THE ASTROPHYSICAL JOURNAL, 957:94 (34pp), 2023 November 10
© 2023. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS

https://doi.org/10.3847/1538-4357 /acf8c2

CrossMark

TRAO Survey of Nearby Filamentary Molecular Clouds, the Universal Nursery of Stars
(TRAO-FUNS). II1. Filaments and Dense Cores in the NGC 2068 and NGC 2071 Regions
of Orion B

, Chang Won Lee??
, Kyoung Hee Kim’

Hyunju Yoo'?

Philip C. Myers® , Tie Liu®

, Shinyoung Kim?
, Woojin Kwon

, Eun Jung Chung1

, Mario Tafalla* , Paola Caselli® s

1 11,12 . 2
2,10 ’ , and Jongsoo Kim

, Archana Soam

Department of Astronomy and Space Science, Chungnam National University, 99 Daehak-ro, Yuseong-gu, Daejeon 34134, Republic of Korea

hyunju527 @gmail.com
% Korea Astronomy and Space Science Institute, 776 Daedeokdae-ro, Yuseong-gu, Daejeon 34055, Republic of Korea
3 University of Science and Technology, Korea (UST), 217 Gajeong-ro, Yuseong-gu, Daejeon 34113, Republic of Korea
4 Observatorio Astronémico Nacional (IGN), Alfonso XII 3, E-28014 Madrid, Spain
5 Max- Planck Institut fiir Extraterrestrische Physik, Gieenbachstrasse 1, D-85748 Garching bei Miinchen, Germany
S Harvard-Smithsonian Center for Astrophysics, 60 Garden Street Cambridge, MA 02138, USA
The Korea Astronomy Society, 776, Daedeok-daero, Yuseong-gu, Daejeon, Republic of Korea

Key Laboratory for Research in Galaxies and Cosmology, Shanghai Astronomical Observatory, Chinese Academy of Sciences, 80 Nandan Road, Shanghai 200030,

People’s Republic of China
Department of Earth Science Education, Seoul National University, 1 Gwanak-ro, Gwanak-gu, Seoul 08826, Republic of Korea
SNU Astronomy Research Center, Seoul National University, 1 Gwanak-ro, Gwanak-gu, Seoul 08826, Republic of Korea
!Indian Institute of Astrophysics, II Block, Koramangala, Bengaluru 560034, India
2 SOFIA Science Center, Universities Space Research Association, NASA Ames Research Center, Moffett Field, CA 94035, USA
Received 2022 November 25; revised 2023 August 3; accepted 2023 August 17; published 2023 November 3

Abstract

We present the results of molecular line observations performed toward the NGC 2068 and NGC 2071 regions of
the Orion B cloud as the TRAO-FUNS project to study the roles of the filamentary structure in the formation of
dense cores and stars in the clouds. Gaussian decomposition for the C'®0 spectra with multiple velocity
components and the application of a friends-of-friends algorithm for the decomposed components allowed us to
identify a few tens of velocity-coherent filaments. We also identified 48 dense cores from the observations of N,H™
using a core finding tool, FellWalker. We performed a virial analysis for these filaments and dense cores, finding
that the filaments with N,H™" dense core are thermally supercritical, and the filaments with a larger ratio between
the line mass and the thermal critical line mass tend to have more dense cores. We investigated the contribution of
the nonthermal motions in dense cores and filaments, showing the dense cores are mostly in transonic/subsonic
motions while their natal filaments are mostly in supersonic motions. This may indicate that gas turbulent motions
in the filaments have been dissipated at the core scale to form the dense cores there. The filaments with
(dynamically evolved) dense cores in infalling motions or with NH,D bright (or chemically evolved) dense cores
are all found to be gravitationally critical. Therefore, the criticality of the filament is thought to provide a key
condition for its fragmentation, the formation of dense cores, and their kinematical and chemical evolution.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Interstellar filaments (842); Molecular clouds
(1072); Star formation (1569); Radio astronomy (1338)

Supporting material: data behind figure, figure sets, interactive figure, machine-readable tables

1. Introduction

The prevalence of morphologically elongated structures, so-
called filament, has been discovered over a wide range of spatial
scales and is generally accepted as a key feature of star formation.
According to observations at infrared/submillimeter wavelengths,
the interstellar molecular clouds are found to be composed of a
network of filamentary structures (André et al. 2010, 2014;
Men’shchikov et al. 2010; Molinari et al. 2010; Arzoumanian
et al. 2011; Hacar & Tafalla 2011; Hacar et al. 2013, 2018;
Arzoumanian et al. 2019). Especially, recent observational
facilities (e.g., Herschel Space Observatory, and Atacama Large
Millimeter/submillimeter Array) have been expanding the
horizon for understanding star formation in the early phase and
have provided opportunities to study the relationship between
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diffuse filamentary structures and dense cores in-depth (André
et al. 2010; Hacar et al. 2018). Analytic approaches have
advocated that the formation of filamentary structure in the diffuse
medium is a spontaneous phenomenon (Padoan et al. 2001;
Goémez & Vizquez-Semadeni 2014; Wareing et al. 2016).
Although the importance of filaments in star-forming regions
has been emphasized by many observations and numerical
simulations in recent years, the role of filamentary structures in the
formation of dense cores and /or stars and the formation process of
filaments themselves are still debated. The main difficulty in
understanding the structure and physical properties of filaments
arises from the fact that we are looking at the complexity of the
three-dimensional organization of molecular clouds along the line
of sight. Even if we spatially resolve the small-scale structure of
the molecular cloud with high angular resolution, we still need
spectroscopic information to distinguish the multiple components
with different velocities overlapped in the line of sight
from optically thin molecular line emission. Spatially and
spectroscopically adequate observations are highly required for
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improving our understanding of the dense core and star formation
in filamentary clouds.

The Orion B molecular cloud is the most suitable place to
study both ongoing low- and high-mass star formation since it
contains not only various evolutionary stages of young stellar
objects (YSOs) but also massive stars. Furthermore, its
relatively close distance (~423 pc; Menten et al. 2007; Zucker
et al. 2019) allows us to have less contamination from
foreground materials than other massive star-forming clouds.

The large-scale structures of Orion B have been revealed
from molecular line observations. In the early studies, the bulk
of the molecular gas with CO emission peaks has been shown.
However, the velocity gradients and the detailed small-scale
gas distribution within substructures have not been resolved
due to low spatial and spectral resolution (Kutner et al. 1977;
Maddalena et al. 1986; Bally et al. 1991; Wilson et al. 2005).
Molecular gas surveys with higher resolution have been carried
out to investigate the kinematics and distribution of condensed
structures. Lada et al. (1991) identified clumpy substructures
and provided a census of dense cores from an unbiased CS
(2-1) survey with 1/7 resolution. Dense cores have also been
found in the dense gas tracer H'>CO™(Aoyama et al. 2001;
Ikeda et al. 2009; Walker-Smith et al. 2013) and the core
properties were listed at the submillimeter regime (Johnstone
et al. 2001; Mitchell et al. 2001; Motte et al. 2001; Kirk et al.
2016). The survey observations in the CO isotopologues
(Buckle et al. 2010; Walker-Smith et al. 2013; Nishimura et al.
2015) revealed that the Orion B molecular cloud is composed
of filamentary structures in the form of overdense gas.

A large-scale molecular line survey has been carried out to
map over 1.9 deg® around the NGC 2023 and NGC 2024
regions in the Orion B molecular cloud with the IRAM 30 m
telescope in the context of the ORION B project (Pety et al.
2017). Among their various molecular transitions observed at
the 3 mm wavelength band, Orkisz et al. (2019) used
C'®0 (1-0) integrated intensity map to search for a network
of filaments and study the kinematical properties and statistical
characteristics of the filaments in the NGC 2023 and NGC
2024 regions. We note that the region observed by Pety et al.
(2017) is the southern part of the Orion B complex (i.e.,
L1630N) and the target region for this paper is the northern part
of the Orion B, which includes two bright reflection nebulae
NGC 2068 and NGC2071 (see overview by Bally 2008;
Gibb 2008 and references therein).

Using the extensive imaging from the Herschel Gould Belt
Survey, Schneider et al. (2013) obtained a probability
distribution function (PDF) from the column density map and
presented that the PDF of Orion B (covering both NGC 2023/
24 and NGC 2068/71) shows a log-normal distribution with a
power-law tail at a high column density range. They explained
that the existence of the power-law tail may be caused by the
global gravitational collapse of large covering areas like
filaments and ridges. Based on the column density map at
1872 angular resolution, Konyves et al. (2020) identified
filament networks in Orion B and presented the distributions of
dense cores.

As highlighted in Hacar et al. (2013), however, the spectral
information from optically thin molecular lines (e.g.,
C'®0 (1-0)) is required to reveal multiple velocity components
overlapped along the line of sight. Even the filaments identified
by the Herschel continuum image in high spatial resolution can
reveal the detailed structure of the molecular cloud; however,
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they suffer from a lack of information on kinematic properties
and thus in some cases multiple identities overlap the line of
sight. Therefore, it is essential to present spectroscopic
observations toward Orion B in part to explore complex gas
kinematics in the three-dimensional position-position—velocity
(PPV) space, and also to study evolutionary signatures in
Orion B. In this paper, we present the physical properties of the
filamentary structures identified by the C'®0 (1-0) line and
dense cores defined from N,H' (1-0) emission.

This paper is organized as follows. We summarize the
previous studies on the observing regions in Section 1 and
describe the observation and data reduction in Section 2. The
results of the identification and physical properties of filaments
and dense cores are given in Section 3. We discuss the
kinematic and chemical properties of filaments and dense cores
in Section 4 and provide a summary of the study in Section 5.

2. Observation and Data Reduction
2.1. TRAO-FUNS Survey

The mapping observations toward the star-forming mole-
cular cloud of Orion B were carried out using the multibeam
receiver SEcond QUabbin Observatory Imaging Array
(SEQUOIA) of the Taeduk Radio Astronomy Observatory
(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 observing
frequency range of 85-115 GHz. The backend system, a fast
Fourier transform spectrometer, has 8192 channels with a
spectral resolution of ~15kHz, which corresponds to a
velocity resolution of ~0.04 km s~ ' at 110 GHz and a full
spectral 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 observations
were made from 2016 December to 2018 October as part of the
TRAO Key Science Program, TRAO Survey of Nearby
Filamentary Molecular clouds, and the Universal Nursery of
Stars (TRAO-FUNS).

In order to investigate the physical properties and the
chemical characteristics of the dense cores and surrounding
filamentary structures in Orion B, including two reflection
nebulae (NGC 2071 and NGC2068), we selected eight
molecular lines; '*CO (1-0), C®01-0), N,H" (1-0),
ortho-NH,D (1;,—1¢;), CS (2-1), SO (3,-2,), HCO™ (1-0), and
H'*CO™ (1-0). *CO (1-0) and C'30 (1-0) lines were chosen
to trace the distribution of molecular gas in the star-forming
interstellar molecular cloud. Systematic observations of CS
(2-1) and HCO™ (1-0) lines were performed to examine the
evidence of infall motion in dense cores. The N,H" (1-0) and
H'3CO™ (1-0) lines can be used to determine the systemic
velocities of the dense cores since they are usually optically
thin. Furthermore, SO (3,-2;) and ortho-NH,D (1,—14;) were
selected to test the chemical state of the dense cores. The
observational details including the rest frequency, FWHM
beam size, observing area, pixel size, channel width, and rms
noise level for each transition are given in Table 1.

13 https://radio.kasi.re.kr/trao/
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Table 1
Information on TRAO Observations
Molecular Line Frequency O Area Pixel Size Av RMS RMS.0 Nerit
(GHz) (arcsec) (degz) (arcsec) (km s™hH (K) (K km s (em™)

(eY] (2) 3) ) (5) (6) )] ®) )

ortho-NH,D (1,-1¢;) 85.9262780 57.0 0.106 22 0.1 0.049 0.031 6.5 x 10*
H'*CO™ (1-0) 86.7542884 56.6 0.106 22 0.06 0.067 0.026 6.2 x 10*
HCO™" (1-0) 89.1885247 55.6 0.559 22 0.06 0.069 0.041 6.8 x 10*
N,H* (1-0) 93.1737637 54.1 0.559 22 0.1 0.053 0.034 6.1 x 10*
CS (2-1) 97.9809533 52.4 0.394 22 0.06 0.068 0.037 1.3 x 10°
SO (3,-2¢) 99.2998700 51.9 0.394 22 0.1 0.053 0.036 1.9 x 10°
C'®0 (1-0) 109.7821734 48.7 1.365 22 0.1 0.114 0.075 1.9 x 10°
Bco (1-0) 110.2013543 48.6 1.365 22 0.1 0.109 0.064 3.5 x 10°

Note. Column 1: the molecular line transition. Column 2: the rest frequencies are from Lovas (2004) for 13CO (1-0), Pickett et al. (1998) for SO (3,-2,), Lee et al.
(2001) for C'®0 (1-0), N,H" (1-0), and CS (2-1). We refer to Miiller et al. (2001) for HCO™ (1-0), ortho-NH,D (1,;—1¢;), and H'*CO™ (1-0). Column 3: the half-
power beamwidth (HPBW). Column 4: the total area of the observed region. Column 5: the pixel size in arcsec. Column 6: the velocity channel width. Columns 7 and
8: the noise levels of the data cubes and integrated intensity maps, respectively, in T4. Column 9: the critical densities are from Wienen et al. (2021) for
ortho-NH,D (1,,-1¢), Shirley (2015) for H'*CO™ (1-0), HCO" (1-0), N,H" (1-0), and CS (2-1), and Chung et al. (2021) for SO (3,-2,), C'®0 (1-0), and

13Co (1-0).

On-the-fly (OTF) mapping observations were carried out and
shown in the regions marked in Figure 1 with the Herschel
250 pm continuum (André et al. 2010; HGBS Team 2020) on
the background, making the telescope system continuously
scan the mapping region along the scanning axis at a smooth
and rapid speed. This observing mode benefits from the speedy
observing capability of a large area with the minimum change
in the setup of the observing system and improves the
observing efficiency. We observed the widest area in '>*CO and
C"%0 lines (~1.37 degz, white box in Figure 1) to trace all
the most extended faint structures. N,H'"and HCO™ lines
(~0.56 deg?, red box in Figure 1) and CSand SO lines
(~0.39 deg”, yellow box in Figure 1) were observed toward the
dense core areas including their nearby envelopes. Finally, the
observations of NH,D and H'>CO™ lines were focused toward
the densest regions in the cloud (~0.11 deg?, green boxes in
Figure 1).

2.2. Data Reduction

The raw data were obtained in the shape of a tile, an OTF
scan individually observed, toward line emitting regions for
each set of molecular lines (see Figure 1). After a first-order
baseline correction using the OTFTOOQOL, the raw data were re-
gridded to a cell size of 22” and converted into the CLASS
format. Noise weighting is applied to obtain a better signal-to-
noise ratio (S/N). After the preprocessing, 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 velocity range was cropped to have the
brightest emission of Bco (~9 km sfl) at the line center and a
full coverage of 60 km s ! Then, all the tiles were combined to
make one averaged scan map for each transition. The
observation was continuously performed until the rms level
of each average tile was < 0.1 K [T ] at the 0.1 km s~
channel width for C'®0(1-0) and >CO (1-0), < 0.07 K
[Tj‘,rms] at the 0.1 km s~ ! channel width for SO (3,-27) and
ortho-NH,D (1,,-1¢;), and < 0.07 K [T ..] at the 0.06 km s !
channel width for N,H' (1-0), HCO™ (1-0), H'>CO™ (1-0),
and CS (2-1). In the final step, spectra for four molecular lines
(those of ortho-NH,D (1,,-1¢;), SO (3,-2;), NoH" (1-0),
c®o (1-0), and Bco (1-0) transition) were smoothed to have
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Figure 1. The survey areas of Orion B. The areas observed with various
molecular lines are marked in white ('*CO and C'®0), red (N,H' and HCO™),
yellow (CS and SO), and green (NH,D and H13CO+) boxes on the Herschel
250 pm continuum image.

their channel width be 0.1 km s~'. The channel widths of the
H'*CO™ (1-0), HCO™" (1-0), and CS (2-1) molecular lines
remained at 0.06 km s~ ! (see Table 1).

3. Results
3.1. Filamentary Structures

The overall distribution of molecular emission in Orion B
can be best traced with '*CO and C'®0 lines simultaneously
observed. Figure 2 indicates that the '>CO emission depicts the
large-scale distribution of molecular gas in Orion B (middle left
panel), while the C'®0 emission traces dense filamentary
structures (middle right panel).

Panels (a)—(f) in Figure 2 show various aspects of 3CO and
C'®0 line profiles. We find that the multiple velocity
components are common in the OrionB region and the
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Figure 2. The color scale presents a Herschel 250 ;im continuum image of the Orion B region. Contours are from the integrated intensity maps of '*CO (middle left
panel) and C'®0 (middle right panel). The contour levels for the '*CO integrated intensity map are [1, 3, 5, 7,9, 11] K km s~ " and those for the C'®0 integrated
intensity map are [0.25, 0.75, 1, 1.5, 2.2, 3.5, 6] K km s~ L. Panels (a)—(f) show representative spectra of Bco (black line) and c'®o (blue line) at the central positions
marked with green dots in the middle left panel and the middle right panel. In panel (a)—(f), the C'®0 spectrum is scaled up by a factor of 2 and shifted by —1 in
intensity. The gray and cyan horizontal lines represent baselines of the '*CO and C'®0 spectra, respectively.

double-peaked profile in C'®0 spectrum is more clearly
separable than 'CO spectrum. The distribution of both
molecular transitions in the middle panels and the undetected
emission peaks in panels (c) and (d) indicate that the
C'®0 (1-0) transition is tracing a more compact region with
higher density than the '*CO(1-0) transition and the
13CO emission is extended over a wider region, tracing the
bulk motion of less dense molecular gas. Meanwhile, in panels
(b) and (e), two peaks in the 13CO emission have comparable
intensities. On the other hand, the C"30 emission peaks have
different intensity levels. This may arise from optical depth
effects or from different excitation. Panel (f) shows that both
the '>*CO and C'®0 emissions have the same velocity centroid
at ~10.3 km s~ but the '*CO emission has almost a 2 times
wider line width. Based on the spectral information, the dips of
Bco spectra in panels (a)—(e) are not self-absorption features,
but due to multiple velocity components. For the purpose of
this paper, the C'80 (1-0) line is used to resolve velocity
components on the line of sight and identify velocity-coherent
filamentary structures in Orion B in Section 3.1.1.

3.1.1. Identification of Velocity-coherent Filaments

In order to identify velocity-coherent structures in the
Orion B, which are seen as overlapping the line of sight, we
decompose the multiple velocity components of the C'*0 (1-0)
spectrum at each pixel by using the automated Gaussian
decomposing code FUNStools.Decompose,'® which is an
optimally developed Python class for TRAO-FUNS data. The
brief step-by-step description of the procedure is as follows
(see the details in Kim et al., in preparation):

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

1. Stepl: In the beginning, we do not know how many
multiple velocity components exist and where their centroid
velocities are located in a single spectrum, and thus initial
guesses for those are required. First, the velocity smoothing
process in a spectrum is performed to improve its S/N,
which would reduce the confusion from noise spikes. Then,
spatial smoothing process is made using a two-dimensional
Gaussian kernel to make spatial continuity and avoid local
fluctuation for the determination of the number of velocity
components. From the smoothed spectrum, the peak velocity
positions of the expected Gaussian components are
determined by applying the find peaks algorithm in the
scipy.signal package to find zero-second derivatives of the
spectrum. Based on the number of components and their
velocity positions, initial multiple Gaussian fits are
performed to the smoothed spectra. The final returns at
Stepl are the initial guesses for each decomposed Gaussian
component for the next step. In this step, smoothing
parameters should be selected depending on the character-
istics (e.g., distribution and dynamic range of emissions) of
the molecular cloud and the spectral resolution.

2. Step?2: Using the initial guesses determined from
Stepl, a Gaussian fitting for the spectra is performed
using these initial guesses to find the best-fit spectrum
and returns the resulting Gaussian fitting parameters for
each velocity component of the spectrum.

3. Step3: A final Gaussian fitting is performed to enhance
the spatial continuity of the decomposed results. The
initial guesses for parameters are modified based on the
best-fit parameters of the surrounding pixels obtained
from Step2. Then, a multiple Gaussian fit is performed
again with the adjusted initial guesses. Note that both the
velocity and spatial smoothing factors in this step are
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Figure 3. Left panel: integrated intensity map of the C'®0 (1-0) line of Orion B. The green dot denotes the position of the central pixel of the 3 x 3 spectra in the right
panel. Right panel: representative spectra are shown with results from the step-by-step decomposing procedure described in Section 3.1.1. Black solid line: original
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in Stepl. Green solid line: decomposed Gaussian profiles determined in Step3 with modified initial guesses from Step2. Red thick solid line: the profiles
combined by decomposed Gaussian components. Red and blue horizontal dotted lines: 3¢ levels of original and smoothed profiles, respectively.

recommended to be smaller than the parameters in
Stepl of this tool.

In order to improve the reliability of Stepl, the original
spectrum was smoothed with 4 channels (0.4 km s~ ') in velocity
after extracting the spectra above 3¢ level in their intensity. The
spatial smoothing factor adopted in the step is adopted as a scale of
4 pixels (88"), which corresponds to the FWHM of a Gaussian
kernel in Stepl. In the case of Step3, smoothing in smaller
ranges, 2 channels (0.2 km s ') in velocity and 2 pixels (44”) in
space, was performed to make a better fit to the original spectrum.
The multiple Gaussian functions were used to fit the observed line
profile with the initial guesses described in Stepl. The
optimization of the Gaussian fit to the observed line profile was
performed using the Python routine curve_fit in the scipy.
optimize package. The routine adopts the nonlinear least-
squares fit based on the TRF (Trust Region Reflective) algorithm.
Figure 3 presents an example of the Gaussian decomposing around
the position marked with a green dot in the left panel. The green
Gaussian profiles are the velocity components decomposed from
FUNStools.Decompose and the red spectra are the profiles
combined by the decomposed components. Using the automated
Gaussian decomposing code, 10,756 Gaussian components were
identified with their peak intensities of an S/N > 3.

Figure 4 presents the averaged '>CO and C'®0 spectra over
the entire observing region. After a careful decomposition of
multiple Gaussians with line observations with a 22" grid size
obtained by our TRAO-FUNS survey, we find that there are
multiple velocity components with a wide range of velocity
(~7.8-11.5 km s~ ') and present a histogram of the decom-
posed velocity components in Figure 5.

With the decomposed velocity components, identification
processes of the filaments using the friends-of-friends (FoF)
algorithm were performed to eventually find velocity-coherent
filamentary structures. The detailed processes of identifying the
filaments are summarized as follows: first, all velocity
components decomposed from the Gaussian fits are compared
with a reference velocity component at the pixel with the
brightest emission. If the velocity difference (Vg;s) between the
component and the reference one is less than the spectral
resolution ~0.1 km s~ 'and the positional distance between
two comparing pixels is < /2 pixel size (maximum distance
between the reference pixel and one of neighboring 8 pixels)
for their continuous positional connection, they become a part
of a velocity-coherent structure. Here, we set the number of
pixels for a velocity-coherent structure to be at least larger than
25, which corresponds to the number of pixels in a 5 x g area
(here, O is the HPBW of C'®0 (1-0) ~49"). This process was
iteratively done until no component was left to be compared.
The parameters can be empirically determined, and probably
would be dependent on the properties of the molecular cloud.

Now we explain how we identify the velocity-coherent
filaments in the Orion B region by using the FoF algorithm
(Figure 6). In the starting run of the FoF, we set the difference
between adjacent velocity centroids of the Gaussian compo-
nents to be less than 0.1 km s~ ' Then, all the velocity
components, except one small part of the cloud, are identified
as one big velocity-coherent structure (see panel (a) in
Figure 6). The shaded parts in the gray region are meant to
indicate that those regions have two or more velocity
components at the single pixel (i.e., at the same line-of-sight
direction), but are chosen as a part of one velocity-coherent
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Figure 5. The velocity distribution of C'80 (1-0) Gaussian-fit components
decomposed by the Gaussian decomposition process (see Section 3.1.1).

structure. As the inset of Figure 6(a) shows, the spectrum
shows obvious double-peaked components. We simply assume
that the C'®0 (1-0) line is mostly optically thin and thus any
asymmetric C'®0 (1-0) line emission would be due to a sum of
multiple Gaussian components. Hence, every single filament
identified here corresponds to a cloud component that has a
well-defined velocity at each pixel position. This forces us to
run the FoF algorithm again with a different, in this case,
smaller Vg parameter to enable us to distinguish these
multiple velocity components. Therefore, for the gray filamen-
tary structure (with multiple velocity components) obtained in
the previous step (see Figure 6(a)), we perform FoF again with
Vaiee of 0.08 km s~ ', being able to identify more independent
structures having single velocity component (colored regions in
Figure 6(b)). However, even in the second run of the FoF, we
find several regions where multiple velocity components still
exist even after identifying a velocity-coherent structure. For
example, in the middle region inset of panel (b) of Figure 6, the
pink-colored region is identified as a velocity-coherent
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structure, but the gray-colored structure still contains two
velocity components. Because of this problem, a third trial of
FoF for these structures is performed with a parameter of
Vaiee = 0.06 km s 'in panel (b). In this way, we perform the
FoF until every identified filamentary structure contains a
single velocity component only. Panel (d) shows the results of
our last trial of FoF performed with a Vg of 0.045 km s !after
multiple tests with Vg of 0.03, 0.035, 0.04, 0.045, and
0.05 km s~', indicating that the cloud regions previously
marked by gray velocity profiles (insets in panel (b) and (c) in
Figure 6) are finally well decomposed. Lastly, we check
whether any Gaussian components with significant emission
(~30) are missed during the FoF running by visual inspection
and recover those in the final filamentary structure.

Through all these steps, a total of 30 velocity-coherent
structures were finally identified as filaments in the Orion B
region. Figure 7 presents morphologies, velocity structures,
spine structures of the filaments, and the distribution of YSOs
classified by Furlan et al. (2016) in the filaments. These will be
the main constituents for the discussion of the physical
properties of the filaments in the following sections.

In order to display how all the filamentary structures are related
to the velocity structure in detail, we provide the velocity channel
maps of the C'®0 (1-0) emission with intervals of 0.4 km s~ from
7.3-12.3 km s~ in Figure 8. The northern part of the molecular
cloud is dominated by the lower velocity component and the
middle and southern parts have bright emission at the higher
velocity ranges. As in Figure 8, Figure 5 and the upper-right panel
of Figure 7 illustrate that the filaments in Orion B have velocity
ranges from ~7.8 to ~11.5 km s~ with gradually increasing LSR
velocities from north to south. For velocity centroids of the
overlapping regions in Figure 7(b), we present the detailed
information for each filament in Appendix A and provide a three-
dimensional visualization in Figure 9. The ranges of the velocity
centroids and the averaged line dispersions for each filament are
tabulated in Table 2.

The position—velocity (PV) plots shown in Figure 10 along the
R.A. and decl. directions indicate that the C'°0 (1-0) velocity
centroid for individual filaments smoothly changes in velocity and
position with interesting oscillatory patterns in a single structure.
The PV diagram drawn using the 'CO (2-1) molecular line
survey (Nishimura et al. 2015) has also revealed such oscillating
features in V| gg (see also L1630N in the upper panel of Figure 3
in GroBschedl et al. 2021). While the '2CO (2—1) LSR velocity
shows the averaged large-scale bulk motion of the cloud, our
decomposed C'®0 (1-0) LSR velocity is able to reveal individual
motions of substructures along the line of sight (Figures 9 and 10).
We provide a link to the interactive viewing mode of velocity
centroids in three-dimensional PPV space in Figure 9. Further
analysis and discussion of these velocity oscillations are presented
in Section 4 (especially in Section 4.5).

3.1.2. Lengths and Widths of the Filaments

Here we attempt to quantify the properties of the filaments. For
this purpose, we define the main structures of the filaments using
the Python package filfinder (Koch & Rosolowsky 2015), which
extracts the main structure from the two-dimensional image via a
medial axis transform (Blum 1967). First, we produce the
integrated intensity image for each filament from their resultant
parameters (e.g., the amplitude, the velocity centroid, and the
velocity dispersion) derived from the multiple Gaussian fits to the
spectra for each filament (see panels (a)—-(c) in Figure 11). The
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Figure 6. Procedures identifying velocity-coherent filamentary structures with the FoF algorithm in the Orion B region. The colored regions denote the filamentary
structures identified from FoF with the criteria for spatial separation (\/5 pixel size) and velocity difference Vgge (from 0.1-0.045 km s~ 1) written on the bottom of the
panels. The gray region in each panel is a continuously connected structure within the velocity criteria and the shades (darker regions) in the gray region indicate that
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Gaussian components at a pixel point. The numbers in the insets indicate the velocity centroids of the Gaussian components at the start point of the arrow. The colors
of the velocity centroid numbers and Gaussian-fit profiles correspond to the colors of the filamentary structures.

filfinder algorithm not only provides the information on the spine
of the filaments (see the lower-left panel in Figure 7) but also the
ones for the branches stretched out from the spine. We use the
length of the spine for each filament as the filament’s length /, and
list them in Table 2. The largest length of the filament is ~6.5 pc
and the median length for the entire sample of the filaments is

0.8 pc. This median length of the filaments is comparable to the
case of B213-L.1495 in Taurus (1.0 = 0.2 pc) but longer than the
cases of integral shape filament in Orion (0.2£0.1 pc) or
NGC 1333 in Perseus (0.4 £ 0.2 pc) (Hacar et al. 2018).

We use the averaged radial profile to estimate the filament’s
width. Along each spine, we chose the sampling points on the
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Figure 7. Velocity-coherent filaments in Orion B identified with the FoF algorithm. (a) Morphologies of the filaments. The filament names are labeled with the same
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indicate the distribution of the integrated intensity of C'%0 (1-0) line.

spine with an interval of 25” and made a cut across the spine to
build the transversal profile. In Figure 11(d), the cyan curve
indicates the smoothed line of the spine of Filament 20, and the
black lines indicate the transversal lines used to produce the

radial profiles in Figure 12. The gray lines in Figure 12 denote
individual radial profiles obtained across the cuts in
Figure 11(d) and the black line denotes an average one of
these radial profiles. Once the average profile is produced using
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all the transversal profiles, the 1D-Gaussian model fits the
averaged profile to determine the FWHM as a width (W) of the
filament. The median value of the filament widths is estimated
to be 0.1 pc with a range of 0.05-0.26 pc. It should be noted
that the TRAO beam ~50" is comparable to the physical scale
of the median width of the filaments (~0.1 pc) at the distance
of Orion B, and hence this measured width is likely affected by
our observing beam size (see also Panopoulou et al. 2022).
The aspect ratio, which is defined as the ratio of the length [
and the width W of the filament (AR = I/W), is used to define
how the filamentary structure is elongated (André et al. 2014).
In our study, we define the C'®O structures as filaments if their
aspect ratios (ARs) are larger than 3. Note that F17 has a quite
large and complicated structure. Therefore, we divide it into
three parts (F17a, F17b, and F17¢c) in this case for calculating
their physical parameters. The lengths, widths, and ARs for the

entire velocity-coherent structures are given in Table 2. The
uncertainty on length comes mostly from the uncertainty on
distance (~5%; Zucker et al. 2019).

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

The C'0 column densities of the filaments were estimated
using the following equation obtained under the assumption of
local thermodynamic equilibrium (e.g., Garden et al. 1991 and
Pattle et al. 2015):
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Figure 9. The distribution of the C'®0 (1-0) velocity centroids of 30 identified
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(An interactive version of this figure is available.)

where kg is the Boltzmann constant, B = 5.79384 x 10957 1is
the rotational constant, pp ~0.112 D is the permanent dipole
moment of the molecule, and J is the lower rotational level of
the C'®0 (1-0) transition. The excitation temperature T,y is
assumed to be the same as the dust temperature Ty, Obtained
from the Herschel dust continuum emission in the Orion B
region (Schneider et al. 2013; Konyves et al. 2020). In the UV-
dominated regions, the gas kinematic temperature and the
dust temperature are difficult to derive. However, the
C'%0 excitation temperature becomes closer to Ty, in the
dense cloud regions where Ty, is lower than 20 K (Roueff
et al. 2020). In our observed region, most T4, values are lower
than 20 K (see Figure 13), and thus, we use Tgus as Tex in the
column density calculation (see the averaged dust temperature
used for calculation for each filament in Table 2).

The integration of the optical depth, which is the rightmost
term of the Equation (1), can be expressed as below:

! ()
= mb(v)d
fT T - J (Thg) f [ — o™ T (v)dy
! 7 (Vo)
= m d s 2
J(Tox) — J(Tpg) 1 — 7700 fT yMdv, (2

where J(T) = T,/ (e ™/T-1) is the source function (Ty = hv/kg),
Tyg=2.73 K is the cosmic microwave background temper-
ature, T, (v) is the observed main beam temperature at velocity
v, and vy is the centroid velocity. Here, the ranges of integrated
velocity are determined by each decomposed C'®0 spectrum
for individual filaments.

The optical depth at the central velocity 7(vo) in Equation (2) is
derived by the following relation, assuming that the '*CO and
C'®0 lines trace similar densities and are excited with the same
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temperature:
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where T g:? and T i;(j)? are the intensities of the C'®*0 (1-0) and
13CO (1-0) transitions at the centroid velocity of the C'®0 line
profiles, respectively. Here, we use an isotopic ratio
[13CO/C180]: 10 to calculate the optical depth, although
the value ['*CO/C'®0] = 5.5 (Frerking et al. 1982) is widely
used. This is because the abundance ratio of C'®0 in the Orion
molecular cloud is believed to be different from the terrestrial
one (Nishimura et al. 2015). For example, the abundance ratios
in the NGC 2023 and NGC 2024 regions of Orion B and the
Orion A giant molecular cloud are reported to range from 8-50
with a mean value of 12.5 (Roueff et al. 2020), and from
5.7-33 with mean values of a factor of 2-3 larger than the
terrestrial value, respectively, depending on the effect of the
selective photodissociation of C'80 by the far-UV radiation
(Shimajiri et al. 2014). In this way, the C'®0 column densities
for the filaments were estimated and found to be in the wide
range between 10'* and 10'® cm™2.

The masses of the velocity-coherent filaments are estimated
from the Herschel column density map (André et al. 2010;
Konyves et al. 2020), which is convolved to the resolution of the
TRAO beam (05 =487 for C'0 (1-0)). Since decomposed
velocity components cannot be distinguished in the Herschel
continuum map, we modify the Herschel masses based on the
fraction of the intensity of C'®0 emission associated with the
specific structure used to calculate the filament’s mass.

The H, column densities of the velocity-coherent filaments
range from 2.8 x 10% to 1.4 x 10 cm ™2 with a median of 6.1 x
10" em 2. The minimum and maximum masses of these filaments
are 2.5 and 700 M, with a median of 35 M_,. Line masses (Mj;,c),
which are masses within the velocity-coherent structures
divided by the lengths, are calculated to range between 14 and
175 M, p071 (Table 2). The uncertainties of M and Mj;,. are
estimated from the observational rms error and uncertainty on the
length. The typical uncertainties of M and My, are ~13% and
~12%, respectively.

3.1.4. Velocity Dispersion

We introduce four velocity dispersions in describing the
kinematical information of the clouds and cores in Orion B
such as the observed, thermal, nonthermal, and total velocity
dispersions (Gopss Oths Onth, aNd Ty, Tespectively). The observed
velocity dispersion (o) can be given with the FWHM (Av,y,)
of the line profile observed at the position of the peak emission,
in the relation of Avy,s =+/81In2 oy The thermal velocity
dispersion is defined as oy, =/ kg Taust/Mobs for the observing
molecule with a mass of mg,, and can be related to the
nonthermal contribution (o,4) in the turbulent clouds as
follows (Myers et al. 1991):

) 2
Onth = \Oobs — Oth>

_ AVozbs . kBZiusl
81n2 Mops
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Table 2
Physical Properties of the Filaments in Orion B

Fil. ID ! w AR <VLSR>m:}: <TdUSI> Otot M Miine Mlti?]‘écm Mltilgxécrit NHHZersche] NSZWO Core YSO
@ @ 6 @ ) ©6) M ® O (10) 1n 12) 1z a4 ay
F1 1.8 009 193 8.933 147 0354003 4546 26 + 4 57410 25411 4.2 9.6 0 0
F2 08 018 48 8.792 143 038+0.04 2745 4046 67+14 23+ 14 4.0 9.1 0 0
F3 20 015 135 9.50% 139 0384003 106+13  66+7 67+11 23410 6.2 14.1 3 1
F4 09 026 34 8.587 139  039+£003 7949 95+ 11 71411 23410 6.1 13.8 1 0
F5 06 007 78 8.782 144 0314003 10+2 15+3 4549 2348 2.8 6.3 0 0
F6 1.1 016 67 8.833 133 0434003 8647 6447 86+12 23+12 7.1 16.2 4 2
F7 08 011 7.3 9.85%! 151 0.3540.03 19+5 40+6 57410 25+ 11 3.6 8.2 0 0
F8 35 012 285 9.70% 143 0374003 185425 5647 64+10 23+10 4.7 10.8 2 5
F9 04 007 58 9.50% 143 0474005 10+2 2744 103+£22 23420 49 11.2 1 0
F10 03 007 49 9.133 142 0.3340.03 6+1 14+2 5149 2348 3.4 7.7 0 0
Fl11 03 007 46 10.15%’ 143 0.46+0.03 16+1 4945 98+ 13  23+12 8.6 19.6 0 2
F12 07 007 97 8.659 162 047+£004 36+3 415 103+17 27418 7.5 17.0 0 2
F13 08 0.10 84 9.604 20.1  054+0.03 6245 97 +7 136+15 31+15 12.9 29.4 1 2
Fl4 04 007 58 9.892 157  0.50 +0.04 6+1 2843 116+19 25+19 6.6 15.1 0 1
F15 03 006 43 8.994 128 0.39+0.02 941 41 + 4 71+7 21438 7.6 17.3 0 0
F16 03 005 66 8.859 136 0484003 1+1 4444 107+13 23+ 14 8.2 18.6 0 0
Fl7a 14 021 68 9.599 148 0344007 84 +13 77410  544+22 25424 4.8 11.0 0 0
F17b 46 014 326 9.3%! 146 0484006 565+42 134+11 107427 25428 10.2 233 10 10
Fl7c 14 015 92 9.41%! 139  041+£005 132410 175+9 78419 23420 14.5 33.0 2 3
F18 14 015 89 8.28¢ 139 0424003 90+ 11 112+9 8412  23+10 8.9 20.2 1 3
F19 1.0 017 63 8.852 146 0454002  66+8 128+ 8 94+8  25+11 11.2 25.5 0 1
F20 14 010 137 9.65% 147  036+003 4946 4345 60+10 2549 5.7 13.0 0 0
F21 05 008 69 10.6193 149 0364 0.04 13+£2 2143 60+13 25+13 3.8 8.7 0 0
F22 1.0 012 81 11.3118 146  037+003  43+4 46+5 64+10 25411 5.9 13.4 2 0
F23 47 013 370  10.6)% 182 0484003 352434 104+8 107+13 29+ 14 9.8 223 8 2
F24 03 007 37 111313 223 0344002 3+1 16+2 5446 36 £8 3.7 8.4 0 0
F25 03 006 53 9.293 165 043 +0.04 8+1 2744 86+16 27+18 4.5 10.2 0 0
F26 03 007 48 9.393 21.1  0.42+0.03 641 2243 82412 34+13 5.5 12.5 0 0
F27 06 013 49 9.75% 188  051+004  33+4 70+7 120419  31+19 8.0 183 0 1
F28 02 006 3.1 10.8199 143 03340.03 341 21+4 51£9  23+10 3.1 7.1 0 0
F29 05 0.0 538  11.043 141 05040.04 19+£3 49+5 116419 23+18 6.8 15.6 0 0
F30 65 024 267 10305 155 0424003 700+67 130+12 82412 25411 7.6 17.2 8 23

Notes. Column 1: filament ID. Column 2 and Column 3: filament length and width in units of parsecs. Column 4: aspect ratio (AR) is defined as the ratio between the
length and the width of the filament. Column 5: the average LSR velocity of the filament with its maximum and minimum values in units of kilometers per second.
Column 6: averaged dust temperature of the filament in units of kelvins. Column 7: the average total velocity dispersion (estimated with Equation (5)) of the filament
in units of kilometers per second. Column 8: mass of the filament derived from the C'80 (1-0) emission in units of solar mass. Column 9: line mass of the filament
(calculated by /W) in units of solar mass per parsec. Column 10: the total critical line mass of the filament in units of solar mass per parsec, which corresponds to the
virial mass of filament per unit length (Fiege & Pudritz 2000). Column 11: the thermal critical line mass of the filament in units of solar mass per parsec. Column 12
and Column 13: the average H, and C'®0 column densities in units of 10?" cm ™2 and 10" cm ™2, respectively. Column 14: the number of N,H" dense cores whose
positions and LSR velocities coincide with those of the filaments. Column 15: the number of YSOs whose positions coincide with the filaments (Furlan et al. 2016).

(This table is available in machine-readable form.)

In the case of the C'0 (1-0)line, mgps = Hesomu 1S used, 0.31-0.54 km s~ '. The uncertainty on oy, is estimated from the
where pasg =30 is the molecular weight of C'®0and uncertainty on the observed velocity dispersion (Table 2).
my=1.67 x 107** g is the hydrogen mass.

The total velocity dispersion oy, of the mean molecules

including both thermal and nonthermal effects is expressed as 3.1.5. Critical Line Mass

below: Assuming that the filamentary structure is a self-gravitating
isothermal cylinder with an infinite length, the thermal critical

Ot = \/ o2y + kpTaus: 1 i 5) line mass of the filament in an equilibrium state under thermal

MY e and gravitational pressure, and the nonthermal critical line mass

. . . supported by turbulence can be estimated as below:
where fimean 1S the mean molecular weight per free particle
(:2.3'7) assuming the mean mass of gas with ' the Mti};l,ecrit -9 csz /G, (6)
cosmic composition of 71% of hydrogen, 27% of helium,
and 2% of metal (Kauffmann et al. 2008). The average total )
o . o Mpberit — 952 G @)
velocity dispersion (o) of the filaments is in the range of line mh,c”‘o/ ’

11
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Figure 10. The oscillatory features of the C'®0 (1-0) velocity centroids of the
filaments along the R.A. (upper panel) and decl. (lower panel) directions. The
colors of the dots are identical to the colors of the filaments in the upper-left
panel of Figure 7.

where ¢, is the isothermal speed of sound using the typical dust
temperature inside the filament, G is the gravitational constant,
and o,y is the average nonthermal velocity dispersion of
filaments traced by CISO(I—O) emission using Equation (4).
Merit and MMt are found in the ranges of 21-36 M., pc™ '
with a median value of 24 M, pc~' and 17-102 M, pc~" with
a median value of 55 M, pc™', respectively.

The stability of the filament can be examined by both
thermal and nonthermal contributions in comparison with the
virial mass of the filament below where the average total
velocity dispersion plays an important role (Bertoldi &
McKee 1992; Ohashi et al. 2016):

22

fil __
My = G tot,C!80°

vir ®)
where [ is the filament length, and oyt ci50 is the average total
velocity dispersion from the C'®0 (1-0) emission calculated
using Equation (5) with C'®0 molecular weight (yigps = 30).
The filament virial mass per unit length (=M= /1) is referred to
as Miinevir = 202 s /G (Fiege & Pudritz 2000; Arzoumanian

tot,

et al. 2013), which is M%™" in here. M5 is found in the
range of 45-136 M, pc~' with a median value of 80 M., pc™"
The proportions of critical filaments among filaments with/
without N,H" dense cores are 92% and 65%, respectively,
indicating the criticality of filament is an important condition of
dense core formation (see details in Section 4.2). The
uncertainties of thermal, nonthermal, and total critical line
masses are estimated from the uncertainties on the thermal,

nonthermal, and total velocity dispersions, respectively.
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3.2. Identification of Dense Cores and Their Virial Parameters

N,H"is a common dense gas tracer that gets excited at
relatively high densities (~ 10 cm 3 for J= 1-0), and thus,
the bright N,H" (1-0) emission can reveal the distribution and
morphologies of dense cores. We use the FellWalker algorithm
(Berry 2015) in the CUPID package (Berry et al. 2007) in the
Starlink software to define the clumpy structures as dense cores
in the N,H' (1-O)integrated intensity map. The N,H™
(1-0) integrated intensity map of Orion B presented in the
background of Figure 14 is produced including intensities of all
the hyperfine components. We identified 48 N,H" dense cores
in the observed region (see polygons in Figure 14). To
determine the LSR velocity and velocity dispersion for each
dense core, we perform a hyperfine line fitting using the
curve_fit function in the SciPy module (Virtanen et al. 2020).
The physical information of the identified cores such as the
peak intensity positions, and major and minor axes of the cores,
their LSR velocities and line widths determined by the
hyperfine fitting of the N,H' (1-0)profile, their average
N,H" column densities and average H, column densities, their
average dust temperatures, observed masses, and virial masses,
and virial parameters are listed in Table 3.

We derive the N,H' column densities of the dense cores
using the N,H"' (1-0) emission, following the equation from
Caselli et al. (2002) as below:

87T Wint & 1
NA g, J(Te) — J(Tig)
X 1 Qrol ,
1 — exp(—hv/kpTex) & exp(—Ej/kpTe)

NN\H") =

€))

where W, is the integrated intensity of the N,H*'
(1-0) emission, X\ and v are the wavelength and frequency of
the observed transition, respectively, A is the Einstein
coefficient (=3.628 x107> s71), O, is the partition function,
and E; is the energy of the lower level. The statistical weights
of the lower-level g, and the upper-level g, are 1 and 3,
respectively. Using our N,H" (1-0)column density map
derived from the N,H" integrated intensity where the S/N
ratio exceeds 7 and Herschel H, column density, the N,H™"
fractional abundance [N,H] /[H2]=1.6 £0.6 x 10719 is
obtained. In deriving the N,H" fractional abundance of the
cores using their H, column densities, we considered that cores
have a single velocity component since the N,H™ line profile is
not resolved into multiple components. Then, we estimate the
H; column densities N (H,) over the cores using the determined
N,H" fractional abundance and observed N,H' (1-0) column
densities to calculate the core mass M. by adding the H,
column densities N (H,) over the cores. In these calculations,
we used the mean molecular weight per hydrogen molecule 1y,
of 2.8 (Kauffmann et al. 2008). The N,H" core masses range
from 0.37-247 M. with a median value of 7 M. and the
average uncertainty of core mass is 43%. Note that the several
bright NoH ™ cores in this study are not fully resolved with the
current resolution.

Here we examine whether the dense cores form stars or not,
by identifying YSOs. Furlan et al. (2016) presented a catalog of
330 YSOs using their 1.2-870 pm spectral energy distributions
from the Spitzer Orion Survey (Megeath et al. 2012) and
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Figure 11. Defining the main properties of the identified velocity-coherent filament. Here, F20 is given as an example. (a) The integrated intensity (for Gaussian area)
image. (b) The velocity centroids distribution. (c) The distribution of velocity dispersion. (d) Spine and branch, filament length, and radial cuts of the filament to
produce the radial profiles. The path of the spine and branch are indicated with red points and blue points in panel (d). The red dots indicate the path of the spine, blue
dots indicate an additional branch, and the curve (sky blue color) indicates the smoothed path of the spine, which is used for estimating the length of the filament. The
black straight thin lines in panel (d) are drawn perpendicularly across the spine at the evenly sampled data points for drawing radial profiles in Figure 12.
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Figure 12. The radial profiles of F20 drawn along the black line cuts in
Figure 11(d), which are evenly made with an interval of 25”. The gray lines
represent individual radial profiles and the black line represents the average
profile. The red line depicts the Gaussian-fitted profile. The number in the
figure is the FWHM of the Gaussian-fitted profile in the unit of pc.
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Herschel Orion Protostar Survey (HOPS). In this study, we use
this catalog to examine whether the dense cores are protostellar or
starless. Among the HOPS sources, 22 Class 0 protostars, 21
Class I protostars, and eight flat-spectrum YSOs are located in the
observed cores of this study (see asterisks in Figure 7(d) in red,
green, and yellow colors, respectively). If a N,H" dense core has
positional coincidence with any protostars, we define it as a N,H ™"
dense core with YSOs. If not, we define it as a starless dense core.

In order to quantify the dynamical balance of the dense core,
we determine the virial mass of the N,H" cores using the
equation (MacLaren et al. 1988):

(5=)

3—¢
where R o (:\/ (Rmgj X Ruin)? — 0%3) is the deconvolved radius
of the core determined by beam deconvolution of the geometric
mean radius of the major radius (Ry,,j) and minor radius (Ryy,) of

3 RCDTC
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2

core __
My:"™ = O tot,N,H+>

vir
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Figure 13. The dust temperatures obtained using the Herschel data toward the
filamentary structures. The column densities for the filaments were calculated
using these dust temperatures. The cyan vertical line indicates the median value
(14.8 K) of the Herschel dust temperature distribution toward the filaments.

the core. i, n,u+ 1S the total velocity dispersion estimated from
Equation (5) using the averaged N,H" (1-0) spectrum of the core,
Og is the HPBW, and e is a constant depending on the density
profile, p(r) ocr™ . Assuming that the dense cores have an
isothermal density profile in the form of p(r) oc r~2, we obtain a
correction factor (5-2 ¢)/(3—e) to 1 in this work. The virial
parameter, the ratio of virial mass to core mass, aji®
M3/ Meore, is measured to examine the dynamical state of the
N,H" dense cores. Dense cores with YSOs show the virial
parameter in the range of 0.05—1.5 and starless dense cores show
the virial parameter in the range of 0.27-7.75 (see Section 4.3 for
details). The average uncertainty in M$ir° is 16% and that in o55*
is 46%. The information on the identified dense cores and their
estimated physical quantities are listed in Table 3.

4. Discussion

4.1. Comparison of C'30 Filaments with Herschel Continuum
Filaments

Using the continuum data obtained by the Herschel Gould Belt
Survey, Arzoumanian et al. (2019) and Konyves et al. (2020)
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Figure 14. The distribution of N;H" dense cores identified by the FellWalker
algorithm in the Orion B region (blue polygons). The color tones indicate the
integrated intensity image of the NoH™. Asterisks denote YSOs from Furlan
et al. (2016) represented regardless of evolutionary stage. The dense core ID is
labeled in a decreasing sequence of peak brightness.

identified filament networks toward the NGC 2068 and
NGC 2071 regions. We compare the velocity-coherent filaments
identified in this study with the Herschel continuum filaments in
Figure 15. Although both the identification methods and the data
are different, they are found to be coincident, especially in high-
density regions.

Figure 15 shows that Herschel filaments exist not only in the
regions where bright C]80 filaments are discernible but also in
the other regions where C'®0 filaments are not well defined due
to their faintness, mostly due to the better sensitivity in
Herschel continuum data. Some Herschel continuum filaments
are identified in a single filament only through multiple
velocity-coherent filaments where evidently different velocity
components exist (e.g., the olive line between F2 and F3, the
green line between F19 and F20, and the orange line between
F23 and F25). Chung et al. (2021) compared the Herschel
continuum filaments and C'®O filaments in the IC 5146
molecular cloud, finding similar results. Those results place
an important emphasis on the need for velocity information for
identifying velocity-coherent structures and studying their
dynamical state.

We note that our observations have a coarser spatial
resolution than previous studies of similar systems (Hacar
et al. 2013; Tafalla & Hacar 2015; Hacar et al. 2018), so they
may be missing some smaller-scale fibers like those seen by
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previous authors. Observation with higher spatial resolution
will be helpful in understanding how large velocity-coherent
filaments consist of smaller fiber structures and how they form
with their relations.

4.2. Gravitational Stability in Filaments

As the filamentary structures in the clouds are regarded as
playing a key role in the formation of dense cores and stars
there, it would be highly important to examine whether our
identified filaments are gravitationally stable or unstable. In this
section, we discuss this matter by looking into the criticalities
of the filaments. Most importantly, before determining the
gravitational stability of filaments, we divide the filaments into
two groups according to the existence of dense cores to explore
how gravitational fragmentation occurs along the filament. For
this, we determine which core is related to which filament using
the velocity centroid of the filament in decomposed
C'%0 (1-0) spectra and the V| gg derived from the hyperfine
fitting of the NoH ™" spectrum at the peak-intensity position in
the dense core. Refer to the figures in Appendix B to find the
positional and spectral coincidences of dense cores and
filaments that lead to define two groups, the filaments with
N,H" dense cores and the filaments without N;H' dense cores
(coreless filaments).

In Figure 16, filaments having positional coincidences with
N,H" dense cores, which we call the filaments with
N,H" dense cores, are sown in the left panel and the filaments
without N,H" dense cores are show in the right panel. The
virial parameter of the filament o} = Mjrs /My is defined as

Mi°terit /My, and presented in Figure 16 with blue circles with

additionally presented M /My, (red asterisks) and
Mpherit /pge o (green plus symbols) depending on the con-
tributing motion. For the critical value of Mﬁi’l‘e“‘t/Mline, we
draw a blue dashed horizontal line at o« = 2, which is the lowest
critical virial parameter proposed for non-magnetized clouds
(Kauffmann et al. 2013). Arzoumanian et al. (2013) also used
the same criteria for the virial parameter of filament. The
estimated critical line masses are tabulated in Table 2, and the
given uncertainties of M /My, M Crll/Mlme, and
M{Lerit /My, are calculated from the propagation of uncertain-
ties of observational velocity dispersion and line mass.
If the thermal critical line mass M is larger than the
filament’s line mass M., the filament is thermally supported
against the gravitational collapse (i.e., thermally subcritical).
On the other hand, the ratio M™ri /M. less than unity would
indicate that the filamentary structure is under radial collapse or
fragmentation (i.e., thermally supercritical).

In the case of the filaments with N,H™ cores (left panel of
Figure 16), the virial parameters are less than 2, indicating the
filamentary structures are gravitationally bound and have
environments in which dense cores can be formed. The
nonthermal velocity dispersions in units of the speed of sound
(onm/cs) for each filament show that most of the filamentary
structures are transonic/supersonic (see Section 4.5 and
Appendix A). The outlier F9 was identified as a filament
containing a core; however, its virial parameter is estimated to
be large due to its large nonthermal contribution. The
nonthermal velocity dispersion of F9 at the center of Core 37
is probably overestimated since the core spans two nearby
filaments, F9 and F10 (see locations of F9 and F10 in the
figures in Appendix B). We adopt the critical value of
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Table 3

Physical Properties of the Dense Cores in Orion B
CoreID  R.A.(J2000)  Decl. 12000)  Reore  (Vigr)™™ (Tause) ot Meore M Qe Fil. ID
(€] @ ® @ ® (©6) (@] ®) (C)] (10 an
Cl 05:47:03.40 400:21:59.98 0.13 9.49% 15.5 056 +£0.03  2466+966  33.1+36  0.13+0.05 17
C2 05:46:07.66 —00:13:33.97 0.06 103104 13.6 0.28 +0.01 91.0 +35.7 54404 0.06 + 0.02 30
C3 05:47:25.40 +00:20:53.98 0.08 9.355 153 0.42 +0.03 101.2 +39.7 132419 0134005 17
c4 05:46:07.66 —00:09:31.98 0.03 10.15%° 14.0 0.38 +0.02 63.5 +25.0 3.6+04 0.06 + 0.02 30
(o] 05:46:07.66 —00:12:05.97 0.04 10.05% 13.5 0.37 £0.02 81.4+31.9 50405 0.06 +0.03 30
C6 05:47:37.13 +00:20:09.97 0.03 9.23% 14.7 0.28 4 0.02 5424213 29404 0.05 £ 0.02 17
C7 05:47:16.60 +00:21:37.98 0.09 9.33% 153 0.42 +0.03 34.8 +13.6 145+2.1 0.42 +0.17 17
C8 05:46:38.46 4+00:00:44.00  0.10 104198 18.7 0.40 + 0.01 3134123 153408  049+0.19 30
C9 035:46:48.73 +00:01:28.00  0.10 10,9144 19.9 0.25 4+ 0.01 37.0 + 146 8.5+0.7 0.23 +0.09 30
C10 05:46:28.20 +00:20:09.99 0.08 9.50% 14.0 0.18 £ 0.01 245497 45405 0.18 £ 0.08 17
Cll 05:47:13.66 +00:18:19.98 0.09 102194 20.5 0.31 +0.02 237493 98+13 0.41+0.17 23
C12 05:47:44.46 400:38:29.91 0.09 8.957 13.4 0.37 4 0.02 26.0 + 103 114412  044+0.18 6
C13 05:46:45.80 +00:07:19.99 0.06 10.6197 224 0.21 £ 0.01 9.4+38 50405 0.53+£0.22 23
Cl14 05:47:25.40 +00:35:11.94  0.07 9.0 13.8 0.17 £ 0.01 138 +5.5 3.8+04 027 +0.11 6
Ci5 05:46:26.73 —00:01:05.99 0.08 104137 15.6 0.59 + 0.04 142+56 212429 1.50 + 0.62 30
Cl16 05:47:01.93 +00:26:23.98 0.05 9.892 143 0.21 4+ 0.01 26.6 + 10.7 28403 0.11 £ 0.04 17
C17 05:47:38.60 +00:39:57.91 0.08 9.55% 13.4 0.26 + 0.02 124 +5.0 58409 0.47 +0.20 .
C18 05:47:01.93 +00:17:57.99 0.07 9.607 21.1 0.29 +0.03 98+39 77+ 1.6 0.79 + 0.36 13
C19 05:46:31.13 —00:02:33.99 0.07 103199 14.9 0.28 4 0.02 122448 6.0+0.8 0.49 +0.21 30
C20 05:46:23.79 +00:00:00.00  0.06 10.34L0 20.1 0.82 4+ 0.05 48+19 315438 63584277
C21 05:46:37.00 +00:27:07.99 0.07 9.132 12.9 0.28 + 0.04 127 +5.1 56+ 1.6 0.44 +0.22 17
C22 05:46:26.73 +00:01:06.00  0.06 111412 17.5 0.24 +0.02 35+ 14 46408 133 +£0.59 23
C23 05:46:32.60 +00:27:29.99 0.06 8.959 13.0 0.31 4 0.03 54+22 55+ 1.1 1.02 4+ 0.46 17
C24 05:48:00.59 +00:16:51.97 0.07 8.65% 13.6 0.30 +0.03 8.0+33 65+13 0.81 £ 0.37
C25 05:47:47.39 +00:19:25.97 0.08 9.093 13.6 0.28 +0.03 11.7 + 4.6 70+15 0.59 +0.27 17
C26 05:47:20.99 +00:05:29.99 0.06 10.9192 15.0 0.21 £0.02 6.0+2.5 41408 0.68 +0.31 23
C27 05:47:06.33 +00:12:27.99 0.08 10.5195 17.1 0.29 + 0.02 8.7+3.6 8.0+ 1.1 0.93 +0.41 23
C28 05:47:43.00 +00:36:17.92 0.07 9.099 12.9 0.21 +0.02 77431 43408 0.56 +0.25 6
C29 05:47:23.93 +00:15:23.98 0.06 10.0194 17.3 0.19 + 0.02 46419 40408 0.87 +0.41 23
C30 05:47:45.93 +00:17:35.97 0.06 9.093 14.0 0.30 + 0.03 69+28 56+ 1.1 0.82 +0.37 17
C31 05:46:13.53 —00:05:29.99 0.07 9.697 152 0.22 +0.02 3.9+ 1.7 44408 1.12+0.53 30
C32 05:47:32.73 +00:05:29.99 0.07 114113 143 0.15 +0.01 45420 32404 0.70 + 0.32 22
C33 05:48:00.60 +00:35:55.91 0.05 9.657 14.0 0.20 £ 0.02 27+ 1.1 3.1+0.6 1.1540.53 8
C34 05:47:15.13 +00:42:09.92 0.06 8.651 13.7 0.17 £ 0.01 49+2.1 32404 0.65 +0.29
C35 05:46:15.00 +00:23:27.99 0.07 9.6 14.0 0.16 + 0.01 52423 3.5+04 0.68 +0.31 17
C36 05:47:34.20 +00:35:55.93 0.06 9.099 132 0.18 +0.01 37416 34404 0.91 +0.39 6
C37 05:47:41.53 +00:27:29.95 0.06 9.252 13.8 0.10 + 0.01 3.6+ 1.6 32406 0.88 + 0.43 9
C38 05:46:42.86 —00:01:49.99 0.05 112113 15.6 0.43 £ 0.01 14407 82404 5.90 +2.89 30
C39 05:47:29.80 +00:40:41.91 0.05 9.233 13.4 0.19 £ 0.02 12£06 27406 2.20 + 1.09 3
C40 05:46:35.53 400:24:33.99 0.05 8.089 13.4 0.13 +0.01 1.8+0.8 21403 1.18 +0.55 18
C41 05:47:34.20 +00:41:47.90  0.04 9.393 13.6 0.17 4+ 0.01 0.6+04 22403 3.64 £2.29 3
C42 05:47:31.26 +00:16:29.98 0.05 9.494 16.5 0.26 + 0.02 05+03 41406 7.75 + 4.19 17
C43 05:47:23.93 +00:10:37.99 0.04 10.6197 16.1 0.11 £0.01 0.5+0.2 1.6+0.3 3.5441.95 23
C44 05:47:43.00 +00:30:47.94  0.04 9.293 15.1 0.18 4 0.02 1.1+05 25406 234+ 1.17
C45 05:47:57.66 +00:22:43.95 0.04 10.0199 14.5 0.10 £ 0.01 0.7+04 1.6+£0.3 2314128
C46 05:47:47.40 +00:43:37.88 0.05 9.8 14.0 0.10 + 0.01 0.8+ 0.6 1.9+04 233+ 1.75
C47 05:47:20.99 +00:07:41.99 0.05 10.619% 153 0.10 £ 0.01 0.7+0.4 20404 2.67 + 1.66 23
C48 05:47:40.06 +00:08:03.99 0.07 11.2}13 13.6 0.19 £ 0.03 04+02 3.1+1.0 8.35+4.53 22

Notes. Column 1: core name given in order of its peak intensity, from the highest to the lowest. Column 2 and Column 3: coordinates at peak intensity positions of
cores. Column 4: the deconvolved core size as the geometric mean of major and minor axis size assuming its elliptical shape in units of parsecs. Column 5: the LSR
velocity obtained from hyperfine fitting of the N,H" (1-0) spectrum in units of kilometers per second. Column 6: the average dust temperature of the dense core in
units of kelvin. Column 7: the average total velocity dispersion of the dense core from the N,H™ (1-0) line profiles. Column 8 and Column 9: the core mass and its
virial mass in units of solar mass. Column 10: the core virial parameter, the ratio of the core mass to the virial mass. Column 11: the name of the filament surrounding
the core.

(This table is available in machine-readable form.)
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Figure 15. The velocity-coherent filaments and Herschel continuum filaments. The velocity-coherent filaments identified with the C'0 (1-0) line emission in this
study are presented by colored shades with their filament names. The Herschel continuum filaments defined by Arzoumanian et al. (2019) using a Herschel column
density map are indicated with curved lines.
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Figure 16. Virial parameters for the filaments with (left panel) and without (right panel) dense cores. The virial parameters for the filaments derived considering
thermal support only, nonthermal support only, and both thermal plus nonthermal support are represented by a red asterisk, green plus, and blue circle symbols,
respectively. The horizontal lines indicate the filament’s virial parameter (Mt /Mi;,e) of 2 (blue dashed line) and unity (red dashed line).
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Mt /v . ~ 1 (red dashed horizontal line) to judge whether
the filament is in a thermally subcritical or supercritical state
(Arzoumanian et al. 2013). As shown in the left panel of
Figure 16, the ratio between M and My, (red asterisks)
presents that filaments with dense cores are all thermally
supercritical as several previous studies have shown that dense
cores form mostly within supercritical filaments (André et al.
2010; Polychroni et al. 2013; Koényves et al. 2015). On the
other hand, coreless filaments (right panel of Figure 16) do not
present consistent features. Some filaments (F2, F19, F20, and
F27) are thermally supercritical and present virial parameters,
for all the filaments but F9, less than 2 (gravitationally bound).
Those filaments may have an environment potentially capable
of forming dense cores. The other filaments (F5, F12, F14, F16,
F21, F25, and F29) are gravitationally unbound and may
disperse due to nonthermal contribution. Note that several
filaments, F1, F7, and F17a, were not fully observed in N,H*
(1-0), and thus the existence of N,H™ cores could not be tested.

All filaments (except F5) have larger Mt than Mt by
a factor of 2-4, indicating that the effects of nonthermal
motions are significant throughout the entire molecular cloud.
The Mach numbers (=o,4/c;) along the filament’s spine
indicate that the filament has transonic or supersonic motions
over those regions (see also the figures in Appendix A for
details of the properties of each filament).

In the Taurus L1495/B213 molecular cloud, one group of
their filaments (sterile fibers) does not contain cores, but the
other group (fertile fibers) contains around three cores on
average (Tafalla & Hacar 2015). According to their result,
filaments either have no cores or have multiple cores,
indicating that the distribution of cores between filaments
may not be made randomly, but somehow systematically. This
is consistent with the idea that if a filament is unstable
(Myine > MY for fragmentation, it will likely make several
cores, while if it is stable (M. < M) it will make none.
Figure 17 shows the number of cores per filament. The number
of dense cores is zero for filaments in a stable state
(Miine/M§is < 1). For filaments in an unstable state
(Miine/MEE > 1), the larger Myn./MS™ tends to have a large
number of dense cores in the filament. Hence, understanding
the criticality of a filament can provide insights into the
fragmentation of filaments and the formation of dense cores
/YSOs. Note that the presence of YSOs in filaments with no
dense core, F11, F12, F14, F19, and F27 (green star symbol in
Figure 17) is ambiguous to properly interpret, since some
YSOs are located in the overlapping region between two
filaments (e.g., F11, F12, and F14 are sharing YSOs with F17b,
and F27 shares a YSO with F30).

4.3. Virial State of the N;H” Dense Cores

In molecular clouds that are gravitationally collapsing,
gravity dominates the energy balance, and the kinetic energy
and the absolute value of gravitational energy become
comparable, putting the system in virial equilibrium. The
equipartition between gravity and kinetic energy approaches
Sy (=M /Meore) = 2 for nonmagnetic, uniformly density
spheres (Vazquez-Semadeni et al. 2007; Ballesteros-Paredes
et al. 2011; Ramirez-Galeano et al. 2022).

In the case of afj® < auy, the gravitational binding energy
is more significant than the kinetic energy, and thus, the dense
core is gravitationally unstable and can collapse. On the other

hand, if af5° > e the kinetic energy is dominant over the
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gravitational energy, so that the dense core is gravitationally
unbound and unlikely to form young stars.

Figure 18 presents the virial parameters of dense cores as a
function of the core mass derived from N,H' (1-0). The virial
parameter is inversely proportional to the core mass, with a
power-law index of —0.7 for this region. N,H" cores with
YSOs (left panel of Figure 18) have agic of 0.05—1.5 (the
average value of ago is 0.44). All cores with YSOs have ago©
lower than the critical value, indicating that they are likely
gravitationally bound. On the other hand, starless N,H™ cores
(right panel of Figure 18) have agy. of 0.27—7.75 with an
average value of 1.85, indicating that some of them are
gravitationally bound and others are not. It is also noted that
starless cores over 2 M, tend to be gravitationally unstable.

In a study by Ohashi et al. (2016), dense cores in the infrared
dark cloud G14.225-0.506 and their parental filaments show a
trend that their virial parameters decrease with decreasing
scales from filament to clump to dense cores (see Figure 6 in
Ohashi et al. 2016). Figure 19 shows the virial parameters of
the characteristic scales of dense cores (the deconvolved radius
R ore) and filaments (the filament lengths L). In Ohashi et al.
(2016), the virial parameters of prestellar cores and protostellar
cores were indistinguishable. In our result, however, this is not
the case. All the dense cores with YSOs have ay° < 2 while
nearly half of the starless cores have aSi¢ > 2. In the case of
filaments, we divide them into filaments with (blue dots) and
without (black open circles) dense cores. The filaments in the
gravitationally bound state (a'l. < 2) tend to produce dense
cores, and dense cores with a virial parameter less than its
critical value tend to be in a more active star-forming
environment. We also observed a decreasing trend with
decreasing characteristic scale from filament to core when we
take gravitationally bound samples (blue dots and red dots in
Figure 19).

However, we note that the virial parameter alone cannot
strongly represent the environmental feature of star formation
(note also the large uncertainty of ojy° ~46%). Further
investigation of the dynamical and chemical status of the dense
cores with molecular lines can provide supplementary factors
for understanding the evolutionary status of the dense cores
(Section 4.7). Furthermore, the N,H™ dense cores identified in
this study are not fully resolved with the current angular
resolution (fg ~ 54”). Therefore, observation with higher
angular resolution is needed to better examine core properties
with virial analysis.

4.4. Kinematic Information of Filaments

Discussions on the difference between the systemic
velocities of filaments and dense cores have been made in
several studies to investigate how the cores form in the
filaments. (Kirk et al. 2007; Hacar & Tafalla 2011; Chung et al.
2019, 2021). A core-to-envelope velocity difference less than
the speed of sound may imply that they share similar
kinematics from core to filament scale. Figure 20 shows
that the systemic velocities of C'®0 (1-0)and N,H" (1-0)
have a tight correlation with a difference of less than
0.23 km s ! (speed of sound at 14.8 K, the median value of
dust temperature in Figure 13). The systemic velocities of C'*0
and N,H" spectra were obtained from either single Gaussian
fits for each component in C'*0 or multiple Gaussian fits for
the hyperfine components in N,H" spectra, respectively. We
independently give the initial guesses and conditions for
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finding best-fit results. The velocity coincidence between
filaments and related dense cores indicates that dense cores
and the surrounding filaments move together with a close
kinematical relation between two objects. We are not able to
find any significant difference between the two groups, the
dense cores with (green dots) and without (blue dots) YSOs.

The outlier in Figure 20 (dense core C37) is located at the
border between F9 and F10 (see also the note in Section 4.2).
F9 and F10 have slightly different velocity ranges within the
speed of sound (refer to Column 5 in Table 2). However, they
are distinguishable by identification criteria in this study. Since
the position of the emission peak of C37 belongs to the region
of F9, we define that the dense core C37 is related to F9. The
ambiguity may be solved in further studies with higher angular
and spectral resolutions.

As we mentioned in the last paragraph of Section 3.1.1, the
Visr spans ~4 km s™ throughout the entire cloud material and
the average range of internal velocities of each filament is about
0.7 km s~ ! (see Column 5 in Table 2). In order to evaluate
whether the velocity change comes from velocity dispersion
due to internal structures or the large-scale velocity gradient
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along the filament, we trace the changes of intensity and
velocity centroid along the spine of the filaments in the right-
middle panel of Figure 21 (see also the figures in Appendix A).
In the case of F23 in Figure 21, for example, there is a large-
scale change of systemic velocity along the filament from south
to north, with the approximate end-by-end velocity gradient of
0.26 km s ' pc~'. Monotonic large-scale gradients are also
seen in F8 (0.4 km s~ pc™") and F17b (0.2 km s~ ' pc ') with
local velocity fluctuations at the sub-parsec scale (see also the
figures in Appendix A for the properties of the other filaments
harboring dense cores). If the gas flow is converging to the core
center, the velocity field would reverse at the density peak
position of the core. Such a pattern of velocity field is observed
in surrounding filaments around several N,H™ cores (e.g., C39
and C41 in F3, C12 in F6, C14 in F6, C33 in F8, C40 in F18,
C27 in F23, and C26 in F23).

In most filaments and their dense cores, the velocity
dispersions are smaller in dense cores than in the surrounding
filament clouds, while the velocity centroids of the filaments
and cores are nearly identical. However, in the case of F17b
(Figure 28), the velocity centroids for massive dense cores
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the range from the fit result by the speed of sound of 0.23 km s, at the
average dust temperature of 14.8 K.

(especially for C1, C3, and C7) spread over a remarkably larger
range than those in the dense cores along other filaments.
Moreover, the nonthermal velocity dispersions of these cores
(C1, C3, and C7) are larger than that of F17b, contrary to the
expectation that the turbulent motions of dense cores would be
usually lower than their surrounding filaments. One of the most
massive filaments, F30, also contains massive cores (C2, C4,
and C5), which have a wide range of velocity dispersion. These
distributions of centroid velocities and velocity dispersions of
the cores can be explained as these cores are in a very complex
location with a large number of YSOs and possible inflows
along the filaments. The density and velocity structures given
by F17, F18, and other several small filaments around the
brightest dense core C1 appear to be very dynamic, almost
like those shown in a hub-filament system (Myers 2009;
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Peretto et al. 2013). It is likely possible that these structures can
be split into a number of individual overlapping filaments as a
result of our choice of low-velocity difference used in the last
step of the FoF algorithm in this study.

4.5. A Possible Longitudinal Fragmentation in a Filament

The left panel of Figure 21 shows how the dense cores
(polygons) are distributed in the filament F23 (color tone).
Eight dense cores (C22, C13, C26, C47, C43, C27, C29, and
C11 from south to north, marked with blue polygons) are
located along the curved filament with similar Vi ggr. We also
found the other dense cores of the filament in space or velocity
dimension, which are drawn with green polygons. Note that the
dense cores associated with the filament F23 do not contain any
YSOs, implying that the dense cores in F23 are not yet fully
evolved to form protostars.

The right three panels of Figure 21 show the distributions of
integrated intensity of F23, velocity centroids, and Mach
number, defined as o,y/cs, along the spine of filament and
dense cores located in the filament. The red arrow in the left
panel of Figure 21 indicates the scanning direction along the
spine of the filament to trace the property changes. We present
the locations of dense cores along F23 with blue dashed
vertical lines in the three right panels. The right-upper panel of
Figure 21 shows the variation of C'®0 (1-0)integrated
intensity distribution along the filament main axis. The
positions of dense cores are generally well matched to the
filament’s intensity peaks along the spine. However, along the
density fluctuation, there are three additional bumps at offset
~1, ~1.9, and ~2.3 pc (see purple vertical dashed lines) where
no dense cores are detected. So we believe that these are less
dense fragments (H1, H2, and H3) where the N,H"
(1-0) emission is not strong enough to be detected, but
possibly any dense core may form in the future. Using the
positions of both identified dense cores and possible core-
forming regions in the future, we derive an average separation
of 0.39 pc (vertical line in Figure 22) from the quasiperiodic
locations of the fragments on the plane of the sky.

To explain the quasiperiodic inter-core separation, we bring
an analytic theory on the instability that describes the
gravitational collapse of isothermal filaments. Inutsuka &
Miyama (1992) proposed that a self-gravitating cylinder
becomes unstable when the line mass is greater than its
thermal critical line mass and then fragments with a separation
of 4 times the width of the cylinder. Observational evidence
supporting the gravitational fragmentation scenario has been
reported on various scales (Wang et al. 2011; Tafalla &
Hacar 2015; Orkisz et al. 2019; Shimajiri et al. 2019; Zhang
et al. 2020).

The line mass of F23 (104 M.,) is 3.6 times larger than its
thermal critical line mass (29 M.). Sufficient line mass
supports the underlying condition of the theory on longitudinal
fragmentation. The width of F23 is estimated to be 0.13 pc and
the average separation is 0.39 pc, which is in fairly good
agreement with the expectation from the theory (4 x width of
F23 ~0.52 pc).

However, several issues need to be addressed before
reaching a definitive conclusion about the fragmentation
process associated with the formation of dense cores in the
filamentary clouds in Orion B.

First of all, our measured separation is the one projected on
the plane of the sky. Thus, this separation would be fairly
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Figure 21. Left panel: the distribution of the YSOs and the dense cores in the c'®o (1-0) filament F23. The color tone indicates the image of the c'®o (1-0)
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variation of the integrated intensity along the filament spine. The red line displays the averaged intensity variation. Right-middle panel: The variation of the velocity
centroids along the filament spine from C'*0 (1-0) (green dots) and the dense cores from N,H"* (1-0) (blue dots) associated with the filament. Right-lower panel: the
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blue polygons in the left panel). Red horizontal lines indicate the locations for the Mach numbers (=oy/c;) of 1 and 2. The inset shows histograms of the Mach
number distributions of filaments and cores with the same colors as the ones in the main plots.

consistent with the theoretical separation that can result from
the gravitational fragmentation in the isothermal filament, when
the inclination angle between the filament’s major axis and the
plane of the sky is close to 40°. Since the filament is not
perfectly straight, the geometrical effect can also influence the
oscillation pattern and the evolution of clumps (Gritschneder
et al. 2017).

We also note the theoretical expectation in Inutsuka &
Miyama (1992) does not consider the effects of magnetic fields.
A magnetic field perpendicular to the filament axis can
suppress fragmentation and reduce the growth rate of instability
(Hanawa et al. 2017). On the other hand, a magnetic field
parallel to the filament axis does not suppress the instability of
the filament (Hanawa et al. 1993), and can even produce a core
spacing comparable to the filament diameter, if it has a high
magnetic field strength (Nakamura et al. 1993). In fact, the
study of Konyves et al. (2020) may show the case. In that study
the cores were identified as 3 times smaller scale than ours (see
also Section 4.1) for the same region of Orion B as our study
and the median value of ~0.14 pc Herschel core separation is
equivalent to the typical width (~0.10) pc of Herschel
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filaments, implying that the core separation can be dependent
with the tracing scale or some physical conditions that are not
well known. Hence, further studies including information on
magnetic fields (e.g., orientation, strength) are needed to
understand the fragmentation of the internal structure of the
filament in the Orion B.

In order to study the dynamics of the dense cores and the
surrounding material, we compare the velocity centroids of
N,H" and C'®Oemissions in the right-middle panel of
Figure 21. As the figure shows, the systemic velocities of
N,H" cores present a close correlation with those of the
surrounding material of the filament.

The Mach number along the filaments estimated with
C'80 spectra is distributed between 1 and 2, indicating that
the motions in the filament are mostly transonic (see panel (i) of
Figure 28 in Appendix A). On the other hand, the Mach
number measured from N,H" (1-0) inside the dense cores
associated with the filament is < 1 indicating that the
N,H" dense cores are transonic/subsonic. The inset in the
right-bottom panel of Figure 21 presents the histograms for the
distribution of the measurements of Mach numbers for both
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lines (orange for C'80 and blue for N,H™"). Considering the
insignificant velocity shift between the C'®0and N,H lines
and the lower Mach numbers in dense cores than those in
surrounding filaments, turbulence dissipation may have been
processed to form the dense cores in the filament.

4.6. Cores in Infalling Motions

One way to diagnose how much the dense cores have
evolved is to see whether they are experiencing gas infalling
motions that may play a role in enhancing the evolution of the
dense cores by helping to condense gaseous material in the
cores. Thus, we attempted to search for blue asymmetries in the
line profile of the optically thick molecular species
(Evans 2003). In order to make sure that the asymmetric
double-peaked line profile is not coming from multiple velocity
components along the line of sight, we need to compare the
optically thick line profile with an optically thin line. Since
HCO™ (1-0), which is often used as a tracer of infall motion in
molecular clouds, is optically thick (Shimajiri et al. 2017) and
H"?CO™ (1-0) is optically thin in the observed region (Aoyama
et al. 2001), we searched for infall signatures toward our dense
cores using these two isotopologues of HCO™.

Figure 23 shows HCO™ (1-0) and H'>CO™ (1-0) spectra of
the two dense cores C18 and C28 over the N,H" (1-0)
integrated intensity maps in color tones. The HCO™ spectra
around the bright core region (see central 3 x 3 spectra) show
double-peaked profiles with higher blue peaks (so-called blue
profiles), indicating the core is undergoing contraction motions.
Cores C13, C14, C25, C26, C27, C29, and C36 also present
such blue profiles in HCO™ (1-0) lines (see Figure 32 in
Appendix C). Among them, C18 is the only protostellar dense
core. The other eight dense cores are all starless dense cores.
The filaments (F6, F13, F17, and F23), which contain nine
dense cores presenting infall asymmetry in the HCO™ (1-0)
line profile, are all thermally critical in virial analysis (see
Figures 16 and 17).
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Figure 24 shows an interesting case where infalling gas
motions are seen in HCO™" (1-0) toward a fragment at HI
region of filament F23, which seems not yet condensed enough
to be detected in the N,H' (1-0)line. Probably the
gravitationally critical status of its parent filament F23 may
be triggering the condensing process toward a fragment to
produce a future prestellar core. We may be watching for a
moment of very early condensing process before the stage of a
prestellar core. Indeed, there are several Herschel robust
prestellar cores identified on the high-resolution continuum
map in Konyves et al. (2020) (see also Section 4.7). In the
cases of H2 and H3, HCO™ (1-0) spectra do not present any
significant infall signatures and there are no Herschel prestellar
cores. We think that these may be even younger fragments than
HI and their destinies cannot be determined at this moment.

4.7. Chemical Differentiation in the Dense Cores

Chemical differentiation between the dense gas tracers can
also be an important factor in examining how the dense cores
evolved. In this section, we discuss how our molecular tracers
show different or similar distributions in the dense cores and
what the distributions would imply.

In dense cores with relatively low temperature (T ~
10-20 K), C-bearing molecules (e.g., CO) are easily depleted
and the abundance of Hi can be enhanced because of less
abundant CO as the main destroyer of Hj. The reaction of Hf
with HD can produce gas-phase progenitors of the deuterated
species (H,D", D,H", and DY) and lead to NH,D molecule
formation from the reaction of the deuterated ions with NHj;
and the dissociative recombination of NH;D' (Lepp et al.
1987; Pagani et al. 1992; Caselli et al. 2003; Sipild et al. 2015).
Moreover, the ammonia molecule is less susceptible to freeze-
out onto dust grains than C- or O-bearing molecules.
Deuterated ammonia (NH,D) molecules are especially good
in tracing dynamically evolved starless cores (or prestellar
cores; see, e.g., Crapsi et al. 2005; Harju et al. 2017) although it
has been recently found that NH,D (as well as ammonia and
other volatiles) significantly freezes out in the central few
thousands astronomical units of prestellar cores (Caselli et al.
2022; Pineda et al. 2022). Therefore, NH,D can be used to
trace highly evolved starless cores in cold molecular clouds
(the critical density of ortho-NH,D (1,—1¢;) transition is
6.52 x 10* cm 2 at ~10 K; Wienen et al. 2021).

On the other hand, the sulfur monoxide (SO) molecule is
proposed to be the most sensitive indicator of the evolutionary
status of dense cores and can be used as a tracer of very young
cores (Tafalla et al. 2006). Frau et al. (2012) showed that dense
cores abundant in oxo-sulfurated (e.g., SO, SO,) species are in
a chemical transitional stage between the less dense cloud and
the more evolved dense core. However, note that the molecule
SO is well detected in shocks in star-forming regions (see, e.g.,
Sakai et al. 2014).

Figure 25 presents distributions of SO ((3,-2;) and
ortho-NH,D (1,,—10;) around N,H" dense cores of OrionB.
Harju et al. (2020) highlighted that the production of NH,D is
efficient inside the CO-depleted zone, where N,H™ is bright. In
fact, the ortho-NH,D (1;,—1¢;) emission is highly confined at
the brightest part of N,H™ dense cores (see polygons and black
contours in Figure 25). In Figure 26, the NH,D emission also
shows a strong correlation at the region with high H, column
densities. On the other hand, the SO emission is widely
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Figure 23. Infall asymmetries appeared in the HCO™ (1-0) (white) and H3CO" (1-0) (cyan) line profiles toward C18 (central 3 x 3 spectra in left panel) and C28
(central 3 x 3 spectra in right panel). The color tones in the background indicate the N;H™ (1-0) integrated intensity. The dashed blue vertical line at the center
indicates the systemic velocity measured from the hyperfine fitting of NoH' (1-0). Each spectrum is the average of the spectra for the 2 x 2 pixels shown in the
background of each spectrum. H'*CO™ (1-0) is shown with an offset of —0.5 K in the y-axis.

distributed from the boundary to the central region of the H,
column density distribution to its center.

In total, 15 dense cores were detected over 3o in
ortho-NH,D (1;;—1¢;). We call the smaller regions where
ortho-NH,D (1;;-1¢;) was detected in the dense core as
“NH,D bright cores” in particular. Among these NH,D, 13
NH,D bright cores were found to coincide with YSOs (Core
IDs C1, C2, C3, C4, C5, C7, C8, C9, C10, C12, C15, C16, and
C19) and two NH,D bright cores were identified as starless
cores (C14 and C22 in panels (a) and (c) of Figure 25). We note
that the NH,D bright cores are located in filaments F6, F17,
F23, and F30, which are all thermally supercritical and have
YSOs (see Figures 16 and 17), indicating that the criticality of
the filament may have a good correlation with the chemical
maturity of its embedded dense cores. In the virial analysis,
C14 is gravitationally bound and C22 is marginally in virial
equilibrium (see the magenta and cyan circles in the right panel
of Figure 18). According to the ortho-NH,D (1;—1¢;) detection
and the gravitationally unstable status by the virial analysis, we
suggest that C14 is the most evolved starless dense core in the
Orion B cloud and a good candidate site of star formation.

The brightest NoH' core (C1) presents an anticorrelation
between the SO (3,-2;) and ortho-NH,D (1;,-1¢;) emission
(see the panel (b) in Figure 25). Note that the region where the
ortho-NH,D (1;1—1¢;) emission is strong tends to contain more
YSOs inferring strong star formation activity. This could
indicate that in these regions icy mantles, where NH,D is
expected to be mostly adsorbed during the prestellar stage of
the core, have been recently sublimated, returning significant
fractions of NH,D into the gas phase (Caselli et al. 2022). The
distributions of both SO (3,-2;) and ortho-NH,D (1;;—1¢;)
emission with multiple contour peaks in C1 show that there are
several SO cores around multiple NH,D cores at the central
region of the N,H" core suggesting two possibilities. The first
one is that there may be strong chemical differentiation in SO
and NH,D. The second one is that active star formation
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Figure 24. Infall asymmetries shown HCO" (1-0) (black) and

C"0 (1-0) (blue) line profiles at the region of H1 marked in Figure 21. Each
line profile is the average of the spectra for the 2 x 2 pixels shown in the
background of each spectrum. The background color scale indicates the
C'80 (1-0) integrated intensity. The baselines of HCO™ (1-0) and C'%0 (1-0)
are set to be zero and —0.5 K, respectively.

unresolved with our current resolution may have been under-
going inside the region. Indeed, SO is copiously formed in
shock regions (where icy mantles are sputtered) and it is used
as a tracer of accretion shocks (Sakai et al. 2014).

The different distribution between NH,D and SO is also
remarkably seen in the bulk cloudy region in the southernmost
part of the cloud, where N,H" dense cores (C2, C4, and C5)
are embedded. This region has been named LBS23 in the CS
molecular survey (Lada et al. 1991) and is known to contain
HH objects such as HH24, HH25, and HH26 (Herbig 1974;
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Figure 25. The distributions of SO and NH,D in N,H" dense cores. The integrated intensities of SO (3,-2;) and ortho-NH,D (1,,—1;) are shown in magenta color

tones and black contours with levels of 0.031 K km s~

x [3, 5, 8, 11, 14, 17]), respectively. N;H dense cores are drawn in blue or green depending on whether

NH,D is detected or not detected. Small gray shaded areas indicate the ortho-NH,D (1;,—1¢;) observed regions. The YSOs from Furlan et al. (2016) are shown with
asterisk symbols (red for Class O protostars, green for Class I protostars, and orange for flat-spectrum YSOs). Core names are labeled only for NH,D detected dense
cores. Boxes drawn with dashed lines with labels (a)—(d) are the regions of close-up views in Figure 26.

Matthews & Little 1983). In Figure 26(d), the distribution of
ortho-NH,D (1;,—1¢;) in the region shows a good correlation
with H, column density, while SO (3,-2;) emission shows a
distinct arc-like feature with an offset to the east side from the
main distribution of ortho-NH,D (1;—1¢;).

We found bright SO emission in some regions where NH,D
and N,H™ lines were not detected. For example, we find bright
SO emission at the position of the fragment H1 where there is
no detection of NH,D and N,H™ lines (see panel (c) in
Figure 25) implying that it is chemically very young. Because
of the infall signatures detected here as shown in Figure 24 and
the chemical youth inferred from the bright SO emission, the
fragment H1 seems to be still gathering material.

Moreover, in Figure 26 we compare distributions of the
Herschel H, column density, our NH,D and SO emissions,
YSOs (Furlan et al. 2016), and Herschel prestellar cores
(Konyves et al. 2020). Since the angular resolution of Herschel
data is about three times higher, some column density
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enhancements can be explained by the local fragmentation,
which cannot be seen in our observing resolution.

To demonstrate chemical differentiation, we present the
averaged integrated intensities of dense cores in N,H" (1-0)
and SO (3,-2;), and ortho-NH,D (1;,—1¢;) lines as a function
of H, column density in Figure 27. The integrated intensities
and H; column densities were averaged within the TRAO beam
size (Bg ~52" for SO (3,-2,)) at the emission peak positions.
Starless dense cores are marked with red circles. From the virial
analysis, we divide them into gravitationally bound (red filled
circle) and gravitationally unbound (red open circle). The dense
cores having positional coincidence with YSOs are indicated
with blue star symbols and they are all found to be
gravitationally bound in virial analysis. The left and middle
panels in Figure 27 show that N,H" emission and SO emission
tends to be stronger at high H, column density regions as also
seen in the emission distribution of N,H" and SO in
Figure 26(a)—(c)).
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Figure 26. Zoom-in distribution of SO and NH,D in Orion B. The integrated intensities of ortho-NH,D (1;;—1;) and SO (3,-2;) lines are shown in black and red
contours, respectively. The background color tones represent the H, column density distribution (Arzoumanian et al. 2019; Konyves et al. 2020). The contour levels
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protostars, and orange for flat-spectrum YSOs). Black circles denote the Herschel robust prestellar cores presented in Konyves et al. (2020).

Understanding the chemical behavior in NH,D is more
complicated. Recently, Caselli et al. (2022) presented the first
evidence that NH,D is almost totally frozen within the
central 2000au of the prestellar core and showed that
ortho-NH,D (1;,—1¢;) line emission is not reproducible by the
chemical models without NH,D depletion at the central region. In
their study, the frozen NH,D preserves its chemical composition
until it is in the protostellar stage and can be released back into the
gas phase to the neighborhood of protostellar objects or shocked
region. That may explain the limited detection of NH,D found in
dense cores with YSOs (blue stars in Figure 27), due to the poor
angular resolution of the present observations. In prestellar cores
(red circles and red arrows in Figure 27), NH,D intensity could
indeed be too faint to be detected and the line profile could be too
narrow to be resolved by our moderate spectral resolution, so that
the line profile can be also affected by spectral dilution. As NH,D,
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SO will be depleted onto dust grain surfaces and return back to the
gas phase when the ice sublimates or to shocked regions (e.g., at
the centrifugal radius, as explained by Sakai et al. 2014, or along
the outflow). However, unlike NH,D, SO can also be present in
the more extended and less dense material surrounding the dense
cores, where sulfur is not yet heavily frozen onto dust grains (e.g.,
Spezzano et al. 2017; Laas & Caselli 2019; Lattanzi et al. 2020).

Further detailed analysis and discussion on the chemical
differentiation are beyond the scope of this paper and will be
given in a future study of chemical tracers at higher angular/
spectral resolutions.

4.8. Implications of the Survey on Star Formation

The primary aim of TRAO-FUNS survey is to obtain the
velocity distribution of low-dense filaments and their dense cores
for the study of their formation mechanism. Since the observed
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three-dimensional PPV data can trace the multiple line-of-sight
components in velocity, it provides a much more comprehensive
understanding of the velocity-coherent structures in a molecular
cloud. As part of the series, previous reports on L1478 in the
California molecular cloud (Chung et al. 2019) and IC 5146
(Chung et al. 2021) successfully identified velocity-coherent
structures (filaments) and dense cores, and derived their physical
properties. Results on the relation between the filament’s criticality
and the existence of dense cores for low-mass star-forming
molecular cloud L1478 and low- to intermediate-mass star-forming
cloud IC 5146 showed that the majority of dense cores are located
in the supercritical filaments. The results shown in the high-mass
star-forming region Orion B are also found to be consistent with
these molecular clouds in previous studies. Therefore, the
supercriticality of a filament is supposed to be a necessary
condition for the formation of dense cores regardless of the
physical environment of all of the clouds.

The second goal of the survey is to understand the kinematic
effect of the surrounding filaments on the dense core formation.
Based on the nonthermal velocity dispersions obtained from
c'®o (1-0) and N,H™" (1-0) transitions in three series (Chung
et al. 2019, 2021 and this study), the observational evidence
that the nonthermal velocity dispersions of dense cores are
smaller than those of filaments may indicate the dissipation of
turbulence during core formation, which supports the colliding
scenario in the formation of dense cores in the cloud proposed
by Padoan et al. (2001).

Lastly, the survey is designed to investigate the chemical
properties of both filaments and dense cores, especially the
chemical differentiation between them. Since the early series
on L1478, IC 5146, and Orion B focused on the identification
of filaments and dense cores and the derivation of physical
properties, the chemical understanding will be developed in the
next series of papers.

Table 4 summarizes the representative physical properties of the
three molecular clouds of the TRAO-FUNS survey that have been
analyzed so far. The filament widths of two sources (L1478 and
Orion B) at the distances of about 400 pc are smaller than the
filament width of IC 5146 at the distance of ~700 pc (W~
0.2-0.7 pc). That is a similar result to what has recently been
reported on the effect of distance on the filament widths
(Panopoulou et al. 2022). They show a trend that the mean width
of filaments depends on not only the distance of the molecular
clouds but also the angular resolution. Note that the widths in
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Table 4
Comparison of the Properties of Molecular Clouds Observed by the TRAO-
FUNS Project

Property L1478 IC 5146 Orion B
1) Distance 450 600-800 423
) Width 0.08-0.19 0.18-0.67 0.05-0.26
3) Fil# 10 14 30
) Core# 8 22 48
®) YSO# 3 40 51
©6) (Oior) 0.18-0.31 0.28-0.43 0.31-0.54
(7 (N(Hy)) 7-40 22-88 28-145

Note. Refer to Chung et al. (2019, 2021) for the details on scientific results on
L1478 and IC 5146, respectively. (1) Distance to the molecular cloud adopted
in units of parsecs. (2) Measured widths of filaments in units of parsecs. (3)
Number of identified C'®0 (1-0) filaments. (4) Number of identified N,H"
(1-0) dense cores. (5) Number of YSOs associated with the filaments. (6) Total
velocity dispersion of filaments measured from C'®0 (1-0) in units of
kilometers per second. (7) Average H, column densities of the identified
filaments in units of 10** cm™2.

TRAO-FUNS studies are measured from the Gaussian FWHM of
the mean radial profile and not corrected for the beam convolution
effect. The beam size is also larger than the Herschel data used in
Panopoulou et al. (2022). Moreover, André et al. (2022) revisited
the issue and argued that the typical width of 0.1 pc in filamentary
structures of nearby molecular clouds is a true common scale. We
will carefully discuss this in a future study, after analyzing more
targets observed on the TRAO-FUNS survey using the same
measurement to estimate the filament width.

Table 4 indicates that as the mean H, column density of
filaments in the molecular cloud increases (in the order of
L1478, 1C 5146, and Orion B), the numbers of identified
filaments, N,H' (1-0) dense cores, and YSOs associated with
filaments tend to increase. Similar results are reported by Hacar
et al. (2018) who showed that active high-mass star-forming
molecular clouds are higher in H, number density and have
more supercritical fibers than less active low-mass star-forming
molecular clouds. The results in those works also indicate that
the star-forming activity of a cloud is closely related to the
number of filaments and dense cores and essentially to its H,
density. Moreover, the total velocity dispersion measured from
decomposed C'®0 (1-0) spectrum also increases as the mean
H; column density increases being consistent with the relation
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between the total velocity dispersion and column density (refer
to Figure 6 in Arzoumanian et al. 2013).

The forthcoming studies on molecular clouds with various
physical environments observed by our TRAO-FUNS survey
(e.g., Polaris flare, Taurus, Perseus, Serpens, Aquila) will be
helpful to verify the tentative conclusion and to understand the
environmental effect on the properties of filaments. Further
studies for these clouds using our chemical tracers (e.g.,
OI‘thO-NHzD (111—101), SO (32—21), N2HJr (1—0)) will expand
our understanding of the evolutionary stages of filaments and
dense cores in various star-forming regions.

5. Summary

This paper presents the results of mapping observations of
the NGC 2068 and NGC 2071 regions of the Orion B molecular
cloud in multiple molecular lines performed with the TRAO
14 m telescope to study the filamentary structures in the clouds
and their roles in the formation of dense cores. Our results are
summarized as follows:

1. Many of the observed c'®o (1-0) spectra in the clouds
are shown to contain multiple velocity components and
decomposed into an individual velocity component with a
Gaussian fit. This allowed us to identify filaments with
similar velocities, so-called velocity-coherent filaments,
using the FoF algorithm. A total of 30 filaments were
extracted, and their physical properties such as length,
width, column density, and mass, were measured. The
longest filament is found to have a length of ~6.5 pc and
the median length for the entire sample of the filaments is
0.8 pc. The median value of the filament widths is
estimated to be 0.1 pc with a range of 0.05-0.26 pc. The
H, column densities of the filaments range from 2.8 x
10?! to 1.4 x 10%* cm 2. The filament mass is calculated
to be in the range of 4 and 842 M, with a median of
38 M.

2. We identified 48 N,H" dense cores using the FellWalker
algorithm, and estimated the core masses and virial
masses to examine the dynamical state. From the virial
analysis for these dense cores, all dense cores with YSOs
and half of the starless dense cores are found to be in
gravitational bound status.

3. The distributions of the nonthermal velocity dispersions
extracted from NoH " (1-0) and C'®0 (1-0) show that the
dense cores are found to be mostly in transonic/subsonic
motions while their natal filaments are in supersonic
nonthermal velocity dispersions (excepting parts of the
region in F17b). This may indicate that gas turbulent
motions in the filaments around dense cores have been
dissipated at the core scale to help form the dense cores in
their surrounding filaments.

4. The filaments with N,H" dense core are mostly found to be
gravitationally bound, thermally supercritical, and thus under
environments in which dense cores can be formed well. The
filaments with larger M. /Mt tend to have more dense
cores the majority of which tend to contain YSOs. Therefore,
it is well understood that the criticality of the filament can be
a key condition for its fragmentation and the formation of
dense cores/YSOs in the filament.

5. From a case study for a filament F23, a filament might be
forming dense cores in a process of longitudinal
fragmentation, in the sense that its mass is far higher
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than its thermal critical line mass, and its fragments are
quasiperiodically located along the filament with an
average of 0.39 pc which is comparable to its theoretical
value (four times of the filament width: 0.52 pc) predicted
in the gravitational collapse in an isothermal filament
considering uncertain factors in its calculation such as the
inclination of the filament.

6. We identified infall signatures in at least nine N,H"
dense cores using the observations of HCO™ (1-0) and
H3CO™ (1-0), finding that their parent filaments are all
in the gravitationally critical status. This may imply that a
gravitationally unstable environment in the filaments
should help to enhance the evolution of the dense cores to
finally form stars there. We find a fragment H1, which is
not detected in N,H™ but shows infall signatures over the
fragment. It is believed to be in a very early condensation
process before the stage of a prestellar core, but not yet
enough condensed to be detected with N,H' (1-0) line,
again leading us to believe that the fertile environment in
the filament is helping produce a future prestellar core.

7. We examined how molecular tracers (NH,D and SO) are
differentiated in the N,H" dense cores and how this
chemical differentiation is related to the physical status of
their parent filaments. We find that the NH,D emission is
strongly correlated with the H, column density and is usually
well detected in the central regions of the N,H" cores. We
find that 13 out of 15 NH,D bright cores are forming YSOs.
These may indicate that NH,D traces the most evolved status
of the dense cores while SO does the least evolved status of
the dense cores. It is found that these NH,D cores are all
located in the thermally supercritical filaments, indicating
that the criticality of filaments may play a key role in the
chemical maturity of dense cores.
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Appendix A
All Identified C'*O Filaments in the NGC 2068 and
NGC 2071 Regions of Orion B and an Analysis of Their
Physical Quantities

The online figure set associated with Figure 28 presents the
physical properties of each velocity-coherent filament and
some schematic methods used to derive some of them. The
figure set shows the atlas of filaments identified using the
decomposed C'®0 (1-0) data. The atlas figure of each filament
contains nine panels as follows:

(a) Distribution of the integrated intensity of a filament.

(b) Distribution of the systemic velocity of a filament.

(c) Distribution of the velocity dispersion of a filament.

(d) Determination of the spine of a filament and radial cuts
for deriving radial profiles. Red dots indicate the path of
the spine and the cyan curve is the smoothed path that is
used for deriving the length and width of the filament.
The black lines display radial cuts that are perpendicular
to the smoothed spine and are used for drawing radial
profiles in panel (e).

(e) Radial profiles of the intensity along the black lines
drawn in panel (d). Black and red thick lines show the
averaged profile and its Gaussian-fit result, respectively.

(f) The distribution of the YSOs and the dense cores over the
filament. The filament is depicted with its integrated
intensity distribution in color. The gray contours indicate the

Peak intensity (K) Velocity centroid (km s™1)

Velocity dispersion (km s~1) .
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N,H" (1-0) integrated intensity distribution with contour
levels of [0.08, 0.3, 0.8, 2.0, 4.0, 6.0, 8.0, 10.0] K km s .
The N,H" dense cores were identified from the FellWalker
algorithm. The cyan and green polygon shapes are to
indicate the dense cores to be and not to be associated with
their surrounding filament, respectively. The asterisks are
the YSOs classified in Furlan et al. (2016). Red: Class 0
protostars. Green: Class I protostars. Yellow: flat-spectrum
YSOs. Note that the coordinate scales given in this panel are
the same as the cases for panels (a)-(d). The red arrow
shows the direction measured along the spine of the filament
for the variations of integrated intensity, velocity centroid,
and nonthermal velocity dispersion given in panels (g)—(i).

(g) The variation of the integrated intensity along the spine of

the filament.

(h) The variation of the velocity centroid along the spine of

the filament.

(1) The variation of the nonthermal velocity dispersion

divided by the speed of sound along the spine of the
filament. The orange and blue dots are estimated from
C"0 (1-0) (for filament) and N,H" (1-0) (for dense
cores), respectively. The inset depicts the number
distribution of the nonthermal velocity dispersion with
histograms of the same color codes for the filament and
cores as those for dots. The vertical blue lines indicate a
representative position of the dense cores.
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Figure 28. Physical quantities of filament F17b as described in Appendix A. The complete figure set (32 images) is available in the online journal.

(The complete figure set (32 images) is available.)
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Appendix B
Distribution of N,H" Dense Cores with Respect to C'*0
Filaments

Here we present supplementary information on the
filaments and the 48 N,H" dense cores. Figure 29 shows
the distribution of filaments identified from C'%0 (1-0) and

Yoo et al.

the N,H" cores described with N,H' (1-0)integrated
intensity image.

Figure 30 provides a comparison between the C'*O spectrum
and N,H" spectrum at the position of each dense core to
explore the relation between LSR velocities of filamentary
structure and that of dense cores along the line of sight. The
complete atlas is available as a figure set in the online journal.
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Figure 29. Distribution of filaments and the N,H™ cores. The contours in various colors are the same as the filaments presented in Figure 7(a) and the shaded box and

gray tones indicate the N,H™ observed region and N,H" (1-0) integrated intensity.
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Figure 30. The spectra for the filaments and dense cores. The top-left panel displays the distribution of the filaments (colored contour lines) and the positions of the
dense cores (colored square symbols) on the N;H™ (1-0) integrated intensity map (grayscale). Eight small panels show the C'%0 (1-0) spectra (upper black line) at the
position of the peak intensity of the dense cores and averaged N,H ™ profiles (lower blue line) for the dense cores. We multiplied 3 for the N,H™ spectrum with —1 K
offset for visualization. The color codes of filaments in the top-left panel correspond to those for the decomposed C'®0 line profile and the filament name in the small
panels. The positions of velocity centroids of each decomposed profile are marked with small vertical dashed lines and numbers above the profile. The filament IDs are
shown below the profile. The hyperfine structure fit result of N,H™ (1-0) is drawn on its profile with a cyan line. The complete figure set (6 images) is available in the

online journal.

(The complete figure set (6 images) is available.)
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Appendix C
CS, HCO*, C*®0, H*CO™, and N,H™ Line Spectra for 48
Dense Cores
We present the distributions of HCO™ (1-0), H'*CO™ (1-0),
and CS (2-1) in Figure 31 and the averaged spectra of CS
(2-1), HCO™ (1-0), C'®0 (1-0), H*CO™* (1-0), and N,H"
(1-0) lines for dense cores in Figure 32. As for the CS line, we
could not find any significant infall signature toward dense

Herschel H, column density (cm™2)

Yoo et al.

cores in this study, although the CS line is known to be one of
the best infall tracers (Lee et al. 1999, 2001).

Figure 32 shows CS (2-1), HCO'(1-0), C'0(1-0),
H"CO" (1-0), and N,H'" (1-0) molecular line profiles for 48
dense cores. All the profiles shown here are the average ones for the
spectra over the dense core. We do not present spectra of several
dense cores if the transition is not observed or the observed emission
has S/N < 3. The core names are labeled on the top of each panel.

le22
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0°40' @
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g ’
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Figure 31. The integrated intensity maps of HCO" (1-0) (red), H"co* (1-0) (green), and CS (2-1) (blue) lines. The contour levels for HCO" (1-0) are 0.041 K km
s™1 x [5, 10, 15, 20, 30, 40, 70, 100, 130], those for H'*CO™ (1-0) are 0.026 K km s™" x [5, 8, 13, 18, 25, 30, 40], and those for CS (2-1) are 0.037 K km s™' x
[5, 10, 15, 20, 30, 45, 60, 80, 100]. The grayscale and color-shaded regions in the background indicate Herschel H, column density distribution and observing regions

for each line, respectively.
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Figure 32. CS (2-1), HCO™ (1-0), C'®0 (1-0), H'3CO™ (1-0), and the isolated hyperfine component of N,H" (1-0) line profiles of dense cores. All the profiles
shown here are the average ones for the spectra over the dense core. The vertical dashed line is the systemic velocity obtained from N,H™ hyperfine fitting.
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