions. The velocity offsets and
relative intensities of these components were adopted from Caselli et al. (1995). The resulting distribution of velocity centroids
across the C1 region is presented in Figure 10(a). However, detailed inspection of the residuals revealed that, at several pixel
positions, the single-component fit fails to adequately reproduce the observed spectra, with significant residuals remaining (see
Figure A.3(a)). This inconsistency likely arises from the presence of multiple velocity components along the line-of-sight. To
investigate this, we compared the isolated (optically thin) hyperfine component of the NyH™ spectra—shifted to align with the
main component—with spectra of H'*CO* and C!80. Both of these tracers exhibit clear evidence for two distinct velocity
components, supporting the presence of multiple kinematic features.

Subsequently, we fitted the NpH™ spectra with a two-component hyperfine model, comprising 14 Gaussian components, across
the entire C1 region. We retained only those pixels where the peak intensities of both fitted components exceeded a signal-to-
noise ratio (SNR) of 3. For these pixels, we quantitatively compared the quality of the single- and double-component fits using the
reduced chi-square (xrzcduccd)’ Akaike Information Criterion (AIC), and Bayesian Information Criterion (BIC)13, by computing
the ratios of their respective values (see Figures A.2(b)—(d)). Pixels were identified as exhibiting two velocity components if at
least two out of these three diagnostic ratios were greater than unity, indicating an improved fit from the two-component model

2
B 22 quced = 7= AIC = 22 +2k, BIC = 22 +kInN,
where N is the number of data points and k is the number of free parameters.
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(see Figure A.3(b)). We additionally tested a three-component hyperfine fit using 21 Gaussian components in regions where the
two-component fit was favored over the single-component model. However, in all such cases, the two-component fit remained
superior, suggesting that the spectra are best described by two distinct velocity components.

Following the derivation of velocity information from both single- and two-component hyperfine fits, we applied the FoF
algorithm to segment the entire C1 region into distinct velocity-coherent structures. This analysis revealed ten such structures,
which we designate as dense cores Cla, Clb, ---, Cl1j. Notably, C1d overlaps with C1i, and Clc overlaps with Cle in position
space (see Figure 11), but all of these have completely different velocity distributions in the PPV space!. Note that cores Cla
and C1h exhibit relatively large aspect ratios, making their classification as compact dense cores somewhat ambiguous. These
elongated structures may contain multiple dense cores within them, which could not be resolved due to the coarse beam size of

TRAO observations.
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Figure A.2. (a): Distribution of velocity centroid values obtained by single-component hyperfine fitting to the NH™ spectra across the C1
region. (b), (c), and (d): Distribution of the ratios of reduced szeduced’ AIC, and BIC values obtained from single-component and double-

component hyperfine structure fitting.

14 Velocity distribution of Cla to Clj dense cores in the PPV space:
https://imbunty575.github.io/Aquila-Filaments/C1_PPV.html
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NoH™ (1-0) Hyperfine Structure Fit at Pixel (130, 67)
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Figure A.3. Hyperfine structure fitting to the NoH™ spectra at a reference pixel position (130, 67). The black line refers to the observed spectra,
and the thick red line refers to the overall fitting in both the panels. Panel (a) shows a single-component fit with 7 Gaussian functions to the
hyperfine spectra, with each of the fitted hyperfine components indicated by dashed blue lines. Each of the seven hyperfine components is
labeled accordingly, alongside their respective velocity centroid values. Panel (b) presents a two-component fit with 14 Gaussian functions to
the hyperfine spectra, with the two sets of the fitted hyperfine components shown in green and magenta colored dashed lines. The magenta
component is associated with core C1d, and the green component corresponds to core Cli, as determined by the FoF algorithm. The best-fit
parameters, as well as szeduced’ AIC and BIC values, are also listed in both the panels, and the residuals are also plotted at the bottom of each
panel.



32 MOHARANA ET AL.

C. COMPARISON OF N,H* EMISSION WITH C'80 VELOCITY-COHERENT FILAMENTS

Here we present the comparison of NoH™ emission with respect to the C!30 velocity-coherent filaments (Figure A.4). The
entire Serpens South region, as traced with NoH™, extends over filaments F12, F20, F15, F13, and F4. The widespread emission
of N,H* highlights the dense environment characteristic of the Serpens South molecular cloud.

Figure A.5 presents a comparison of the C'30 and N,H™ spectra at the positions marked by filled squares. Some of these
positions exhibit two distinct velocity components, as observed in the C!30 spectra (represented by the green, cyan, and violet
squares). Each velocity component corresponds to a different filament, distinguished by their respective velocities. However, the
dense cores at these positions are assigned to the filament that exhibits a velocity consistent with that of the NoH™ emission.
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Figure A.4. Comparison of NoH™ emission (> 3 x orms_11) With respect to the cl8o velocity-coherent filaments over the Aquila region. The
filament boundaries and names are the same as shown in Figure 7. The background represents NyH™ integrated intensity map. The vertical
black dashed line (RA = 18:30:37.2) roughly marks the boundary between W40 and Serpens South regions. The red-dashed rectangle represents
the zoomed-in region shown in Figure A.5. The beam sizes of C'80 and NyH* emission maps are shown as black dots in the lower-right corner
of the figure.
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Figure A.5. The top-left panel presents a zoomed-in view of the overlapping regions of filaments F9, F12, and F20, with the background
showing the integrated intensity map of NoH™ (> 3 x orms_r)- The vertical black dashed line (RA = 18:30:37.2) roughly marks the boundary
between W40 and Serpens South regions. The colored squares on this map indicate specific pixel positions of the dense cores, which are further
detailed in the smaller panels. Each small panel displays the C'80 spectra (black) and the isolated NyH* spectra (blue) corresponding to the
indicated pixel positions. The C'30 spectra is shifted vertically based on the peak position of the NoH' spectra. The color coding of the
filaments in the top-left panel is consistent with that used for the decomposed C'80 line profiles and the filament names in the smaller panels.
The pink line overlaid on the NoH™ spectra represents the hyperfine structure fit result for the isolated component, and the gray dashed line
represents the centroid velocity obtained from the fit.
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D. COMPARISON OF N,H* DENSE CORES WITH HERSCHEL-IDENTIFIED CORES

Konyves et al. (2015) have identified a total of 292 prestellar and 58 protostellar cores within the entire Aquila region, consisting
of W40, Serpens South, and MWC297 regions, using both PACS and SPIRE images at five wavelengths from 70 um to 500 ym
based on multi-scale, multi-wavelength core extraction with the getsources algorithm.

While most of the identified cores are located within the W40 and Serpens South regions, here we have presented a spatial
correlation between these cores and the NoH' dense cores identified in this study in Figure A.6. From the figure, it can be
clearly seen that nearly all of the Herschel-identified protostellar cores (red squares) and a large number of prestellar cores (green
triangles) spatially overlap with our NpH™ dense cores. This confirms that NoH™ emission reliably traces the dense, cold regions
where stars are forming (or about to form). However, there is a small fraction of Herschel-identified prestellar cores that do not
show corresponding NoH™ emission. This discrepancy may arise from sensitivity or beam dilution effects, as TRAO has a much
coarser beam compared to that of Herschel.
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Figure A.6. Herschel-identified prestellar (green triangles) and protostellar (red squares) core positions (Konyves et al. 2015) overlaid on the
N,oH™ dense cores identified in this study. The vertical black dashed line (RA = 18:30:37.2) roughly marks the boundary between W40 and
Serpens South regions. The blue and black circles in the left-bottom side of the figure represent the beam sizes of TRAO N,H™ integrated
intensity and Herschel H, column density maps, respectively.



Here we present the variation in velocity centroid values of the filaments, derived from Gaussian decomposition of the C'80
spectra, along the filamentary skeletons in Figure A.7. The centroid positions of the dense cores embedded within each filament
are indicated by vertical magenta lines, while the corresponding average centroid velocities, obtained from hyperfine structure
fitting of the NoH™ spectra, are marked by magenta dots placed along these lines. To quantify the kinematic properties, we
performed least-squares fits to the filament velocity centroid values in the vicinity of each dense core position. From these fits,
we derived the local velocity gradients (VV”) and subsequently estimated the associated mass flow rates (M”) along the filaments.
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Figure A.7. Variation of velocity centroid values along the filaments’ skeletons. The O pc offset for each filament starts from the dot marks
shown in Figure 7. The filament IDs are labeled at the top-left corner of each panel. The vertical magenta lines indicate the representative
position of the dense cores along the filaments’ skeletons. The core IDs are mentioned next to these magenta lines. The average velocity
centroid values of each dense core (see Table 3) are presented with magenta dots along the vertical magenta line. The black solid lines mark
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Table A.1. Summary of Velocity Gradients and Mass Flow Rates along the Filaments

Core-Filament Lg Mg Vvl M
(pc) Mo) (km s~ pe™") (Mo Myr")
(1) 2) (3) 4) (5)

Cla-F20 0.67 251 +£55 0.69 £+ 0.02 178 + 39
Cl1d-F15 0.30 29+6 0.54 £0.12 16£5
CIf-F13 0.34 2345 0.20 £ 0.10 5+2
Clg-F13 0.48 47 £ 10 0.25 £ 0.07 12+4
C1h-F20 0.67 251 £55 0.69 £+ 0.02 178 £ 39
Cli-F13 0.44 76 £ 17 0.53 £0.10 41 £ 12
Clj-F15 0.30 29+6 0.54 £0.12 16 £5
C2-F12 0.11 33+7 0.77 £ 0.28 26 £ 11
C3-F15 0.75 35£8 0.49 £0.05 18+4
C4-F18 0.57 166 + 36 091 £0.10 155 £ 38
C5-F18 0.15 18+4 0.93 £0.74 17+ 14
C7-F12 0.43 94 + 21 0.73 £0.08 70 £ 17
C8-F9 0.46 29+6 0.44 £ 0.09 13+4
C9-F12 0.24 388 0.28 £ 0.16 11+7
Cl11-F17 0.38 61 +13 0.50 £ 0.06 31+8
C13-Fl4c 0.15 11+£3 0.86 £ 0.12 10£3
Cl4-F4 0.13 29+6 0.49 £0.12 1I5+5
C16-F12 0.31 45+ 10 0.51 £0.11 24 +7
C17-F9 0.36 58+ 13 0.59 £0.10 35+ 10
C19-F12 0.37 64 + 14 0.58 +0.08 38 £ 10
C20-F14a 0.19 36 £8 1.01 = 0.05 145 + 33
C21-F17 0.26 28+6 0.27 £0.13 8§+4
C23-F6 0.73 133 £29 0.56 £ 0.05 76 £ 18
C24-F12 0.43 94 + 21 0.73 £ 0.08 70 £ 17
C25-F9 0.32 74 £ 16 0.85 £ 0.09 65 £ 16
C26-F11 0.26 27+6 0.26 + 0.07 T+2
C28-F9 0.32 74 £ 16 0.85 £ 0.09 65 £ 16
C29-F12 0.31 45+ 10 0.51 £0.11 24 +7
C30-F13 0.13 9+2 0.61 £0.23 5+2
C31-F17 0.43 35+8 0.23 £ 0.05 8§+3
C32-Fl4a 0.16 17+4 1.30 £ 0.50 23 £ 10
C33-F10b 0.24 16 +4 1.05 + 0.06 17+4
C34-F6 1.13 223 +49 0.55 £ 0.02 125 £ 28
C35-F9 0.57 125 + 28 0.50 + 0.04 64 + 15
C36-F4 0.13 29+6 0.49 £0.12 15£5
C37-F6 0.35 45+ 10 0.57 £0.21 26+ 11
C39-Fl4a 0.76 140 £ 31 1.01 £ 0.05 145 £33
C41-F13 0.28 35+8 0.87 £0.11 32+8
C42-F9 0.32 95 £21 1.52 £0.08 148 + 33
C43-F21 0.22 29+6 0.64 + 0.07 19+5
C44-Fl14a 0.31 4249 0.65 £ 0.08 28+7
C46-F12 0.11 33+7 0.77 £ 0.28 26+ 11
C47-Fl4c 0.76 79 + 17 0.64 + 0.04 52+ 12
C48-F6 0.16 10+2 0.48 +0.14 5+2
C49-F12 0.35 129 + 28 0.45 £ 0.07 60 £ 16
C51-F11 0.26 27+6 0.26 + 0.07 T+2
C53-F3 0.52 49 + 11 0.41 £ 0.04 21£5
C55-F14b 0.68 73+ 16 0.70 £ 0.03 52+12
C56-F18 0.57 166 £+ 36 091 £0.10 155 + 38
C57-Fl4a 0.14 17+ 4 0.40 £ 0.20 T+4
C58-F3 0.33 35+£8 0.39 £ 0.07 14 +4
C59-F15 0.48 139 £ 31 1.10 £ 0.10 157 £37
C60-F3 0.25 63+ 14 0.65 £ 0.06 42+ 10
C62-F20 0.67 251 £55 0.69 £+ 0.02 178 £ 39
C63-F18 0.94 56 + 12 0.74 £ 0.04 42410

NOTE—(1) Core IDs and the corresponding Filament IDs. (2) Length of the filment along which the velocity gradient is measured. (3) Mass of the filament within Lg;. (4)
Absolute velocity gradient measured along Lg; using least-squares fit. (5) Mass flow rate along the filament assuming o = 45°.



FILAMENTS AND DENSE CORES IN AQUILA

F. VARIATION OF MACH NUMBERS ALONG THE FILAMENTS

The variation of Mach numbers (.#), i.e., the non-thermal velocity dispersion divided by the speed of sound along the skeleton
of each filament, is presented in Figure A.8. The orange and blue dots are estimated from Gaussian decomposition of C'30
spectra (for filaments) and hyperfine structure fitting to the NpH* spectra (for dense cores), respectively.
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Figure A.8. Variation of ./ along the filaments’ skeletons. The 0 pc offset for each filament starts from the dot marks shown in Figure 7. The
filament IDs are labeled at the top-left corner of each panel. The vertical magenta lines indicate the representative position of the dense cores
along the filaments’ skeletons. The core IDs are mentioned next to these magenta lines. The horizontal dashed line in each panel at 1 marks the
boundary between the subsonic and supersonic motions, while the two horizontal dotted lines mark the range of transonic motions. The inset

within each panel depicts the histogram of this distribution. T: Filaments within Serpens South.
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G. HILL5 MODEL FIT TO INFALL PROFILES

The Hill5 model is an analytic radiative transfer model proposed by De Vries & Myers (2005) to explain the blue-asymmetric
line profiles indicative of contracting motions. In this model, the contracting cloud is represented by two approaching layers of
gas moving inward with the same infall velocity, with excitation temperatures of both the layers linearly increasing toward the
inner region as a function of optical depth (see De Vries & Myers 2005, for a detailed description). Considering radiative transfer
effects between two layers, the resulting brightness temperature that one can measure is given by,

1-— ein(V) e*Tf(V) (1 _ e—rr(v))
75 (v) 7.(v)

ATy (v) = J(Tp) — J(Thy) [1 —e—fr@)—ff@)}, (G1)

where J(T) = eTO/T—{l To = hv /kg, v is the frequency, & and kg are Planck and Boltzmann constants, respectively, Tp is the peak

brightness temperature at the core center, Ty = Tyexp [—(v— VLsr — vin)?/2062] and 7, = Tyexp [~ (v — VLsr + vin)?/207] are
the optical depths of the front and rear layers along the line-of-sight, respectively, where 7y is the optical depth at the core center,
VLsr is the systematic velocity of the core, vj, is the infall velocity, and o is the velocity dispersion of the gas in both layers.

Tp, 70, vin, and o were treated as free parameters during our MCMC sampling. Vi sr for each dense core was fixed to the
value obtained from hyperfine fitting of the NoH™ spectra. In the initial MCMC trial, broad parameter ranges were adopted to
explore the full parameter space and identify the region containing the global minimum. A subsequent trial was then performed
with narrower, physically motivated bounds to refine the fit around the most probable solution. Figure A.9 presents the resulting
posterior probability distributions of all parameters from the final MCMC run, along with the best-fit model to the CS line profile
of core C3.

Table A.2. Summary of Infall Velocities and Timescales

Core ID Rin Min Vin Vi tin tif face
(pe) Mo) (kms™) (kms™) (Myr) (Myr) (Myr)
(€] (@) (3) ) (5) (6) (7 ®)
2 0.22 £ 0.02 114 +25 0.437004 2.12£0.25 0.5079%7 0.10 £ 0.01 9.50 + 4.61
c3 0.23 £ 0.02 114 £25 0.47+9:06 2.07 £0.24 0.487947 0.11 £0.02 10.09 £ 3.32
C6 0.14 £ 0.02 37438 0.73750 1.51 £0.20 0.197903 0.09 + 0.02 -
c7 0.19 £ 0.02 129 + 28 0.45701) 2424029 0.4140:1 0.08 £ 0.01 2.134+0.71
Cs8 0.18 £ 0.02 66 + 15 0.27+50%8 1.78 £0.23 0.65792% 0.10 £ 0.02 8.47 +£322
ci1 0.12 £ 0.01 23+5 0.5910.98 1.29 +0.15 0.2010:93 0.09 + 0.01 0.97 £0.33
Cl4 0.13 £0.01 3147 0.411948 144 £0.17 0.317044 0.09 + 0.01 2.58 £ 1.02
Cl6 0.19 £ 0.02 47+10 0.32:0%7 1.46 £ 0.17 0.5850:13 0.13 £ 0.02 225+085
c21 0.12 £ 0.01 24+5 0.22509 1.32+£0.15 0.5350:13 0.09 + 0.01 3.92+£227
C28 0.16 £ 0.02 43£10 0.337010 1.52 £ 0.20 0.47917 0.10 £ 0.02 0.78 £0.26
C32 0.12 £ 0.01 2345 0.2709% 1.29£0.15 0.4350:13 0.09 = 0.01 121+£06
C36 0.08 £ 0.01 12+3 0.48700s 1.14£0.16 0.1670%2 0.07 £ 0.01 0.91 £0.36
C40 0.06 £ 0.01 1+2 0.47759 1.26 £0.16 0.1279%3 0.05 £ 0.01 -
c48 0.07 + 0.01 3+1 0.42+0:92 0.61 £0.11 0.1610:92 0.11 £0.04 0.47 £ 0.21
Cs2 0.03 +0.01 7£1 0.1150% 1.42 +0.26 0.274013 0.02 & 0.01 -

NOTE—(1) Core IDs. (2) and (3) Radius and mass of each dense core within the 30% intensity contour, respectively. (4) and (5) Infall and free-fall velocities, respectively. (6), (7) and
(8) Infall, free-fall and accretion timescales. The uncertainties in vj, are obtained from the Hill5 model fitting.
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Figure A.9. Determination of the infall velocity for core C3. The corner plots display the posterior probability distributions of the free
parameters obtained from the MCMC fitting. The blue lines indicate the median values of the parameters. The best-fit Hill5 model (red line)
is overplotted on the averaged CS spectrum (black line) in the upper-right panel. The vertical green dashed line marks Vi ggr derived from the
N,HT line. The residual is shown with a vertical offset of —0.1 K for clarity.
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H. SPECTRAL PROFILES OF DENSE CORES

The spectral profiles of NoH™, H3CO*, HCOt, CS, and C!30, averaged over the 30% intensity contours of the 64 identified
dense cores, are shown in Figures A.10, A.11, A.12, and A.13. Each spectrum has been smoothed by a factor of 2 along the
velocity axis to enhance the signal-to-noise ratio. The names of the cores are provided in the top-left corner of each panel. The
names with an asterisk symbol next to them represent the dense cores with YSOs.
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Figure A.10. The spectral profiles of various molecules across the identified dense cores (C1-C16). For N,H™, only the isolated hyperfine
component is shown. The C'80 and CS spectra are multiplied with a factor of 0.5, while NoH™ spectra is multiplied with 1.5 for better
visualisation. The vertical red dashed line marks the systematic velocity of the dense core obtained from the hyperfine structure fitting to the
N,H™ spectra.
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