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ABSTRACT

Context. The interstellar medium is observed to be organized in filamentary structures, and in neutral (H I) and ionized (H II) bubbles.
The expanding nature of these bubbles shapes the surrounding medium and possibly plays a role in the formation and evolution of the
interstellar filaments. The impact of the expansion of these bubbles on the interstellar medium is not well understood.
Aims. Our aim is to describe the kinematics of a filamentary molecular cloud forming high-mass stars and hosting multiple H II
regions in order to study the possible environmental impact on the properties of molecular filaments.
Methods. We present APEX 13CO and C18O(2−1) mapping observations of the 10 × 50 pc NGC 6334 molecular cloud complex. We
investigated the gas velocity structure along and across the 50 pc long cloud and toward velocity-coherent filaments (VCFs).
Results. The NGC 6334 complex is observed to have a coherent velocity structure smoothly varying by ∼5 km s−1 over its 50 pc elon-
gation parallel to the Galactic plane. We identify a sample of 75 VCFs in the C18O(2−1) position-position-velocity cube and present
the properties of 47 VCFs with a length ≳1 pc (five beams). We measure a large number of velocity gradients along the VCFs. The
amplitudes of these velocity gradients and the velocity dispersion measured along the crests increase with the column density of the
VCFs. We derive the column density and velocity power spectra of the VCFs. These power spectra are well represented with power
laws showing similar slopes for the two quantities (with a mean of about −2), although some differ by up to a factor of 2. The position
velocity diagrams perpendicular to three VCFs (selected from different physical environments) show the V-shaped velocity pattern
corresponding to a bent structure in velocity space with the filament at the tip of the V surrounded by an extended structure connected
to it with a velocity gradient. This velocity structure is qualitatively similar to that resulting from numerical simulations of filament
formation from large-scale compression from propagating shock fronts. In addition, the radial profiles perpendicular to these VCFs
hint to small-scale internal impacts from neighboring H II bubbles on two of them, while the third is mostly unaffected.
Conclusions. The observed opposite curvature in velocity space (V- and Λ-shaped) toward the VCFs points to various origins of
large-scale external compressions from propagating H I bubbles. This suggests the plausible importance of multiple H I compressions,
separated in space and time, in the formation and evolution of molecular clouds and their star formation history. These atomic com-
pressions due to past and distant star formation events are complemented by the impact of H II bubbles from present time and local star
formation activity.

Key words. stars: formation – ISM: clouds – ISM: kinematics and dynamics – ISM: structure – submillimeter: ISM

1. Introduction

Observations of the interstellar medium (ISM), especially its
molecular component, reveal the impressive organization of the
dust and gas into complex networks of filaments (e.g., Schneider
& Elmegreen 1979; Molinari et al. 2010; Men’shchikov et al.
2010; Umemoto et al. 2017; Mattern et al. 2018; Schisano et al.
2020). In molecular clouds, gravitationally unstable filaments
are now identified as the main birthplaces of individual solar-
type stars (e.g., André et al. 2010, 2014; Tafalla & Hacar 2015),
while the hubs that formed at their intersections are associated

with stellar clusters and high-mass stars (Myers 2009; Schneider
et al. 2012; Peretto et al. 2014; Kumar et al. 2020, 2022). Fil-
amentary structures and hubs are also observed in the ISM of
external galaxies (e.g., the Magellanic clouds, Fukui et al. 2019).
This extragalactic filamentary ISM, now revealed thanks to high
angular resolution observations with the Atacama Large Mil-
limeter Array (ALMA), seem to be associated with the star
formation process similar to that in our Galaxy, suggesting that
filaments are also important for star formation in galaxies in gen-
eral. An important question, which is still highly debated, is to
understand the formation and evolution of these filaments and
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to describe the physical processes leading to their fragmentation
into star-forming cores.

The matter cycle in the ISM is regulated by heating and
cooling processes, and the compression and expansion of this
interstellar material. There are two broad types of compressions
and expansions that affect both distant (∼100 pc scale) and local
(a few parsecs) environments: (1) large-scale (∼100 pc) exter-
nal, mostly neutral, compressions from expansion of H I shells
or supershells (e.g., Dawson et al. 2011; Bracco et al. 2020)
generated mainly by supernovae, and (2) small-scale (∼1–5 pc)
local and internal compressions, mostly ionized, due to present-
time stellar feedback from mainly H II regions, stellar winds, and
outflows (e.g., Russeil et al. 2016).

Recent theoretical models clearly demonstrate the role of
expanding H I shells for the formation of molecular clouds (e.g.,
Hennebelle et al. 2008; Heitsch et al. 2009; Inoue & Inutsuka
2009). In particular, these models highlight the importance of
multiple compressions for the formation of magnetized fila-
mentary molecular clouds (e.g., Inutsuka et al. 2015; Iwasaki
et al. 2019). The typical timescale of such compressions is esti-
mated in the Galactic disk to be on average ∼1 Myr (McKee
& Ostriker 1977; Inutsuka et al. 2015). Thus, the formation of
molecular clouds may last from a few million years to ∼10 Myr
or more (see, e.g., Kobayashi et al. 2017). These successive
compressions may continuously alter the density, velocity, and
magnetic field structures of the clouds, and also have a strong
impact on the formation of new generations of filaments and
consequently that of stars. While the first generation of stars
form and impact their (local) surroundings (through outflow,
jets, winds, and ionizing radiation), new cold matter is contin-
uously assembled replenishing the sites of star formation (i.e.,
filaments and hubs). This matter replenishment may be chan-
neled from within the cloud itself through molecular filaments
toward dense ridge-like main filaments (Schneider et al. 2010;
Palmeirim et al. 2013) or toward hubs (Myers 2009; Peretto et al.
2013, 2014; Treviño-Morales et al. 2019). Matter can also be
brought into the system (the cloud) by a new event of external
collision (e.g., Fukui et al. 2018b). Arzoumanian et al. (2018)
identified, in position-velocity (PV) diagrams, extended struc-
tures with mean line-of-sight (LOS) velocities offset with respect
to, and connected to the velocity of, a filament. They suggested
a multi-interaction scenario where sheet-like extended structures
interact, in space and time, with a star-forming filament, and are
responsible for its compression or disruption. Arzoumanian et al.
(2018) also identified a bent velocity structure in the PV space.
They showed that such a V- or Λ-shaped velocity structure can
result from the filament formation process by shock compres-
sion as proposed by the theoretical model of Inoue et al. (2018).
In this model, a filament is formed due to convergence of a flow
of matter generated by the bending of the ambient magnetic field
structure induced by an interstellar shock compression (see also
Inoue & Fukui 2013; Vaidya et al. 2013). This velocity structure
has also been observed toward another filament, the Musca fila-
ment (Bonne et al. 2020). More recently, in a theoretical study,
Abe et al. (2021) proposed a classification of filament forma-
tion mechanisms resulting from the variation in the relative
importance between the shock velocity, the turbulence, and the
magnetic field strength (see also the theoretical study by Chen
et al. 2020a).

To make progress in our understanding of the impact of
these two types of compressions, internal-ionized and external-
neutral, on star-forming molecular clouds, in this paper we
analyze the velocity structure of the NGC 6334 high-mass star-
forming complex as a whole and on smaller scales toward dense

filaments, both in the vicinity and away from local stellar feed-
back and H II regions. NGC 6334 is a well-studied molecular
cloud complex (see Persi & Tapia 2008, for an extensive review)
at a relatively nearby distance of 1.3 ± 0.3 kpc (Chibueze et al.
2014). NGC 6334 looks like a cat’s paw with a large number of
H II regions (Persi & Tapia 2010; Russeil et al. 2016, and see
Fig. 1) surrounding an elongated filamentary cloud that is very
bright at (sub)millimeter wavelengths (Kraemer & Jackson 1999;
Matthews et al. 2008; Russeil et al. 2013; Zernickel et al. 2013;
Tigé et al. 2017) and actively forming high-mass stars (Sandell
2000; McCutcheon et al. 2000; Muñoz et al. 2007; Qiu et al.
2011). This filamentary cloud is dominated by a 10 pc long main
filament with a line mass ranging from Mline ∼ 500 M⊙/pc to
∼2000 M⊙/pc over its crest (André et al. 2016) and it is frag-
mented into a series of cores with a mean mass ∼10 M⊙ (e.g.,
Shimajiri et al. 2019). The filament inner width is observed
to be on the order of 0.1 pc (André et al. 2016), compatible
with the findings derived from the statistical analysis of dust
continuum Herschel observations of nearby and less massive
filaments (Arzoumanian et al. 2011, 2019; Koch & Rosolowsky
2015). This similarity suggests that the gravitational fragmenta-
tion of ∼0.1 pc wide filaments may also be the main mode of
intermediate-mass star formation (Shimajiri et al. 2019; André
et al. 2019).

In this paper we study the velocity structure of the ∼50 pc
long NGC 6334 high-mass star-forming region as traced by
12CO(2−1), 13CO(2−1), and C18O(2−1) molecular line emis-
sion. This paper is organized as follows. In Sect. 2, we describe
the observational data used in the analysis. In Sect. 3, we present
the velocity structure observed toward the 50 pc long NGC 6334
cloud. In Sects. 4, 5, and 6, we analyze in greater detail the veloc-
ity structure along and across a sample of velocity-coherent fil-
aments identified toward the studied field. In Sect. 7, we discuss
the possible physical origin of the observed velocity structures of
the cloud and filaments, and suggest a scenario for the dynamical
formation of this high-mass star-forming filamentary cloud. We
give a summary of the analysis and results in Sect. 8.

2. Observations

2.1. 13CO(2–1) and C18O(2–1) APEX data

The on-the-fly (OTF) mapping observations of the 13CO(2−1)
and C18O(2−1) lines were conducted in the frame of the program
091.F-9512(A) with the Atacama Pathfinder Experiment (APEX)
and the Swedish Heterodyne Facility Instrument (SHeFI)
(Vassilev et al. 2008). The data reduction and the first anal-
ysis of these data were performed by Zernickel (2015). We
summarize here the data characteristics. The spectral range is
216.8–220.8 GHz with a spectral resolution of 88.5 kHz (corre-
sponding to a velocity resolution of 0.12 km s−1 at 220 GHz). The
spectra were smoothed to a velocity resolution of 0.3 km s−1 to
give a final average root mean square (rms) noise per 0.3 km s−1

channel of 0.44 K for 13CO and 0.55 K for C18O. The final angu-
lar resolution of both 13CO and C18O cubes is 30.′′2 (0.19 pc at
the 1.3 kpc distance of the cloud). Both cubes were reprojected
on the same grid with a pixel size of 14.′′3. The longitude range
of the map is from 350.◦4 to 352.◦6 covering the well-known
NGC 6334 main star-forming region, and also the GM 24 region
to the west and the inter-filament region toward NGC 6357 to
the east (see Fig. 1). Zernickel (2015) notes that due to the
offset position contamination by foreground and background
clouds, spectral absorption features at −141, −88, −33, −17,
and +24 km s−1 are seen over the whole map (see Fig. 4.1 of
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IFS MFS

GM24FS

10 pc

Fig. 1. Herschel maps toward the NGC 6334 cloud. Top: column density map of the NGC 6334 cloud derived from Herschel HOBYS data (Motte
et al. 2010) (see explanation in Sect. 2.4). The map is at the resolution of 18.′′2 and the contours are at column densities of 1.8 and 5 × 1022 cm−2.
The coverage of the APEX observations is shown in magenta. The three identified subregions are indicated (in yellow) from east to west: the inter-
filament system (IFS) for 352.◦3 > l > 351.◦8, the main filament system (MFS) for 351.◦8 > l > 351◦, and the GM 24 filament system (GM24FS) for
351◦ > l > 350.◦4. Middle: dust temperature map at 36.′′3 (see Sect. 2.4). The contours are the same as in the top panel. Bottom: color composite
image of NGC 6334 derived from Herschel data, where the 70µm, 160µm, and 250µm intensities are represented in blue, green, and red,
respectively. This image is from Causi et al. (2016). The contours trace the column density as in the top panel. The red circles show the positions
and sizes of the H II regions from Anderson et al. (2014) and Langston et al. (2000), and are the same as those plotted in Fig. 1 of Russeil et al.
(2016).

Zernickel 2015). In the following we focus the analysis on the
[−20,+10] km s−1 velocity range that covers the kinematics of
the gas associated with NGC 6334.

2.2. 12CO(2–1) NANTEN2 data

We included in the analysis the 12CO(2 − 1) velocity cubes
obtained with the 4 m millimeter/sub-millimeter radio telescope
of Nagoya University (NANTEN2) and described in Fukui et al.
(2018b). The final beam size of the data cube we used in this
work is 90′′ (0.57 pc at the 1.3 kpc distance of the cloud), with a
velocity resolution of 0.08 km s−1, and a typical rms noise level
of 1.1 K ch−1.

2.3. H I data

We complemented the molecular line data with the atomic H I
cube observed as part of the Southern Galactic Plane Survey1

and described in McClure-Griffiths et al. (2005) and Haverkorn

1 https://www.atnf.csiro.au/research/HI/sgps/fits_
files.html

et al. (2006). This data cube has angular and spectral resolutions
of 117′′ (0.73 pc at the distance of the cloud) and 0.82 km s−1,
respectively.

2.4. Herschel column density and dust temperature maps

In the analysis presented in this paper, we also make use of the
column density (NH2 ) and dust temperature maps (Tdust) derived
from Herschel imaging data taken as part of the HOBYS key
program (Motte et al. 2010).

The NH2 and Tdust maps were produced following the
same procedure as described in some of the papers analyzing
Herschel data, such as Könyves et al. (2015) and Schisano et al.
(2020). These NH2 maps were calculated adopting a mean molec-
ular weight per hydrogen molecule µH2 = 2.8 (e.g., Kauffmann
et al. 2008) and have an estimated accuracy of better than ∼50%
(see Könyves et al. 2015; Roy et al. 2013, 2014). We derived both
standard NH2 maps at the 36.′′3 (half power beam width, HPBW)
resolution of Herschel/SPIRE 500µm data and high-resolution
NH2 maps at the 18.′′2 resolution of Herschel/SPIRE 250µm
data. The 18.′′2 resolution corresponds to 0.11 pc at the 1.3 kpc
distance of the cloud. The multi-scale decomposition method
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Fig. 2. Integrated intensity maps, in units of K kms−1, of the 12CO(2−1), 13CO(2−1), and C18O(2−1) emission (from top to bottom). The 13CO(2−1)
and C18O(2−1) maps have a spatial resolution of 30.′′2 (corresponding to 0.19 pc at the 1.3 kpc distance of the cloud) and the emission is integrated
over the LSR velocity range −12 to 4 kms−1. The 12CO(2−1) map has a spatial resolution of 90′′ and the emission is integrated over the LSR
velocity range −25 to 12 kms−1. The blue contours trace column densities of 1.8 and 5.0×1022 cm−2 derived from Herschel data (at 36.′′3) and are
the same in all three panels.

used to derive Herschel column density maps at 18.′′2 resolu-
tion is described in detail in Appendix A of Palmeirim et al.
(2013). We here used the module hires of the getsf extraction
code (Men’shchikov 2021) to produce these NH2 and Tdust maps.
We also smoothed the 18.′′2 NH2 map to the resolution of the
APEX CO maps at 30.′′2. In this paper all the NH2 and Tdust values
correspond to those derived from Herschel data. Figure 1 shows
the gas column density and the dust temperature maps toward
the NGC 6334 complex. The footprint of the APEX maps is also
shown.

In the remainder of the paper, we refer to the entire region
studied in this work as the NGC 6334 complex. We further iden-
tify three subregions as indicated in Fig. 1-top: the inter-filament
system (IFS) for 352.◦3 > l > 351.◦8, the main filament system
(MFS) for 351.◦8 > l > 351◦, and the GM 24 filament system
(GM24FS) for 351◦ > l > 350.◦4. The IFS refers to the fila-
mentary region that connects the NGC 6334 main star-forming
region to the NGC 6357 region at l ∼ 353◦ (Russeil et al. 2010).
The GM24FS corresponds to the filamentary structures observed
in the west toward the GM 24 nebula (Fukui et al. 2018a).

3. Velocity structure of the 50 pc long NGC 6334
cloud

3.1. Velocity integrated intensity maps

Figure 2 presents the velocity integrated intensity maps for the
three lines observed toward the NGC 6334 molecular cloud

complex. For the 13CO(2−1) and C18O(2−1) lines the emission
is integrated for the local standard of rest (LSR) velocity range
between −12 and 4 kms−1, which encompasses the bulk of the
emission associated with the complex as can be seen on the
spectra averaged across the field (Fig. 3-bottom). Gaussian fits
to the average spectra of the 13CO(2−1) and C18O(2−1) lines
yield a mean LSR velocity of the cloud of about −3.6 km s−1 and
a FWHM velocity width of about 5 km s−1 (similar for the two
lines). This indicates the coherence in velocity of the 50 pc long
NGC 6334 complex analyzed here.

The C18O(2−1) integrated emission traces the elongated fil-
amentary structures of the cloud with column densities NH2 >
1.8 ×1022 cm−2 derived from Herschel data. The 13CO and 12CO
integrated intensity maps show more extended structures toward
the cloud.

We derived the 13CO(2−1)/C18O(2−1) ratio maps from
the peak intensity observed over the LSR velocity range
−12 to 4 km s−1, and estimated the mean optical depth of
the lines assuming a mean value of the abundance ratio
[13CO]/[C18O] = 5.5 (Wilson & Rood 1994) in the local ISM (see
details in Appendix A). As shown in Fig. A.1, the C18O(2−1)
emission is optically thin all over the observed field. The
13CO(2−1) emission is mostly optically thin, but shows optical
depth values up to ∼4 in the densest regions. The 12CO(2−1)
emission is optically thick.

This filamentary molecular cloud is associated with the
atomic medium traced with the atomic H I 21 cm line. The mean
H I spectrum (Fig. 3-top) shows a dip at velocities of about
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Fig. 3. Positionally averaged spectra for the observed molecular and
atomic emission. The spectra are averaged across the same observed
region defined by the footprint of the APEX maps (cf. Fig. 2). The
red vertical line indicates the peak position of the 13CO(2−1) and
C18O(2−1) emission at −3.3 km s−1. The solid black vertical line gives
the position of the extended emission at 6 km s−1, observed in emission
and absorption, in 12CO(2−1) and HI, respectively. The dashed black
vertical lines indicate the extent of the cloud emission identified in the
12CO(2−1) V1 velocity range (see Sect. 3.2).

−3.6 km s−1 associated with the molecular gas of the NGC 6334
complex. The observed extended emission of the H I spectrum
around the velocities of the molecular cloud suggests that this
cloud is embedded in and probably formed from a large-scale
atomic medium spanning a wider range in velocities.

3.2. Position velocity diagrams

Figure 4 shows position–velocity (PV) diagrams along the
Galactic longitude and averaged in latitude. These PV dia-
grams trace a coherent velocity structure smoothly varying from
∼0 km s−1 to ∼− 5,−10 km s−1 from east to west over the ∼50 pc
(∼2.◦2) long filamentary cloud, which is impressively coherent
in velocity with an overall velocity range of only ∼5 km s−1

(FWHM of the averaged 13CO and C18O spectra shown in
Fig. 3). Such large-scale (≳10 pc) velocity coherent elongated
collections of filamentary structures have also been identified
recently in a number of observational studies, and are referred
to as giant molecular filaments (e.g., Ragan et al. 2014; Kohno
et al. 2022) or Galactic bones (e.g., Goodman et al. 2014; Zucker
et al. 2015). Zernickel (2015) have investigated the possible link

between the observed ∼0.1 km s−1 pc−1 velocity gradient along
the NGC 6334 complex and the velocity structure expected from
the Galactic rotation, and concluded that this velocity gradient
is larger than what would be expected from Galactic rotation
models at the location of the NGC 6334 complex. Hence, this
velocity gradient may not result from the Galactic rotation and
may have a different origin.

Averaging the emission in latitude increases the signal-
to-noise ratio (S/N), which makes it possible to detect the
faint 12CO(2−1) emission at LRS velocities between −20 and
−12 km s−1. This extended component spanning velocities from
about −20 to −12 km s−1 where it connects to the velocity of the
denser gas of the NGC 6334 cloud has been suggested by Fukui
et al. (2018b) to trace an interaction event (started a few million
years ago) between the cloud seen now at ∼−20 km s−1 and the
NGC 6334 complex at the mean velocity of ∼−3 km s−1 (veloc-
ity channel maps are shown in Fig. 5 and described in Sect. 3.3).
Bridge features connecting two clouds in velocity space have
been used in observations to trace physical interactions between
clouds with distinct bulk velocities (e.g., Torii et al. 2011; Fukui
et al. 2018b; Enokiya et al. 2021) and have been reproduced in
numerical simulations of cloud-cloud collision (Takahira et al.
2014; Haworth et al. 2015a,b; Priestley & Whitworth 2021). We
note, however, that velocity bridges are not unambiguous signa-
tures of cloud-cloud collision. Additional evidence of physical
connection (e.g., similar distance estimates and complementar-
ity in spatial distribution of the velocity components of the two
clouds) are also needed to further confirm the interaction (see,
e.g., Fukui et al. 2018c).

The 12CO(2−1) PV map shows a narrow component at
6 km s−1, which is also detected in 13CO(2−1) at Galac-
tic longitudes around l ∼ 350.◦7, 351.◦7, and 352.◦5. This
narrow component in velocity space has been reported by
Radhakrishnan et al. (1972) and Russeil et al. (2016), from
the analysis of H I spectra, to be associated with a foreground
extended cloud layer close to the Sun and not associated with the
NGC 6334 complex.

3.3. Velocity channel maps

Figure 5 presents velocity channel maps derived from the
12CO(2−1) and 13CO(2−1) cubes. We do not show here the chan-
nel maps derived from the C18O(2−1) cubes, which are very
similar to the 13CO channel maps.

The V1 channel map is derived from the integration of
the intensity over the velocity range [−21,−12] km s−1 trac-
ing the cloud with the blueshifted velocity suggested to be
interacting with the NGC 6334 complex (see Sect. 3.2, and
Fukui et al. 2018b). The V2 channel maps (V2a, V2b, and
V2c) trace the main emission of NGC 6334 in the velocity
range [−12, 0] km s−1, where the 50 pc filamentary structures are
detected. The V3 channel map traces the main extension of the
cloud toward the east and the bulk emission of the inter-region
filaments connecting the NGC 6334 and NGC 6357 clouds
(Russeil et al. 2010); hereafter we call this extension IFS (see
Fig. 1, top). The NGC 6357 complex is located on the east around
the 353◦ Galactic longitude and is observed to be connected in
velocity to the NGC 6334 complex (Fukui et al. 2018b). The
V4 channel map derived from the integration of the emission
in the velocity range [5, 10] km s−1, traces extended structures at
a mean velocity of ∼6 km s−1 (see Fig. 5, top), thought to be a
foreground gas structure close to the Sun (Radhakrishnan et al.
1972; Russeil et al. 2016).
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Fig. 4. Position–velocity (PV) diagrams in units of K(TMB) for the 12CO(2−1), 13CO(2−1), and C18O(2−1) emission (from top to bottom). The
13CO(2−1) and C18O(2−1) maps have a spatial resolution of 30.′′2. The 12CO(2−1) map has a spatial resolution of 90′′. These PV diagrams are
averaged in latitude across the cloud for 0.◦4 ≤ b ≤ 1◦. The white contours indicate the C18O(2−1) intensity at 1 K and are the same for the three
panels. In the top panel the thick white contour corresponds to the 12CO(2−1) intensity at 0.6 K.

Fig. 5. Velocity channel maps in units of K kms−1 for the 12CO(2−1) and 13CO(2−1) emission (left and right, respectively). The velocity ranges of
the channel maps are indicated at the bottom left of each panel. The range of the color scale (indicated by the bar for each panel) is different for
each plot. This scale was chosen to represent the dynamical range of the emission for each velocity channel map.

4. Identification of velocity-coherent filaments
(VCFs)

In the following we describe the multi-velocity-component
Gaussian fitting of the observed lines. We then present the
method used to trace elongated crests in three-dimensional (3D)
position–position–velocity (PPV) space and identify velocity-
coherent filaments (VCFs). For this analysis, we use the
C18O(2−1) cube at the spatial resolution of 30.′′2 (projected onto

a grid with 14.′′3 pixel size) and 0.3 km s−1 velocity resolution.
We analyze the C18O(2−1) emission, which is optically thin over
the cloud (see Appendix A).

4.1. Multi-component spectral fitting

We modeled the observed cube by least-squares fitting of the
C18O(2−1) spectrum at each pixel position of the 2D position-
position (PP) space. We assume that the observed spectrum is
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D. Arzoumanian et al.: Velocity structure of the NGC 6334 filamentary cloud

Fig. 6. Integrated intensity map, in units of K km s−1, of the C18O(2−1) emission (same as Fig. 2). The colored curves show the crests of the
velocity coherent filaments (VCFs) identified using CRISPy. The crests with total length (L) larger than 10 pixels are traced in cyan and numbered.
VCFs 1, 32, and 47 are identified with red arrows. The dotted purple boxes indicate the regions from which the averaged radial profiles and the PV
maps are derived (see Sects. 6.1 and 6.2). The white crosses indicate the seven infrared high-mass star-forming regions, which are usually referred
to as sources I(N), E, I, II, III, IV, and V (from east to west) (Persi & Tapia 2008; Arzoumanian et al. 2021). Source I is indicated with the green
arrow.

the sum of several velocity components with line shapes close to
Gaussian functions. We thus use a multi-Gaussian function with
n velocity components. The model spectra, at each pixel of the
(x, y) PP space, is thus the sum of n Gaussians

T model
MB (v) =

n∑
i

T peak
i exp

[
− (v − vi)2

2σ2
vi

]
, (1)

where T peak
i , vi, and σvi are the line peak temperature [K], the

centroid velocity [km s−1], and the velocity dispersion [km s−1]
of the ith velocity component. The first step is to identify the
total number of velocity components n of each spectrum (see
also Appendix B). This is done using the first and second deriva-
tives of the spectrum with emission S/N = TMB/σTMB > 4,
where σTMB is the rms of the spectrum calculated from emis-
sion free velocities. The identified n-components are fitted using
Eq. (1). Then the fitted velocity components with peak tem-
perature T peak

i < 4σTMB and the components vi with a minimal
separation with its neighboring components vi+1 smaller than
five times the velocity resolution of 0.3 km s−1 (i.e., |vi − vi+1| <
1.5 km s−1) are discarded. The algorithm continues iterating until
the remaining fitted components satisfy the S/N and the veloc-
ity separation conditions (see Fig. B.1 for an example). We
performed several tests comparing the observed and modeled
spectra to find the parameters that most closely reproduce the
observations, and set a S/N = 4 for the peak intensity and a min-
imum velocity separation of five times the velocity resolution
of 0.3 km s−1. In Appendix B we show the velocity integrated
intensity maps of the observed and modeled cubes, and the
ratio map between the observed and model cubes R(x, y, v) =
TMB(x, y, v)/T model

MB (x, y, v). The ratio map has a median, mean,
and standard deviation of 1.02, 1.10, and 0.46, respectively, sug-
gesting that the modeled cube represents the observations well.
A total of 13283 spectra were fitted. As can be seen in Fig. B.3,
more than 88% of the spectra are fitted with a single veloc-
ity component. Only ∼10% and ∼2% of the spectra required
two or three velocity components to describe the observations,
respectively.

4.2. VCF identification

We traced the crests of elongated filamentary structures running
CRISPy on the modeled PPV cube. CRISPy (Chen et al. 2020b)
is based on the Subspace Constrained Mean Shift Algorithm
(developed by Chen et al. 2014, 2015).

We ran CRISPy setting a minimum intensity detection
threshold of 2 K (S/N ∼ 4) and a smoothing length of 2 pixels
(∼beam). We subsequently gridded the raw CRISPy result onto
our modeled cube and pruned away extra branches in each
ridge from its longest path using the algorithm and the meth-
ods by Chen et al. (2020b). This 3D graph-theory-based pruning
method is based on the 2D software developed by Koch &
Rosolowsky (2015), and the current implementation of this 3D
version simply prunes all structures that are not part of the
longest path without the need for user inputs. Further details on
the pruning methods are detailed in those papers.

The pruned 3D skeleton is then referenced to sort the mod-
eled velocity components into VCFs using the method described
in Chen et al. (2020b), with a maximum velocity separation of
0.9 km s−1 (∼3 times the velocity resolution). This analysis yields
a total of 75 VCFs identified toward the whole studied region
at the angular and spectral resolutions of 30.′′2 and 0.3 km s−1,
respectively. In the following we present the analysis of 47 VCFs
out of the 75 VCFs, that have a length greater than ∼5× beam
(0.9 pc and 10 pixels). We selected this length to ensure the
sampled VCFs have a minimum aspect ratio of 1:5 at our angu-
lar resolution, thus distinctively longer than what is considered
a core. This selection also provides a minimum number of 10
pixels to measure statistical properties (e.g., mean, dispersion)
along the crests of the VCFs.

5. Statistical properties of the identified 47 VCFs

Figure 6 shows the derived crests of the 75 VCFs overplot-
ted on the C18O(2−1) velocity integrated intensity map. Table 1
summarizes the main properties of the 47 VCFs.
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Table 1. Properties of the 47 velocity-coherent filaments identified toward NGC 6334 in the 3D PPV C18O(2−1) cube at the spatial and velocity
resolutions of 30.′′2 and 0.3 km s−1, respectively.

Crest L NH2 Mline Tdust T peak vlos σv Gvlos αNH2
αvlsr

# [pc] [1022 cm−2] [M⊙ pc−1] [K] [K] [km s−1] [km s−1] [km s−1 pc−1]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

1 3.7 18.6± 15.0 507± 447 24.3± 3.5 12.7± 3.4 –3.6± 2.5 1.1± 0.5 –2.1± 0.2 –1.50± 0.29 –1.66± 0.15
2 2.9 2.7± 1.5 47± 24 21.5± 3.0 6.3± 2.9 –9.7± 0.8 0.9± 0.1 –0.1± 0.2 –1.76± 0.47 –2.05± 1.18
3 1.3 2.1± 0.6 32± 16 19.3± 1.0 4.5± 1.4 –9.9± 0.9 0.8± 0.2 1.2± 0.4 –2.58± 0.85 –1.29± 0.50
4 3.4 8.0± 8.6 200± 231 22.1± 1.1 6.2± 2.5 –5.8± 1.2 1.0± 0.4 1.0± 0.1 –2.21± 0.18 –2.15± 0.39
5 3.9 2.9± 1.9 54± 34 18.0± 0.9 4.4± 1.4 –8.8± 1.0 0.6± 0.3 –0.8± 0.1 –2.13± 0.42 –2.33± 0.24
6 1.7 1.4± 0.3 11± 19 21.7± 1.3 4.4± 1.9 –9.0± 1.0 0.6± 0.2 0.7± 0.2 –3.44± 0.53 –2.45± 1.02
7 1.1 1.4± 0.2 11± 23 24.3± 3.7 3.5± 0.6 –9.3± 0.9 0.9± 0.4 –0.0± 0.4 –1.15± 0.21 0.72± 0.23
8 1.8 1.9± 0.3 26± 23 20.4± 1.5 4.6± 1.3 –6.5± 0.6 0.7± 0.3 –1.0± 0.1 –1.16± 0.64 –1.44± 0.07
9 1.3 7.5± 2.6 185± 85 22.3± 1.0 8.4± 1.8 –4.5± 1.5 1.0± 0.2 –1.5± 1.2 –2.05± 1.26 –2.08± 0.08
10 2.5 2.0± 0.4 27± 20 19.2± 0.6 4.7± 1.7 –7.4± 0.5 0.8± 0.3 –0.0± 0.1 –0.78± 0.37 –1.20± 0.73
11 1.7 8.1± 3.7 204± 110 18.7± 0.5 5.1± 1.7 –6.6± 0.6 0.6± 0.3 1.1± 0.1 –2.70± 0.82 –1.98± 0.40
12 1.4 2.0± 0.4 29± 20 23.0± 0.5 3.8± 0.9 –6.7± 0.6 0.8± 0.2 –1.2± 0.2 –2.16± 0.59 –1.31± 0.69
13 1.6 2.4± 0.7 40± 18 19.8± 1.0 6.0± 1.7 –6.5± 0.2 0.6± 0.2 –0.2± 0.1 –1.47± 0.73 –0.25± 0.57
14 1.4 2.1± 0.6 31± 15 17.9± 0.5 3.9± 1.0 –5.4± 0.8 0.5± 0.1 0.8± 0.2 –2.78± 0.56 –3.50± 1.73
15 1.1 1.5± 0.1 15± 26 21.0± 0.9 3.1± 0.7 –5.7± 0.5 0.7± 0.2 0.6± 0.5 –1.32± 1.39 –4.80± 5.61
16 1.9 1.9± 0.3 26± 23 19.4± 0.7 3.5± 1.0 –5.5± 0.2 0.5± 0.1 –0.2± 0.1 –1.68± 0.29 –0.87± 0.34
17 2.1 2.7± 0.6 47± 21 21.9± 1.9 7.4± 3.4 –3.2± 0.9 0.5± 0.1 –1.3± 0.1 –1.49± 0.19 –2.01± 0.34
18 1.6 4.2± 1.2 91± 35 22.2± 1.2 6.0± 1.6 –5.2± 0.7 1.3± 0.4 –1.1± 0.3 –0.95± 0.34 –0.56± 0.61
19 3.0 1.9± 0.5 25± 16 18.7± 0.7 3.9± 0.9 –5.1± 0.8 0.6± 0.2 –0.4± 0.1 –1.13± 1.14 –1.88± 0.54
20 1.1 1.8± 0.3 23± 21 18.9± 0.7 4.1± 0.7 –3.7± 1.0 0.7± 0.3 –2.9± 0.4 –2.15± 0.54 –2.54± 0.26
21 3.2 2.3± 0.7 36± 16 20.2± 0.7 5.9± 2.2 –4.5± 0.4 0.5± 0.2 0.0± 0.1 –2.66± 0.74 –1.56± 0.33
22 1.1 2.3± 0.2 37± 26 23.5± 0.3 4.0± 0.9 –4.9± 0.3 0.8± 0.1 –0.1± 0.3 –1.75± 1.46 –2.73± 0.08
23 1.0 2.6± 1.0 46± 18 21.5± 0.5 5.3± 1.4 –3.2± 0.3 0.5± 0.3 0.8± 0.2 –1.18± 0.71 –2.03± 1.11
24 1.4 3.5± 1.1 72± 28 27.8± 0.6 5.4± 1.4 –3.6± 1.5 1.0± 0.3 –3.2± 0.5 –2.63± 0.66 –3.07± 0.93
25 1.1 2.4± 0.8 40± 16 18.1± 1.2 3.3± 0.4 –4.4± 0.1 0.6± 0.1 0.2± 0.1 –3.45± 0.45 –3.75± 1.39
26 3.9 3.4± 1.6 68± 31 18.9± 1.3 4.6± 1.2 –3.6± 0.4 0.7± 0.3 0.2± 0.0 –3.43± 0.43 –1.42± 0.46
27 1.6 3.3± 0.6 65± 27 26.5± 2.0 6.4± 2.1 –2.8± 1.4 1.2± 0.3 2.6± 0.3 –1.48± 1.35 –1.53± 0.45
28 1.5 6.2± 5.1 150± 130 19.9± 0.7 4.2± 0.6 –3.9± 0.7 1.3± 0.9 –1.1± 0.3 –1.18± 0.09 –2.57± 1.35
29 3.6 2.6± 1.2 46± 19 19.1± 1.2 4.0± 1.0 –3.4± 0.9 0.9± 0.2 0.2± 0.1 –1.14± 0.55 –2.69± 0.44
30 1.4 1.5± 0.2 15± 23 18.5± 0.3 3.2± 0.9 –3.4± 0.5 0.3± 0.4 –1.0± 0.1 –2.23± 1.48 –1.42± 0.87
31 1.4 15.3± 8.0 410± 255 25.9± 1.7 14.9± 4.7 –3.5± 1.3 1.1± 0.2 –2.5± 0.5 –0.81± 1.13 –1.85± 0.32
32 5.6 10.6± 11.5 275± 321 18.5± 0.7 6.6± 2.8 –3.3± 0.6 0.9± 0.6 0.0± 0.0 –2.08± 0.25 –3.16± 0.41
33 1.4 2.0± 0.3 30± 23 18.5± 0.3 3.7± 0.6 –3.5± 0.6 0.6± 0.1 –1.5± 0.2 –1.06± 0.57 –3.09± 0.81
34 1.7 3.4± 0.8 68± 27 16.4± 0.4 3.7± 0.9 –2.7± 0.7 0.7± 0.3 –1.2± 0.1 –2.08± 1.37 –2.01± 0.63
35 3.7 2.1± 0.4 32± 20 18.0± 0.4 4.1± 0.9 –3.7± 0.2 0.4± 0.3 0.0± 0.0 –2.15± 0.40 –1.02± 0.44
36 1.8 1.4± 0.2 11± 22 20.5± 0.6 3.6± 0.8 –2.9± 0.5 0.5± 0.2 –0.8± 0.1 –1.78± 0.48 –2.52± 0.30
37 3.1 1.9± 0.3 27± 22 19.6± 1.2 5.3± 1.1 –3.1± 0.4 0.4± 0.2 0.4± 0.0 –2.05± 0.56 –1.83± 0.32
38 4.1 3.4± 1.7 69± 32 17.5± 0.8 5.2± 3.3 –3.1± 0.4 0.4± 0.2 –0.3± 0.0 –2.25± 0.52 –1.91± 0.29
39 3.2 2.4± 1.0 40± 15 19.6± 1.1 4.8± 1.4 –2.6± 0.5 0.6± 0.3 –0.5± 0.0 –2.09± 0.33 –1.84± 0.33
40 1.0 2.3± 0.5 36± 20 24.9± 0.5 5.0± 1.6 –3.0± 0.3 0.7± 0.1 0.6± 0.2 –0.77± 1.20 –0.97± 3.27
41 1.1 6.2± 0.9 148± 57 28.7± 1.2 12.2± 3.5 –2.1± 0.5 0.9± 0.2 1.6± 0.2 –1.71± 0.41 −
42 2.6 1.7± 0.4 20± 20 21.1± 2.5 4.5± 1.6 –1.9± 0.4 0.6± 0.2 –0.1± 0.1 –1.77± 0.47 –2.64± 0.26
43 5.0 3.1± 1.1 59± 23 17.8± 1.4 4.6± 1.3 –1.5± 0.9 0.7± 0.5 0.4± 0.1 –1.68± 0.20 –2.08± 0.27
44 1.0 2.3± 0.2 36± 27 18.1± 0.4 3.3± 0.6 –1.4± 0.3 0.3± 0.1 –1.1± 0.1 –1.37± 0.15 –1.55± 0.69
45 2.3 2.7± 0.5 49± 23 19.2± 0.3 6.2± 2.0 –0.9± 0.9 0.6± 0.2 –0.7± 0.2 –1.36± 1.01 –1.74± 0.69
46 1.3 2.9± 0.6 55± 24 18.3± 0.2 4.0± 1.2 –1.0± 0.2 0.5± 0.1 –0.3± 0.2 –1.90± 0.24 –2.54± 0.49
47 3.5 5.3± 2.0 124± 56 15.6± 0.8 3.8± 0.7 1.2± 0.7 1.0± 0.3 –0.2± 0.1 –2.58± 0.64 –2.48± 0.56

Range 1.0 / 5.6 1.4 / 18.6 11 / 507 15.6 / 28.7 3.1 / 14.9 –9.9 / 1.2 0.3 / 1.3 –3.2 / 2.6 –3.4 / -0.8 –4.8 / 0.7
Mean 2.2 3.8 79 20.6 5.3 –4.4 0.7 –0.3 –1.9 –2.0
Stdev 1.2 3.5 99 2.9 2.4 2.4 0.3 1.1 0.7 0.9

Notes. Columns (3) to (8) give the mean and standard deviation of the values along the VCF crests (see Sect. 4.1). Columns (9) to (11) give the slopes
of linear fits and the associated errors. Columns: (1) Crest number. (2) Crest length. The VCFs of this sample are selected for L > 0.9 pc or L >
10 pixels. (3) Column density derived from Herschel observations. (4) Mass per unit length calculated using the relation Mline = µH2 mHNbs

H2
×Wfil,

where Wfil = 0.13 pc is the filament width, µH2 = 2.8 the mean molecular weight per hydrogen molecule, mH the mass of a hydrogen atom, and
Nbs

H2
= NH2 − 1 × 1022 cm−2, with NH2 being the values given in Col. (3) and 1 × 1022 cm−2 the mean value of the local background. (5) LOS

averaged dust temperature derived from Herschel observations. (6)–(8) Mean and standard deviation of the C18O(2−1) line peak temperature
(T peak), centroid velocity (vlos), and velocity dispersion (σv) derived from the multi-velocity Gaussian fit analysis (see Sect. 4.1). (9) Velocity
gradient along the VCFs. (10) Slope of the column density power spectrum. (11) Slope of the velocity power spectrum. The bottom three rows give
the observed range (minimum / maximum), the mean value, and the standard deviation (Stdev) of each property.
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D. Arzoumanian et al.: Velocity structure of the NGC 6334 filamentary cloud

Fig. 7. Scatter plots of measured parameters for the 47 VCFs. The values are averaged along the crests of the VCFs. The data points in red, yellow,
and blue indicate VCFs 1, 32, and 47, respectively. Left: velocity dispersion vs. column density. The horizontal and vertical bars indicate the 1σ
dispersions of NH2 and σv about their average value along the crests. The diagonal line shows the best power-law fit σv ∝ N 0.32

H2
. Middle: velocity

gradient Gv (given in absolute value) vs. column density. The horizontal bars indicate the 1σ dispersion of NH2 (same as left panel). The vertical
bars give the 1σ uncertainty of the linear fits to the velocity fluctuations along the crests. Right: velocity dispersion vs. Gv (given in absolute value).

5.1. Mean properties along the VCF crests

The mean length of the VCFs is ∼2 pc with some of them as
long as ∼5 pc. They span a column density range of an order of
magnitude about a mean value of ∼4 × 1022 cm−2 (as derived
from Herschel data). The LOS averaged dust temperature map
as derived from Herschel data indicates a mean value of ∼20 K,
which is on average larger than the dust temperature observed
toward low-mass star-forming regions of the Gould Belt (e.g.,
Arzoumanian et al. 2019), indicating the possible influence of
young (massive) stars in heating the dense gas (at least the exter-
nal layers of the filaments). This heating may originate from
the surroundings of the filaments, from neighboring H II regions
for example, or it may originate from inside the filaments, from
young massive stars or star clusters forming along the filaments
(see discussion in Sect. 6.1 below). These filaments are mostly
thermally supercritical with line masses (Mline) greater than the
critical equilibrium value for isothermal cylinders Mline,crit =
2 c2

s/G ∼ 28 M⊙/pc for a gas temperature of 20 K (e.g., Ostriker
1964; Inutsuka & Miyama 1997). The mass per unit length of
the VCFs is calculated as Mline = µH2 mHNbs

H2
× WVCF, where

WVCF = 0.13 pc is the VCF width2, µH2 = 2.8 is the mean molec-
ular weight per hydrogen molecule, mH is the mass of a hydrogen
atom, and Nbs

H2
= NH2 − 1 × 1022 cm−2 is the background sub-

tracted column density (derived from Herschel data) averaged
along the VCF. The background value ∼1 × 1022 cm−2 is the
mean NH2 toward the regions of the molecular cloud not traced
by C18O (see also the discussion of the similar background value
estimated in this region by Arzoumanian et al. 2021).

Figure 7, left shows the mean velocity dispersions of the
VCFs as a function of their mean column density. The mean
velocity dispersion corresponds to the mean value of the fit-
ted velocity dispersions (i.e., line width) of the corresponding
velocity component at each position along the VCF. The mean
velocity dispersions of the VCFs show an increasing trend as a
function of their mean column density with a best fit linear rela-
tion of σv ∝ N 0.32

H2
(Fig. 7, left). This relation is similar to what

was derived for the sample of thermally supercritical filaments
presented in Arzoumanian et al. (2013) and was interpreted as

2 This 0.13 pc width value corresponds to an effective filament width
of 1.3 × 0.1 pc measured by Arzoumanian et al. (2019) to enclose the
mass of a 0.1 pc wide filament with non-Gaussian wings beyond the
0.1 pc inner width.

resulting from the evolution of the filaments by accretion of sur-
rounding matter. We measure many velocity gradients along the
VCF crests. We quantify the velocity gradients with linear 1D
fits of the observed velocity along the crests (see Fig. 10, mid-
dle). We find a large scatter in the measured velocity gradients
for filaments with NH2 ≲ 5×1022 cm−2 and a tentative increasing
trend for filaments with NH2 ≳ 5 × 1022 cm−2 (Fig. 7, middle).
The filaments with larger velocity gradients tend to also show
larger velocity dispersions. We note, however, that the observed
velocities are LOS projected velocities and small velocity gradi-
ents may be due to the orientation of the filament close to the
plane of the sky or to the variation in the sign of the gradient
along the crest, as is the case for VCF 32 (see Fig. 7-middle and
Sect. 6).

5.2. Column density and velocity power spectra of the VCFs

In order to quantify the observed column density and veloc-
ity fluctuations, in this section we present the analysis of the
one-dimensional (1D) power spectrum along the crests of the
identified VCFs. The power spectrum P(k) of Y(l) (one of the
VCF properties) is proportional to the square of its Fourier
transform, and can be expressed in 1D as

P(k) =
1
L
|Ỹ(k)|2, (2)

where Ỹ(k) =
∫

Y(l) exp−2iπkl dl is the Fourier transform of Y(l), l
is the spatial position along the crest, k is the angular frequency,
and L =

∫
dl is the total VCF length. Figure 8 shows the power

spectra of NH2 (l) and v(l) of three VCF 1, 32, and 47 (see also
Sect. 6 for the analysis of these three selected VCFs). No charac-
teristic scales can be seen on the power spectra of both NH2 and
v, which are well represented by power laws down to the angular
resolution of the data (30.′′2 or s ∼ 1.2 arcmin−1). The observed
power spectra are fitted with a power law function in log-log
space where k = 1.2 arcmin−1 (the smallest resolved scale) is the
highest frequency data point used for the fit. Figure 9-top shows
the distribution of the αNH2

and αv slopes of the NH2 (l) and v(l)
power spectra, with mean values of ∼−1.9±0.7 and ∼−2.0±0.9,
respectively (see Table 1). Figure 9-bottom shows that the sta-
tistical difference between the αNH2

and αv slope values for the
same filaments are close to zero with a mean value of 0.15±0.99.
This difference is 0.07 ± 0.81 and closer to zero when only the
VCFs with length L > 20 pixels are considered. A subselection
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Fig. 8. Power spectra of the column density (blue) and the velocity (purple) for the VCF crests 1 (left), 32 (middle), and 47 (right). The amplitudes
of the power spectra are scaled so they can be plotted on the same panel. The red lines show the best linear fit to the power spectra and the values
of the slopes are indicated in the corresponding panels. The vertical black solid lines indicate the 30.′′2 angular resolution of the data equivalent to
∼1.2 arcmin−1, which is the highest frequency data point used to fit the power spectra.

of

Fig. 9. Distributions of the power spectrum slopes. Top: distribution
of the power spectrum slopes of the column density (αNH2

) and veloc-
ity (αv) in purple and blue, respectively, for the 47 VCFs. The dashed
vertical line indicates the −5/3 value. Bottom: difference between the
power spectrum slopes of the column density and velocity (αNH2

− αv).
The solid and dashed histograms are for the 47 VCFs and the 22 VCFs
with L > 10 pixels and L > 20 pixels, mean and standard deviation of
0.15 ± 0.99 and 0.07 ± 0.81, respectively.

of VCFs with L > 20 pixels (10 beams) ensures a statistically
larger number of resolution elements to describe the fluctuations
along the VCF crests.

The best fit slope value of the NH2 fluctuation along VCF 1 is
also similar to the value found by Arzoumanian et al. (2021) for
a longer section of the filament, namely the combined crests of
VCFs 41 and 1, and at higher angular resolution (down to 14′′).
We discuss possible implications of this analysis in Sect. 7 below.

6. Properties along and across the crests of
selected VCFs

Figure 10 shows the variation of the properties along the crests
of three VCFs 1, 32, and 47, which are part of the subregions
IFS and MFS, respectively (see Fig. 6). We select these VCFs
because they are located in different environments, yet are part of
the same molecular cloud and connected in velocity (see Fig. 5).
We compare below their observed properties to study the envi-
ronmental impact on the formation and evolution of filament
systems.

6.1. Description and properties of selected VCFs

VCF 1. VCF 1 corresponds to a section of the well-studied
star-forming NGC 6334 main filament (e.g., Russeil et al. 2013;
André et al. 2016; Sadaghiani et al. 2020; Arzoumanian et al.
2021). This VCF has a length of ∼3.7 pc, a mean column den-
sity of ∼2 × 1023 cm−2, a column density contrast of ∼30, and a
mean LOS averaged dust temperature of ∼24 K. This VCF cor-
responds to the MFS-warm region in Fig. 6. The PACS 70µm
emission along the crest shows values of ∼50 MJy sr−1 over the
southern ∼1 pc tracing the heated dust from the surrounding H II
regions and also a narrower 70µm peak of ∼100 MJy sr−1 toward
its other end tracing the feedback from the young star cluster
(identified as source I; see, e.g., Persi & Tapia 2008).

The radial profiles across the MFS-warm region, perpendic-
ular to the VCF 1 crest, present the properties of its immediate
environment (Fig. 11-right). The effect of compression is visi-
ble in the radial column density profile, which is sharper on the
side (r > 0) associated with the stronger and extended PACS
70µm emission and higher dust temperatures associated with
the feedback from the H II regions.

In our observations we detected a single VCF, while two
or three velocity components have been fitted toward localized
spectra in this region (see Fig. B.3). However, the other veloc-
ity components were not identified as elongated and continuous
velocity components in our analysis of the C18O(2−1) data given
the conditions in terms of intensity threshold and minimum
velocity separation (see Sect. 4.1). ALMA high angular resolu-
tion N2H+ observations, however, resolve at least two elongated
velocity-coherent structures (Shimajiri et al. 2019).

A large-scale velocity gradient of a magnitude of
∼2 km s−1 pc−1 is seen over its crest (Fig. 10). This large-scale
velocity gradient was identified by Zernickel et al. (2013) using
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Fig. 10. Properties along VCF crests 1, 32, and 47 (from left to right). The zero offsets correspond to the most southwestern end of the crests (as
seen on Fig. 6). Rows from top to bottom: (1) column density derived from Herschel data. (2) LOS averaged dust temperature derived from Herschel
data. The horizontal blue lines indicate the mean background temperature around the VFCs of ∼17.9± 0.2 K. (3) PACS 70µm flux. The horizontal
blue line indicates the mean background emission of ∼146± 23 MJy sr−1. (4) Velocity. The black vertical lines on each data point show the velocity
dispersion (same as the values shown in row 5). The black lines show a linear fit to these data points. The velocity resolution of 0.3 km s−1 is
indicated by the vertical blue lines. For VCF 1, a linear fit to the velocity >2.8 km s−1 over a length of 0.7 pc is indicated in red and corresponds to
the crest crossing the young star cluster identified as source I (see, e.g., Persi & Tapia 2008). The position of source I is indicated with the vertical
dashed green line (see also the green arrow in Fig. 6). (5) Velocity dispersion. The velocity resolution of 0.3km s−1 is indicated by the vertical blue
lines.
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Fig. 11. Radial profiles across the MFS-warm, MFS-cold, and IFS regions (from left to right; see boxes in Fig. 6). The column density, the PACS
70µm emission, and the dust temperature are shown as solid black, blue dashed, and red dot-dashed lines, respectively. The scaling of the different
curves is indicated in the caption of each panel. The r > 0 values correspond to the Galactic north.

HCO+ APEX data and is thought to be tracing longitudinal infall
motions along the filament. Another strong velocity gradient of
∼8.5 km s−1 pc−1 across 0.7 pc toward the location of the source
I is also detected (see red line in Fig. 10). This strong velocity
gradient is associated with the loop-like structure in PP space
joining the straight section of VCF 1 (e.g., the main filament
or the ridge in André et al. 2016; Arzoumanian et al. 2021) to
the star-cluster-forming infrared source I (see Fig. 6) and may be
tracing the infall of matter onto the massive star cluster. Such
velocity gradients around star-forming cores have been reported
in a number of studies suggesting to be tracing gravitational
infall (e.g., Hacar & Tafalla 2011; Liu et al. 2019; Henshaw
et al. 2020). The mass accretion rate of Ṁ ∼ 1.9 × 10−3 M⊙ yr−1

derived here toward source I is approximately the same as that
reported earlier for high-mass protostellar cores (e.g., Schneider
et al. 2010; Peretto et al. 2013). The mass accretion rate Ṁ =
ρ vinfπr2 is estimated from the density ρ = µH2 mHNH2/WVCF
with NH2 = 2 × 1023 cm−2, the infall velocity vinf = GvL with
the velocity gradient Gv = 8.5 km s−1 pc−1 over the length L =
0.7 pc, and r = WVCF/2 = 0.13/2 = 0.065 pc (the cross-section
radius of the filament).

VCF 32. VCF 32 corresponds to the MFS-cold region in
Fig. 6. It is located near VCF 1, but with slightly lower column
density (∼1 × 1023 cm−2) and dust temperature (∼18 K) values.
The PACS 70µm emission along the crest shows values that
increase toward the MFS-warm region and there is an excess of
the emission (as in the case of MFS-warm) on its northern side
(Fig. 11-middle) that may result from dust heating from the sur-
rounding H II regions. This northern side also shows a sharper
profile (r > 0) compared to the southern side that may be trac-
ing the effect of compression from neighboring expanding H II
regions. This VCF also shows an increase in the column den-
sity and the velocity dispersion toward VCF 1 or the MFS-warm
region (the zero offset in Fig. 11-middle is the closest to VCF 1),
where we also notice a change in the sign of the velocity gradi-
ent. This VCF is also thought to be undergoing merging with a
neighboring filament and onto VCF 1 (Arzoumanian et al. 2021).
Higher angular and spectral resolution observations are needed
to further study the different components toward VFC 32 and its
possible connection and/or interaction with VCF 1.

VCF 47. VCF 47 is identified in the east of the field (indi-
cated as IFS in Figs. 1 and 6). VCF 47 and the associated filament
system (IFS) is located between the two bright high-mass star-
forming regions NGC 6334 and NGC 6357 and is not well
studied (identified as the inter-region filaments in Russeil et al.

2010). The mean column density ∼5×1022 cm−2, column density
contrast of ∼3, and mean dust temperature ∼16 K makes it sig-
nificantly less dense and colder than the MFS region. VCF 47
is surrounded by a cold medium not affected by nearby H II
regions (Figs. 1 and 11-left). VCF 47 is star forming as can be
traced with the PACS 70µm localized peaks toward the young
protostellar sources (Fig. 10-bottom). Localized strong velocity
gradients are also observed toward the position of these pro-
tostellar sources (with spatial offset between the velocity and
column density fluctuations; see Hacar & Tafalla 2011) suggest-
ing filament fragmentation and matter infall from the filament
onto the compact sources (see also Chen et al. 2020b, showing
localized velocity gradients, which do not appear to correspond
to overdensities). In contrast to VCF 1, there is no large-scale
velocity gradient along the ∼3.5 pc crest of VCF 47. This dif-
ference in the large-scale velocity structure of these two VCFs
may point to the absence of a single dominant potential well
dragging the matter along the filament and to a less evolved
stage of the star formation activity and matter accumulation
in VCF 47.

6.2. Position velocity diagrams across selected VCFs

Here we study the velocity structure in the surroundings of the
IFS and the MFS regions to investigate the influence of the envi-
ronment on the filament properties. As presented above, these
two regions are located in different environments, yet part of
the same molecular cloud complex. In addition we divided the
MFS region into a warm part and a cold part toward VCF 1
and VCF 32, respectively, as indicated in Fig. 6. For these three
regions, we derived position-velocity (PV) diagrams perpendic-
ular to the crests of the VCFs and averaged the emission along
their crests. Figure 12 shows the PV diagrams of the C18O(2−1)
and 13CO(2−1) emission, across the VCFs and up to a distance
of ∼6 pc on either side of their crests.

The PV diagrams of the three regions and for both C18O and
13CO lines show a Λ- or V-shaped velocity structure (Fig. 12).
This velocity structure can be described as an extended structure
bent in velocity space with the filament at the tip of the Λ or the
V connected physically, and in velocity, through a velocity gradi-
ent, to the extended sheet-like structure. This velocity structure
was first identified by Arzoumanian et al. (2018) toward a low
column density filament in the Taurus molecular cloud, and is
thought to trace the formation of a filament from the accumula-
tion of matter flowing within a sheet-like structure compressed
by a propagating shock front. This velocity structure is consistent
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Fig. 12. Position–velocity (PV) diagrams perpendicular to and averaged along the main axes of the MFS-warm, MFS-cold, and IFS regions (from
left to right; see boxes in Fig. 6). The PV maps are in units of K(TMB) and correspond to the 13CO(2−1) and C18O(2−1) emission at the top and
bottom, respectively. The white contours indicate the C18O(2−1) intensity and are the same for the two panels of the same filament system. The
magenta contours in the left panel correspond to the 13CO(2−1) intensity. The zero offset position (on the x-axes) corresponds to the Galactic south
side of the filament systems. At the distance of this cloud 10′ corresponds to 3.8 pc. The position of the filaments are indicated with a dark blue
circle and the velocity gradients induced by the compression are shown as converging red dashed arrows toward the filament. Longitudinal PV
diagrams along the crest of VCF 32 of the MFS-cold region are shown in Fig. C.1.

Fig. 13. Schematic view of the suggested scenario where propagating extended gas structures interact with the NGC 6334 complex, resulting in the
formation or altering the properties of the filament systems MFS-warm, MFS-cold, and IFS (from left to right). These sketches are in the PP space
perpendicular to the filament along the axes. The velocities of the different structures are indicated in the LSR frame according to the PV diagrams
(Fig. 12). The shock front is indicated in the post-shock configuration. The left and right arrows (<< and >>) indicate the more blueshifted and
more redshifted velocities, respectively, with respect to the velocity of the extended sheet-like structures. The velocity of the sheet-like structure is
connected to the filament velocity through a velocity gradient. The ambient B-field (indicated by the black lines) is parallel to the shock front.

with the filament formation scenario in compressed magnetized
sheets proposed by Inoue et al. (2018) (see also Inoue & Fukui
2013; Vaidya et al. 2013; Abe et al. 2021). We note, however, that
both the mass and the spatial scales of the analyzed filaments
in Arzoumanian et al. (2018) and this work are different. In the
latter the filament has Mline ∼ 1 M⊙ pc−1 and the PV diagram
shows the velocity structure across ∼0.2 pc, while the filaments
analyzed here have Mline > 100 M⊙ pc−1 and the scale of the PV
diagram is ∼10 pc. Hence, variations in the PV diagrams at these
different scales are expected.

We also notice the difference in the velocity shape of the PV
diagrams of the different regions, with a Λ-shape for the IFS and
the MFS-warm and a V-shape for the MFS-cold (identified with
the red arrows in Fig. 12). Since the IFS and the MFS regions are
part of the same cloud, the opposite-sided compression scenario
is the only logical explanation. For the IFS and the MFS-warm,
the observed Λ-shaped structure suggests that the original veloc-
ity of the compressing structure should be blueshifted (in the
LSR) with respect to the velocity of the VCF crest with a veloc-
ity gradient connecting both structures. For the MFS-cold, the
observed V-shaped structure suggests that the original veloc-
ity of the compressing structure should be redshifted (in the

LSR) with respect to the velocity of the VCF crest with a veloc-
ity gradient connecting the two structures (see Fig. 13 for a
schematic representation). Longitudinal PV diagrams along the
crest of the MFS-cold region all show V-shaped velocity struc-
tures although the structures vary in space from east to west
(Fig. C.1).

An extended emission at about −16 and −20 km s−1 is seen
on the 12CO(2−1) PV diagram in Fig. 4 (hereafter referred to as
the −20 km s−1-cloud). Velocity bridge-like structures connect-
ing the velocities of this cloud and the mean velocity of the MFS
and IFS are also seen. These velocity bridges have already been
reported by Fukui et al. (2018b) toward the NGC 6334 com-
plex, and are thought to be tracing a physical connection and
interactions between these clouds with different mean veloci-
ties (see also results from numerical simulations; e.g., Haworth
et al. 2015a,b). This blueshifted −20 km s−1-cloud may be the
cloud interacting with the NGC 6334 complex at a mean LSR
velocity of −3 km s−1, and at the origin of the observed Λ-
shaped velocity structure. The causal connection between the
blueshifted cloud and the Λ-shaped velocity structure toward
the analyzed filament system is, however, speculative at this
stage.
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The V-shaped velocity structure that we see now toward the
MFS-cold could be the result of a different (redshifted) com-
pression. There is atomic H I emission at velocities >0 km s−1

(Fig. 3); it is, however, not possible to identify the compressing
redshifted cloud with these data alone.

7. Interpretation and discussion

The NGC 6334 complex is one of the most prominent Galac-
tic high-mass star-forming regions at <2 kpc. It has an extent of
∼50 pc parallel to the Galactic plane. The dense gas is observed
to be filamentary. While new generations of stars are forming
along these dense gravitationally unstable filaments, the sur-
rounding warm and diffuse medium is shaped by expanding
ionized (H II) regions (at scales of ∼1–10 pc) generated by the
feedback from more evolved massive stars (Russeil et al. 2016,
and see Fig. 1). The asymmetry in the emission (an indication of
the total present mass) on either side of the VCFs crest of the
MFS-cold and -warm regions is likely due to the compression of
the matter by expanding H II region(s) on the northern side of
the MFS (Figs. 11 and 12, middle and left).

The 12CO(2−1) PV diagram shows the presence of an
extended structure at velocities of about −20 km s−1 (Fig. 4).
The presence of this blueshifted −20 km s−1-cloud with veloc-
ity bridges connecting the velocities of this cloud with the mean
velocity of the NGC 6334 complex (see Sect. 3) has been inter-
preted as evidence for the impact of expanding neutral H I clouds
and/or shells on ∼100 pc scales corresponding to the extent
of the NGC 6334 complex and its neighbor NGC 6357 star-
forming region (Fukui et al. 2018b). The origin of this diffuse
component around −20 km s−1 is not clear, however. It could
probably originate from the Galactic plane, as suggested by
Russeil et al. (2016). Such a large-scale compression may be
at the origin of the coherence in velocity of the ∼50 pc long
molecular NGC 6334 complex.

We suggest that the observed large-scale smoothly varying
velocity from ∼0 km s−1 to ∼−5,−10 km s−1 from east to west
of the complex (Fig. 4) may be tracing a spatial and temporal
variation of the collision. This would be expected, for exam-
ple, when the plane of the propagating shock front is inclined
with respect to the 50 pc extent of the NGC 6334 cloud (or over
the 100 pc cloud if the NGC 6357 complex is also considered).
The GM24FS region at l ∼ 351◦, with mean velocities closer to
that of the diffuse blueshifted −20 km s−1-cloud (see Fig. 4), may
have experienced the interaction earlier, while the interaction
from l ∼ 351◦ to l ∼ 352.◦5 could be more recent and ongoing
from west to east.

We compared the PV diagrams of the IFS and MFS regions,
toward the middle and the eastern side of the field (see Fig. 1),
respectively, and noticed a difference in the bending of the veloc-
ity structure with V- and Λ-shaped velocity structures in the
PV space. As discussed in Sect. 6.2, it has been suggested that
these velocity structures trace filament formation due to com-
pression. Moreover, here, the different velocity structures of the
gas in the surroundings of the IFS and MFS regions suggest that
the propagating shock fronts compressing these regions may be
propagating in different (possibly opposite) directions. We thus
suggest that these regions were formed (or at least affected) by
compressions, as hinted by the observed velocity pattern; how-
ever, these compressions may not be coeval or from the same
origin (see Fig. 13). The 12CO(2−1) PV diagram shows veloc-
ity bridges between the cloud at −20 km s−1 and the systemic
velocity of the NGC 6334 complex (Fig. 4), suggesting that the
compression is currently ongoing and the Λ-shaped velocity

structure observed toward the IFS and the MFS-warm may be
a result of this compression. The PV diagram of the MFS-cold
shows a V-shaped velocity structure suggesting that this part of
the MFS probably formed or was impacted by another episode of
compression from a propagating cloud with redshifted velocities
(see Fig. 13).

The difference in the velocity structure (V- or Λ-shaped)
toward these two regions of the same cloud points to different
origins of the compressions (Fig. 13), which can be currently
observed. These observational hints may indicate the impor-
tance of multiple compressions in the formation and evolution
of molecular clouds as predicted by theory (e.g., Inutsuka et al.
2015; Iwasaki et al. 2019).

The PV diagrams in Fig. 12 also show stronger CO emis-
sion (a larger mass reservoir) in the surroundings of the MSF
region suggesting more available matter to be accreted onto the
star-forming filament compatible with the intense star-forming
activity in this region. Matter accretion onto VCF 1 and the hubs
of the region are also suggested by the velocity gradients (of
about ∼1–3 km s−1 pc1; see Table 1) identified along VCFs 11,
18, 24, 28, and 40 converging toward VCF 1. The increase in the
velocity dispersion as a function of the column density of the
VCFs may also trace this matter flow along the filaments and
onto hubs. The magnetic field structure as derived from polar-
ization observations is perpendicular to VCF 1 and along the
filaments (i.e., VCFs 11, 18, 24, 28, and 40) connected to VCF 1
from the side (Arzoumanian et al. 2021), compatible with the fil-
ament formation scenario described in Sect. 6.2. The IFS, on the
other hand, shows much less CO emission (smaller mass) in the
surrounding of VCF 47, which has probably already accreted a
large fraction of the matter present in the compressed sheet-like
cloud. VCF 47 is undergoing star formation traced by the dense
fragments and the presence of protostellar sources, but it is less
active than its MSF neighbor.

We analyzed the velocity and column density power spectra
along the crests of the VCFs, to compare with theoretical models.
While velocity structure function analyses along filaments have
been previously analyzed (Hacar et al. 2016), in this paper the
slopes of the velocity power spectra along filaments are quan-
tified for the first time observationally to be directly compared
with theoretical models. Misugi et al. (2019) recently found
that cylindrical filaments characterized by a 1D Kolmogorov
velocity power spectrum slope of −5/3 will fragment into cores
showing a distribution of angular momentum compatible with
the observations. They demonstrated that this 1D Kolmogorov
velocity fluctuations (with a slope of −5/3) along the cylindrical
filaments may be inherited from the 3D Kolmogorov velocity
fluctuations (with a slope of −11/3) of the surrounding cloud
provided the mass in the filaments is a small fraction of the total
mass of the cloud (compatible with the results of Arzoumanian
et al. 2019). Inutsuka (2001) has also suggested that filaments
with column density fluctuations with a power-law slope of −1.5
(close to −5/3) would fragment and form stars with a distribu-
tion of mass following the expected Salpeter (1955) power-law
slope at the high-mass end. This theoretically suggested slope
for column density fluctuations is compatible with the statistical
results (−1.6 ± 0.3) found by Roy et al. (2015) from the 1D anal-
ysis of the column density (mass per unit length) along the crest
of a sample of 80 filaments observed by Herschel in the Gould
Belt.

The mean values of the slopes α of the NH2 and the v
power spectra measured here toward the 47 VCFs are about
−2, with a mean difference between the slopes of NH2 and v of
0.15±0.99 for the VCFs with a length >10 pixels and 0.07±0.81
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for the VCFs with a length >20 pixels. The similarity between
the observed slopes of NH2 and v power spectra suggested by
theoretical models and measured here observationally indicates
the dynamical coupling of the NH2 and the v fluctuations along
a filament. These fluctuations along the filaments may be inher-
ited from the turbulent fluctuation of the surrounding ISM as a
result of the filament formation process through compression.
These density and velocity fluctuations may play an important
role in the fragmentation of the filaments into star-forming cores.
Consequently, some of the properties of these cores (e.g., mass,
angular momentum) would be inherited from the properties of
their host filaments (as suggested by Misugi et al. 2019). About
50% of the measured slopes are close to −5/3 (e.g., for VCF 1
in Fig. 9) and would be compatible with the theoretical predic-
tion of Misugi et al. (2019) from the formation of cylindrical
filaments out of a more massive cloud with 3D Kolmogorov
velocity fluctuations. We plan future investigations, using higher
angular and spectral resolution data and dedicated MHD numer-
ical simulations to better understand the origin of the observed
distributions of the power spectrum slopes.

8. Summary and conclusions

In this paper we presented the velocity structure of the ∼50 pc
long NGC 6334 high-mass star-forming region as traced by
NANTEN2 12CO(2−1) and APEX 13CO(2−1) and C18O(2−1)
molecular line emission. Our main results can be summarized as
follows:

– This cloud has a coherent velocity structure over its 10 ×
50 pc extent with a smoothly varying velocity field from
∼0 km s−1 to ∼−5,−10 km s−1 from east to west (Fig. 4).
The C18O(2−1) emission traces the elongated filamentary
structures of the cloud with column densities NH2 > 1.8 ×
1022 cm−2 derived from Herschel data. The 13CO and 12CO
emission show more extended structures toward the cloud
(Fig. 2).

– We traced velocity-coherent-filaments (VCF) in the 3D PPV
C18O(2 − 1) cubes. We identified a total of 75 VCFs in the
fully studied field. Of these 75 VCFs, 47 have a length greater
than 5 beams (0.9 pc). We analyzed the observed properties
along these 47 VCFs (Table 1).

– The mean length of the VCFs is ∼2 pc; some are as long
as ∼5 pc. They span a column density range (as derived
from Herschel data) of an order of magnitude about a mean
value of ∼4 × 1022 cm−2. The LOS averaged dust tempera-
ture derived from Herschel data indicates a mean value of
∼20 K. The mean velocity dispersion of the VCFs show an
increasing trend as a function of their mean column density
with a linear relation of σv ∝ N 0.32

H2
. Most of the identified

VCFs show longitudinal velocity gradients along their crests.
The filaments with larger velocity gradients also tend to
show larger velocity dispersions and mean column densities
(Fig. 7).

– We measured the column density (NH2 ) and velocity (v)
power spectra of the VCFs. We show that the power spec-
tra of both NH2 and v can be well represented by a power-law
function, and no characteristic scales are detected down to
the resolution of the data. The slopes of both the NH2 and v
power spectra for each VCFs are similar. The mean power
spectra slope of the full sample is α ∼ −2. The mean and the
standard deviation of the statistical difference between the
two quantities are 0.15 and 0.99, respectively (see Table 1).

– We described in greater detail the properties of three VCFs
(1, 32, and 47) and we compared their observed proper-
ties. VCF 1 corresponds to a section of the well-studied
NGC 6334 main filament actively forming (high-mass) stars
and affected by stellar feedback from young massive stars
and stellar clusters. A large-scale velocity gradient of a mag-
nitude of ∼2 km s−1 pc−1 can be seen over its crest tracing
matter flowing along the filament and infalling onto the mas-
sive star cluster (Fig. 10). Other identified VCFs connected
to VCF 1 show velocity gradients indicating matter flow
onto VCF 1 and hubs formed along its crest. VCF 32 also
shows signatures of compressions, but is colder on average.
VCF 47 seems to be colder, younger, and less impacted by
surrounding stellar feedback.

– We compared the PV diagrams of the three filament sys-
tems associated with VCF 1, 32, and 47 (IFS, MFS-cold,
and MFS-warm, respectively; see Fig. 12). The three PV
diagrams show V- and Λ-shaped velocity structures compat-
ible with the filament formation by compression (Sect. 7 and
Fig. 13). Moreover, we suggest that the presently observed
difference in the curvature of the velocity structure (i.e.,
V- and Λ-shaped) toward these filament systems may result
from different origins of the compressions. This may also
indicate the importance of multiple compressions in the
formation and evolution of filamentary molecular clouds.

The observational results presented in this paper suggest the for-
mation and evolution of filamentary molecular clouds induced
by multiple compressions from expanding shells. However, the
origin of these shells is not well constrained. We anticipate future
studies to better understand the origin and the impact of these
propagating shells on the surrounding medium and on the star
formation process. Quantitative comparisons with dedicated
MHD numerical simulations will also be important to better
understand the role of compressions from expanding shells in the
formation and evolution of filamentary molecular clouds. High
angular and spectral resolution observations toward this filamen-
tary cloud would also be valuable to better constrain the origin
and the variations of the velocity and density structures along
and across these filaments.
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Appendix A: Ratio maps and optical depth

Figure A.1-left shows the R13/18 = T
13CO/T C18O ratio map of

the peak intensity observed over the LSR velocity range −12
to 4 kms−1, and the estimated mean optical depth values τ13 and
τ18 of the 13CO and the C18O lines, respectively. The mean opti-
cal depth values of the lines are derived from the R13/18 ratio by
solving the relation

R13/18 =
T 13

ex [1 − exp(−τ13)]
T 18

ex [1 − exp(−τ18)]
(A.1)

on a pixel by pixel basis (see also, e.g., Arzoumanian et al.
2013; Zernickel 2015). In Eq. A.1 τ13 = Xτ18 , with X =
[13CO]/[C18O] = 5.5 (the mean value of the abundance ratio in
the local ISM; e.g., Wilson & Rood 1994) and we assume a uni-
form excitation temperature (T 13

ex = T 18
ex ) along the LOS for both

isotopomers.
As shown in Fig. A.1, the C18O(2−1) emission is optically

thin all over the observed field. The 13CO(2−1) emission is
mostly optically thin but shows optical depth values up to ∼4
in the densest regions. The 12CO(2−1) emission is optically
thick. We thus use the C18O(2−1) PPV cube to identify the
velocity-coherent filaments.

Fig. A.1: Intensity ratio and optical depth estimates. Top: Ratio
map R13/18 = T

13CO/T C18O, τ13, and τ18 (from top to bottom).
The ratio map is derived from the peak emission at the spatial
resolution of 30′′. Only pixels with T 18 > 3σ have been con-
sidered, where σ = 0.4 K. Middle: Distribution of the values
of the ratio map. Bottom: Distribution of the optical depth of
13CO(2−1) and C18O(2−1) emission shown in red and black,
respectively. The C18O(2−1) emission is optically thin over the
entire studied region.
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Appendix B: Multi-velocity component fitting
results

We use an automated procedure to identify multiple velocity
peaks along each spectra to be fitted with a multi-Gaussian
function as described in Sect. 4.1. We use the first and second
derivatives to find the surroundings of the peaks to be fitted,
where the absolute value of the first derivative reaches a max-
imum and the second derivative changes sign. Figure B.1 shows
an example of a spectrum fitted with two velocity components.

Figure B.2 shows the velocity integrated intensity maps
derived from the observed (TMB(x, y, v)) and modeled
(T model

MB (x, y, v)) C18O(2 − 1) cubes toward the middle and
west regions of the field (i.e., the MFS and GM24FS regions).
The median, mean, and standard deviation values of the ratio
map R(x, y, v) = TMB(x, y, v)/T model

MB (x, y, v) are 1.02, 1.10, and
0.46, respectively, for an intensity threshold of S/N = 4. We
also derived modeled cubes for S/N = 3 and 5. The mean and
standard deviation values of the ratio maps are 1.16 and 0.75
for the S/N = 3 run, and 1.08 and 0.37 for the S/N = 5 run,
respectively. The standard deviation of the ratio map for the
S/N = 3 run is larger than the runs with S/N = 4 and 5. The run
with S/N = 5 has ∼30 % fewer fitted spectra compared to the
run with S/N = 4. For the analysis presented in this paper we
thus selected the modeled cube derived with S/N = 4.

Figure B.2 also shows a map of the number of velocity com-
ponents fitted for each pixel (toward each LOS). More than
88% of the spectra are fitted with a single velocity component
and only ∼12% of the spectra required two or three velocity
components to describe the observations.

Fig. B.1: Example of an observed spectrum and the differ-
ent steps of the n-Gaussian fitting procedure. Top: Observed
C18O(2−1) spectra toward a position in the center of the map
(top). The blue and red curves show the five individual Gaussian
functions and the sum of all the fitted Gaussians, respectively.
The dotted line shows the intensity threshold corresponding
to S/N = 4σ. Here σ = 0.6 K. The second derivative of the
C18O(2−1) spectra shown in the top panel (bottom). The blue
horizontal lines show the region where the first guess for each
of the Gaussian fits is identified indicated by the red symbols
defining the points surrounding a peak to be fitted. Middle:
Second iteration of the Gaussian fits where the Gaussian compo-
nent not following the given criterion on the velocity resolution
(5 × 0.3 km s−1) are discarded. A new multi-component fit is
done on the remaining positions. The result is a combined Gaus-
sian with three components. Bottom: Third iteration of the
Gaussian fits following the same procedure of the second iter-
ation. The result is a combined Gaussian with two components.
Both components follow the defined criteria and correspond to
the final result of the n-Gaussian fit.
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Fig. B.2: Examples of observed and modeled maps. Left: Observed and modeled moment zero map of the C18O(2−1) emission
toward the MFS (top and bottom, respectively). The intensity is shown in K km s−1. The bottom map shows the ratio of the above
two maps. The median, mean, and standard deviation values of this ratio map are 1.02, 1.10, and 0.46, resepctively. Right: Observed
and modeled moment one map of the C18O(2−1) emission toward the GM24FS (top and bottom, respectively). The unit of the maps
is km s−1. The bottom map shows the number of velocity components fitted for each pixel (toward each LOS).

Fig. B.3: Map showing the number of fitted velocity components for each C18O(2−1) spectra. The blue and red contours indicate
velocity components ≥ 2 and ≥ 3, respectively. More than 88% of the spectra are fitted with a single velocity component and only
∼12% of the spectra required two or three velocity components to fit the observed spectra. The cyan curves trace the crests of the
identified velocity coherent filaments (same as in Fig. 6). The black arrow toward the MFS indicates the location of the spectrum
shown in Fig. B.1. The red lines indicate the central positions of the slices used to derive the PV diagrams shown in Fig. C.1.

Appendix C: PV diagrams along the VCF crest

In this section we show longitudinal position−velocity (PV)
diagrams along the crest of VCF 32 for the 13CO(2−1) and
C18O(2−1) emission from east to west. The PV diagrams are
perpendicular to the crest and averaged over 4 pixels (2×beams).

A56, page 19 of 20



Fig. C.1: Longitudinal position−velocity (PV) diagrams along the crest of VCF 32 for the 13CO(2−1) and C18O(2−1) emission (left
and right, respectively). The PV maps are in units of K(TMB). Each PV diagram is perpendicular to the crest and averaged over
4 pixels (2×beams). The slices from 1 to 5 correspond to positions along the crest from east to west. The central positions of the
slices are indicated on Fig. B.3. The white contours indicate the 13CO(2−1) intensity of 1 K and 2 K and are the same for the two
panels of the same slice. The zero offset position (on the x-axes) corresponds to the Galactic south side of the filament systems. At
the distance of this cloud 10′ corresponds to 3.8 pc. The position of the filaments is between 9′ and 10′.
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