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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 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;
Gomez & Vazquez-Semadeni 2014; Wareing et al. 2016).

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, Althouah the i £ il X formi ;
the interstellar molecular clouds are found to be composed of a though the Importance of filaments In star-forming regions

network of filamentary structures (André et al. 2010, 2014; h.as be_en qmphasized by many observations and num_erical
Men’shchikov et al. 2010: Molinari et al. 2010: Arzodmaniaﬁ simulations in recent years, the role of filamentary structures in the
et al. 2011 Hacar '& Taf’alla 2011 Hacér o a,l 2013. 2018 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
Original content from this work may be used under the terms Sa?ﬁtrogﬁ)gfnlnf%%ﬁlggstooci/lg:llgg;::dh tl:: n;#étlplliengogfogfg;st
BY of the Creative Commons Attribution 4.0 licence. Any further A : g L A
distribution of this work must maintain attribution to the author(s) and the title from optically thin molecular line emission. Spatially and
of the work, journal citation and DOI. spectroscopically adequate observations are highly required for

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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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 OrionB 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 NGC 2071 (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
18”2 angular resolution, Kdnyves 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'80 (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 x 4 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 NGC 2068), we selected eight
molecular lines; *CO (1-0), C¥0 (1-0), N,H* (1-0),
ortho-NH,D (111-1¢1), CS (2-1), SO (3,-2;), HCO™ (1-0), and
HBCO™ (1-0). 3CO (1-0) and C80 (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®CO™ (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;,—1¢1) 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 B Area Pixel Size v RMS RMS o Nerit
(GHz) (arcsec) (deg? (arcsec) (km s°1) (K) (K km s°%) (cm>3)

@ ) ©)] 4) (%) (6) @ ®) )

ortho-NH,D (111-1¢) 85.9262780 57.0 0.106 22 0.1 0.049 0.031 6.5 x 10*
H2CO™ (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*
NoH™ (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,-29) 99.2998700 51.9 0.394 22 0.1 0.053 0.036 1.9 x 10°
c*o (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 35 x 10°

Note. Column 1: the molecular line transition. Column 2: the rest frequencies are from Lovas (2004) for 3CO (1-0), Pickett et al. (1998) for SO (3,-2;), Lee et al.
(2001) for C*80 (1-0), N,H* (1-0), and CS (2-1). We refer to Milller et al. (2001) for HCO™ (1-0), ortho-NH,D (1;;-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 T{. Column 9: the critical densities are from Wienen et al. (2021) for
ortho-NH,D (1,,-101), 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*20 (1-0), and

1co (1-0).

On-the-fly (OTF) mapping observations were carried out and
shown in the regions marked in Figure 1 with the Herschel
250 m 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 deg? white box in Figure 1) to trace all
the most extended faint structures. N,H* and HCO™ lines
( 0.56 degz, 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 OTFTOOL, 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 2*CO (9 km s°1) 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%,d at the 0.1 km s>*
channel width for C'®Q (1-0) and *°CO(1-0), 0.07 K
[TXmd at the 0.1 km s°* channel width for SO (3,-2;) and
ortho-NH,D (111-1p1), and  0.07 K [T ,d 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 (111-101), SO (3,-2,), N2H+ (1-0),
C*®0 (1-0), and *3CO (1-0) transition) were smoothed to have

1°00"' NGC 2068 and'NGC 2071 regions of Orion B

0°30'

Dec (J2000)

00’

Herschel continuum (Jy/beam)

13C0 and C*®0

-0°30' CS and SO
NH>D and H13CO+

5h50m 48™m

RA (J2000)

46™m a4m

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 H*3CO™) boxes on the Herschel
250 m continuum image.

their channel width be 0.1 km s52. 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 *3CO 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!®O emission traces dense filamentary
structures (middle right panel).

Panels (a)—(f) in Figure 2 show various aspects of 13C0o and
C!0 line profiles. We find that the multiple velocity
components are common in the OrionB region and the



THE ASTROPHYSICAL JOURNAL, 957:94 (34pp), 2023 November 10

6

(a)

Herschel 250 um

1°00'

IS
c
o
w

Dec. (J2000)

it

|
N
o

5 10

(c)

5 5h49m 48m 47m 46m

Visg (km s71) R.A. (J2000)

Yoo et al.

(d)

Herschel 250 um

12

lico
0 :
M“ﬁﬂ“'hf" et
10 5 c®ox2-1
5.0 7.5  10.0

=3

2

&

g5 6 (@

9

o

S 4

3

I

A

2

<

= 0 «\,JIM}Kf

45 e AL ﬂf‘,,ll"»l“'f

n -2

I

i) 10 15
6

2 (f)
4

0 2

-2 qu“"“‘mmf !

5h49m 48™ 47™ 46™ 45m 8 10 12
R.A. (J2000) Visr (km s71)

Figure 2. The color scale presents a Herschel 250 m continuum image of the Orion B region. Contours are from the integrated intensity maps of 3CO (middle left
panel) and C'80 (middle right panel). The contour levels for the 3CO 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>2. Panels (a)~(f) show representative spectra of **CO (black line) and C*20 (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*20 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 3CO 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 (¢) and (d) indicate that the
C'80 (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 **CO emission have comparable
intensities. On the other hand, the C*®0 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
3co spectra in panels (a)—(e) are not self-absorption features,
but due to multiple velocity components. For the purpose of
this paper, the C*®0 (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*80 (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. Step2 : 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*20 (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
spectrum at each pixel. Blue solid line: smoothed profile with the initial smoothing parameters (Stepl ). Red vertical line: initial guesses of velocity component found
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*80 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 (Vgifr) 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 pixelsina5 x g area
(here, g 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'®0 (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
Vgirr of 0.08 km s>2, 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

Yoo et al.

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
Vgiee = 0.06 km s>t 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 V¢ 0f 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
(3 ) 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*20 (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 7.8to 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| sr (See also L1630N in the upper panel of Figure 3
in GroRschedl et al. 2021). While the CO (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 2 pixel size) and velocity difference Vs (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
there are multiple velocity components in the line of sight in the velocity-coherent structure. The insets in the panels denote C*20 (1-0) spectra and their decomposed
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*20 (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 =1/W), is used to define
how the filamentary structure is elongated (André et al. 2014).
In our study, we define the C*80 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¢) 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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(An interactive version of this figure is available.)

where kg is the Boltzmann constant, B =5.79384 x 10*°s> s
the rotational constant, , 0.112D 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 Tey is
assumed to be the same as the dust temperature Ty,s; 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'80 excitation temperature becomes closer to Tgus in the
dense cloud regions where Ty iS lower than 20 K (Roueff
et al. 2020). In our observed region, most Ty, Values are lower
than 20 K (see Figure 13), and thus, we use Tqust @S 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:

1 - Wv)
) hy T e ® Tmp(V) dv
1 L(Vo) .-
X () J(-IBQ) 1 e @ Tmb(V)dV, (2)

where J(T) = T /(e ™/ T-1) is the source function (To =% /kg),
Tyg=2.73 K is the cosmic microwave background temper-
ature, Tryp(v) is the observed main beam temperature at velocity
v, and vq 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 (vg) in Equatlon 2 is
derived by the following relation, assuming that the *CO and
C®0 lines trace similar densities and are excited with the same

10
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temperature:
TSO 1 e W
IBCO X u 1 (3)
Tmax 1 e “%o
where 7 $.9 and T ;9 are the intensities of the C*20 (1-0) and

13C0 (1-0) transitions at the centroid velocity of the C*20 line
profiles, respectively. Here, we use an isotopic ratio
[**CO/C*®0] =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*20 by the far-UV radiation
(Shimajiri et al. 2014). In this way, the C*30 column densities
for the filaments were estimated and found to be in the wide
range between 10** and 10'® cm®?

The masses of the velocity-coherent filaments are estimated
from the Herschel column density map (André et al. 2010;
Kényves et al. 2020), which is convolved to the resolution of the
TRAO beam ( g =48"7 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 densmes of the velouty -coherent filaments
ranqe from 2.8 x 10? to 1.4 x 10% cm>? with a median of 6.1 x

cm>2. The minimum and maximum masses of these filaments
are 2.5 and 700 M, with a median of 35 M. Line masses (Miine),
which are masses within the velocity-coherent structures
divided by the lengths, are calculated to range between 14 and
175 M, pc>t (Table 2). The uncertainties of M and M. are
estimated from the observational rms error and uncertainty on the
length. The typical uncertainties of M and M, 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 ( ops, ths nth, @Nd  1or, respectively). The observed
velocity dispersion ( ops) can be given with the FWHM ( vgps)
of the line profile observed at the position of the peak emission,
in the relation of vgps =v8IN2  ,us. The thermal velocity
dispersion is defined as 1, = /kg Tqusy’ Mops for the observing
molecule with a mass of mgs and can be related to the
nonthermal contribution ( ,4) in the turbulent clouds as
follows (Myers et al. 1991):

2 2
nth VI obs ths T T

2
%obs kB Tdust
8 |n 2 mobs

4
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Table 2
Physical Properties of the Filaments in Orion B

Fil. ID l w AR ViR B Tqust tot M Miine Miioec™ Mt Nfpreehel Nchmo Core  YSO
(€] @ O @ ®) Q] @ ® © (10) (€KD) 12) 13 1 15
F1 1.8 009 193 8.93 147  035+003 45%6 264 57+£10 25%11 42 9.6 0 0
F2 08 018 438 8.732 143  038x004 27x5 40£6 6714 23x14 4.0 9.1 0

F3 20 015 135 9.598 139  0.38+003 106%13 66%7 6711 23%10 6.2 14.1 3 1
F4 09 02 34 8.8% 139  039+003 799 95+11 7111 23x10 6.1 13.8 1 0
F5 06 007 7.8 8.752 144  031+003 10x2 15+3 459 2338 2.8 6.3 0 0
F6 11 016 6.7 8.872 133  043+003 867 647 8612 2312 7.1 16.2 4 2
F7 08 011 73 9.85% 151  035+003 19+5 40+6 57+10 25+11 3.6 8.2 0 0
F8 35 012 285 9.7%8 143  037+003 185%+25 567 64+10 2310 47 10.8 2 5
F9 04 007 58 9.59§ 143  047x005 10x2 274 103x22 23x20 4.9 11.2 1 0
F10 03 007 49 9.133 142  0.33+0.03 61 14+2 519 23+38 34 7.7 0 0
F11 03 007 46 10.18%3 143 046 +0.03 16+1 49+5 98+13 23x12 8.6 19.6 0 2
F12 07 007 97 8.657 162  047+004 36+3 415  103x17 27x18 75 17.0 0 2
F13 08 010 84 9.633 201  054+003 62+5 977 13615 31x15 12.9 29.4 1 2
F14 04 007 58 9.892 157  0.50 +0.04 61 2843 11619 25+19 6.6 15.1 0 1
F15 03 006 43 8.9% 128  0.39%0.02 9+1 41+4 17 21+38 76 17.3 0 0
F16 03 005 6.6 8.89 136  048+003 11=x1 44x4  107x13 23x14 8.2 18.6 0 0
Fi7a 14 021 68 9.59% 148 034+007 84x13 77x10 54+22 25+24 48 11.0 0 0
F17b 46 014 326 9.31% 146  048+006 565+42 134+11 107+27 25+28 10.2 23.3 10 10
F17c 14 015 9.2 9.45%* 139  041+005 13210 175+9 7819 2320 14.5 33.0 2 3
F18 14 015 89 8.28¢ 139  042+003 90+11 1129 82+12 23x10 8.9 20.2 1 3
F19 1.0 017 63 8.832 146  045+002 66=+8 128 + 8 94+8 2511 11.2 25.5 0 1
F20 14 010 137 9.658 147  036+0.03 496 43+5 60+10 259 5.7 13.0 0 0
F21 05 008 6.9 10.613% 149  036+004 13x2 21%3 60+13 25+13 3.8 8.7 0 0
F22 1.0 012 81 11.31§ 146  037+003 43x4 46 +5 6410 25+11 5.9 13.4 2 0
F23 47 013 370 1064 182  048+003 352+34 104+8 107+13 2914 9.8 22.3 8 2
F24 03 007 37 11.412 223  0.34%0.02 3x1 16 2 54 + 6 36+8 3.7 8.4 0 0
F25 03 006 53 9.28% 165  0.43+0.04 8x1 2714 86+16 2718 45 10.2 0 0
F26 03 007 48 9.33% 211 0.42+0.03 6+1 22+3 82+12 34+13 5.5 125 0 0
F27 06 013 49 9.75%3 188  051+004 33x4 707 121+19 3119 8.0 18.3 0 1
F28 02 006 3.1 10.813° 143  0.33+0.03 3x1 214 519  23x10 3.1 7.1 0 0
F29 05 010 538 1103 141 050+004 19%3 495 11619 23+18 6.8 15.6 0 0
F30 65 024 267 10.3%8 155  042+003 70067 130+12 82+12 25%11 76 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*®0 (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*80 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, mops = NueoMy is used, 0.31-0.54 km s>, The uncertainty on  is estimated from the
where Nusg =30 is the molecular weight of C*Oand uncertainty on the observed velocity dispersion (Table 2).
my = 1.67 x 10°?* g is the hydrogen mass.

The total velocity dispersion ; 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 \fr 2 Ke Taust :|:1 , (5) line mass of the filament in an equilibrium state under thermal

My Nhean and gravitational pressure, and the nonthermal critical line mass

. . . supported by turbulence can be estimated as below:
where  ean IS the mean molecular weight per free particle

(=2.3f7) assum_ipg the mean mass of gas with _the M h.crit 2c2 /G, (6)
cosmic composition of 71% of hydrogen, 27% of helium,

and 2% of metal (Kauffmann et al. 2008). The average total nth.crit

velocity dispersion ; of the filaments is in the range of Mine’ ZTznth,CmQ/G’ (7)

11
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where ¢ is the isothermal speed of sound using the typical dust
temperature inside the filament, G is the gravitational constant,
and 4 is the average nonthermal velocity dispersion of
filaments traced by C*0 (1-0) emission using Equation (4).
Mnerit and Mth-crt are found in the ranges of 21-36 M, pcS*
with a median value of 24 Me pcSl 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):

My 12 (8)

tot,C'8Q

where [ is the filament length, and o aso is the average total
velocity dispersion from the C'20 (1-0) emission calculated
using Equation (5) with C*®0 molecular weight ( o5 = 30).
The filament virial mass per unit length (=M /1) is referred to
as Miinevir =2 -[tzot,GSO/G (Fiege & Pudritz 2000; Arzoumanian

et al. 2013), which is ML in here. M2 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®2 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™ (1-0)integrated intensity map. The NyH™
(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 No,H™ column densities of the dense cores
using the N,H™ (1-0) emission, following the equation from
Caselli et al. (2002) as below:

8 QMnt 9 1
N (N>H -
M) "o 4T o
1 ro
q Qo ___ (9
1 exp hOksTex) 9 exd B/ks &
where Wi, is the integrated intensity of the NyH™

(1-0)emission, and are the wavelength and frequency of
the observed transition, respectively, A is the Einstein
coefficient (=3.628 x10°° s°%), 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 NoH™
fractional abundance [N,H ]/[Hz] 1.6+0.6 x 10Slo 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 My by adding the H,
column densities N (H,) over the cores. In these calculations,
we used the mean molecular weight per hydrogen molecule 1,
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 N,H™ 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 m spectral energy distributions
from the Spitzer Orion Survey (Megeath et al. 2012) and
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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*80 (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 S1 K
offset for visualization. The color codes of filaments in the top-left panel correspond to those for the decomposed C*20 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*80, 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 NH*
(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

0.5 1.0 1.5 2.0 2.5 3.0
HCO* moment 0 H33CO* moment 0 CS moment 0
0°40' @‘
N
20']
S
o
I -
® M "
[a) ]
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=
-0°20'
5h4gm 47m 46™ 5h4gm 47m 46™ 5h4gm 47m 46™
R.A. (J2000) R.A. (J2000) R.A. (J2000)

Fjgure 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> 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*CO™ (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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Figure 32. (Continued.)
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