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Abstract

We present a detailed structural and gas kinematic study of the star-forming complex W5-NW. A cloud–cloud
collision scenario unravels with evidence of collision-induced star and cluster formation. Various signatures of
cloud–cloud collision such as “complementary distribution” and “bridging features” are explored. At the colliding
region, the two clouds have complementary morphologies, where W5-NWb has a filamentary key-like shape that
fits into the U-shaped cavity in W5-NWa that behaves like a keyhole. The interaction region between the two
clouds is characterized by bridging features with intermediate velocities connecting the two clouds. A skewed
V-shaped bridging feature is also detected at the site of the collision. A robust picture of the molecular gas
distribution highlighting the bridges is seen in the position–position–velocity diagram obtained using the
SCOUSEPY algorithm. Star cluster formation with an overdensity of Class I and Class II young stellar objects is
also seen towards this cloud complex, likely triggered by the cloud collision event.

Unified Astronomy Thesaurus concepts: Molecular clouds (1072); Star formation (1569); Interstellar
dynamics (839)

1. Introduction

Star and cluster formation triggered by cloud–cloud collision
(CCC) has been in focus in recent years (Fukui et al. 2021).
Galactic scale numerical simulations show that cloud collisions
are frequent events in gas-rich galaxies (Tasker & Tan 2009;
Dobbs et al. 2015). Theoretically, the formation of dense cores,
the star-forming “seeds,” in the shock-compressed interface of
colliding clouds has been seen in hydrodynamical simulation
studies (Habe & Ohta 1992; Anathpindika 2010; Takahira et al.
2014). While such shock compressions lead to smaller Jeans
mass and hence low-mass cores, high-mass star formation can
be understood from magnetohydrodynamic (MHD) simula-
tions. By introducing the effect of magnetic fields, Inoue &
Fukui (2013) show that these supersonic collisions result in the
amplification of the magnetic field due to shock compression
and enhanced turbulence in the interacting, compressed region.
This goes in favor of massive filament formation (Inoue et al.
2018), eventually fragmenting to dense, massive cores leading
to the formation of high-mass stars. The number of cores
created is a function of the relative collision velocity between
the interacting clouds, whereas the growth of these cores is
governed by how long they remain in the high-density shock-
compressed region (Takahira et al. 2014). More recently, Abe
et al. (2022) carried out shock compression simulations of
molecular clouds using 3D isothermal MHD code with self-
gravity. These authors demonstrated that long-shock-duration
models result in the formation of massive and dense filaments,
leading to the formation of high-mass stars. At peak column
densities of the order of 1023 cm−2, several OB stars or massive

star clusters can form at the shocked compressed layer
undergoing gravitational collapse. Furthermore, MHD simula-
tions by Sakre et al. (2023) have also shown that magnetic field
plays competing roles in the formation of massive cores, where
they aid in mass accumulation during the collision process and
hinder the growth after the collision. The duration of the
collision essentially decides which effect of the magnetic field
plays the more crucial role. Thus, the longer the collision time,
the more massive the cores formed.
Recent observational studies provide ample evidence

supporting the key role played by CCC in star formation.
Studies have shown induced high-mass star and cluster
formation (e.g., Issac et al. 2020a; Fukui et al. 2021), formation
of super star clusters (e.g., Fukui et al. 2014, 2016), low- and
intermediate-mass stars (e.g., Gong et al. 2017, 2019) and
massive star clusters (e.g., Sano et al. 2018; Issac et al. 2020a).
CCC resulting in the formation of single O-type stars with
surrounding H II regions has also been observed (e.g., Torii
et al. 2015, 2017). Enokiya et al. (2021b), for the first time,
explored the signatures of CCC in the Galactic Center by
applying the methodology used to identify CCC in the Galactic
disk. To compare the properties of CCC in the Galactic Center
to the disk, they derived the physical parameters of the reported
CCC candidates and established a relation between the relative
velocity, peak column density, and the number of high-mass
stars formed. They found that higher relative velocity would
require higher column density to induce high-mass star
formation, and the number of massive stars formed is also
proportional to the peak column density (refer to Figure 9 of
Enokiya et al. 2021b).
In this paper, we investigate the active star-forming region

W5-NW (IRAS 02459+6029), which belongs to the well-
studied W3/W4/W5 molecular cloud complex (Koenig et al.
2008; Ginsburg et al. 2011; Deharveng et al. 2012). This
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complex is located at a distance of 2 kpc (Hachisuka et al.
2006; Xu et al. 2006) in the Perseus spiral arm of the Milky
Way. In their extensive survey of the W5 complex using data
from the Spitzer telescope, Koenig et al. (2008) discussed the
presence of at least two distinct generations of star formation
and suggested triggering as a plausible mechanism to explain it.
Further, these authors used photometry of a large number of
point sources to analyze the spatial distributions of young stars,
and establish their evolutionary status and their clustering
properties across this large star-forming region. In their
investigation of W5-E using Herschel data, Deharveng et al.
(2012) aimed to understand the influence of the role of H II
regions on the star formation process in the vicinity. Based on
their study, they have also indicated that triggered star
formation is at work in this region. From CO molecular line
observations with the 13.7 m Millimeter Telescope of the
Purple Mountain Observatory (PMO) and the 3 m Kölner
Observatorium für Sub-Millimeter Astronomie (KOSMA)
telescope, respectively, Xin & Wang (2008) and Li & Wang
(2012) propose W5-NW to be a CCC region. These authors
report the overdensity of young stellar objects (YSOs) in the
possible collision region and also discuss that the two identified
components in CO are adjacent both in space and velocity.
With major advancements in both observational and simulation
studies (Enokiya et al. 2021b; Fukui et al. 2021, and references
therein), a more distinct CCC identification methodology (e.g.,
complementary distribution) can be implemented. With this
aim, we explore the W5-NW complex with the available higher
resolution CO(3− 2) molecular line observations carried out
with the James Clerk Maxwell Telescope (JCMT). The
CO(3− 2) transition with a higher critical density compared
to CO(1− 0) will be a better tracer of relatively high-density
regions, especially the shock-compressed layer formed due to
CCC (e.g., Torii et al. 2017). Such studies will not only
contribute to the growing statistics of CCC events but will also
enable a comprehensive picture of the role of CCC and star
formation in the Galaxy.

In presenting our analysis, the paper is structured in the
following manner. In Section 2 we give the details of the data
sets used for this study. Results derived from these data are
highlighted in Section 3. Section 4 outlines the various
signatures of CCC and how they manifest in the case of W5-
NW and also discusses the possibility of collision-induced
cluster formation in the W5-NW star-forming complex.
Section 5 summarizes the results and interpretations from this
study.

2. Observations

The analysis carried out in this study is based on archival
data sets from JCMT and Herschel Space Observatory, which
are briefly described in this section.

2.1. JCMT CO Data
12CO(3− 2) (Project ID: M07BH45B) and 13CO(3− 2)

(Project ID: M09BU04) line data taken from the JCMT Science
Archive are used to investigate the morphology and gas
kinematics of the molecular cloud complex associated with the
star-forming region W5-NW. These molecular line observa-
tions were carried out using the Heterodyne Array Receiver
Program (HARP; Buckle et al. 2009) on JCMT in scan mode.
Operated by the East Asian Observatory, JCMT is a 15 m

telescope that functions in the submillimeter wavelength
regime. HARP is a Single Sideband array receiver. It can be
tuned between 325 and 375 GHz and has an instantaneous
bandwidth of ∼2 GHz and an Intermediate Frequency of
5 GHz. It comprises 16 receptors arranged in a 4× 4 grid, with
an on-sky projected beam separation of 30″. At 345MHz, the
main beam efficiency, ηmb is 0.64, and the beam size is 14″
(Buckle et al. 2009). The 12CO(3− 2) and 13CO(3− 2) data
cubes have spectral resolutions of 0.42 and 0.06 km s−1, and
rms per channel of 1.1 and 6.5 K, respectively.

2.2. Herschel Far-infrared Maps

We have used data from the Herschel Space Observatory
archives to probe the cold dust emission associated with the
W5-NW region. This region was observed as a part of the
Herschel Infrared Galactic Plane Survey (Hi-Gal; Molinari
et al. 2010), where the observations were carried out in parallel
mode covering the wavelength range of 70–500 μm. The
images in the Hi-Gal survey were obtained with the Photo-
detector Array Camera and Spectrometer (PACS; Poglitsch
et al. 2010) and Spectral and Photometric Imaging Receiver
(SPIRE; Griffin et al. 2010). The retrieved images have
resolutions of 5″, 13″, 18″, 24″, and 36″, and pixel sizes of 3″,
3″, 6″, 10″, and 14″ at 70, 160, 250, 350, and 500 μm,
respectively. To generate the column density map (see
Section 4.1), initial reduction steps were carried out using the
Herschel Interactive Processing Environment (HIPE), which
involves image unit conversion from MJy sr−1 to Jy pixel−1,
followed by convolution and regridding of all the maps to the
lowest resolution (36″) and pixel size (14″) of the 500 μm
image. The convolution kernels are taken from the Aniano
et al. (2011).

3. Results and Analyses

3.1. CO Line Emission from W5-NW

The morphology and kinematics of the W5-NW complex are
deciphered using the molecular line observations of the
J= 3− 2 transitions of CO. The 12CO(3− 2) and
13CO(3− 2) spectra are extracted over the cloud complex
within a circular region of radius 5 6 centered at
αJ2000= 02h49m33 6; d = +  ¢ 60 44 43J2000 (refer to the green
circle in Figure 7). The averaged spectra are shown in Figure 1.
Both the optically thick (12CO(3− 2)) and optically thin
(13CO(3− 2)) transitions show two distinct emission peaks,
implying two velocity components. Though the 13CO(3− 2)
line is generally considered to be optically thin, this need not be
the case in the denser regions of the cloud. To justify this
assumption, we estimate the optical depth following the
method outlined in Liu et al. (2020). Under the assumption
of local thermodynamic equilibrium, the optical depth is
calculated from the ratio of the peak intensities of 12CO(3− 2)
and 13CO(3− 2) in the average spectra and the isotope ratio
12C/13C, which is estimated to be 71 for W5-NW (see
Equation (4) of Pineda et al. 2013). The optical depth estimated
lies within the range 0.2–0.4 for the W5-NW complex,
implying the observed 13CO(3− 2) line transition to be
optically thin across the entire region investigated here. Thus,
the two peaks could be associated with two distinct cloud
components, hereafter named as W5-NWa and W5-NWb. The
LSR velocities from the peaks of the double Gaussian fit to the
13CO(3− 2) spectrum are −41.4 km s−1 and −36.3 km s−1 for
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W5-NWa and W5-NWb, respectively. The derived line
parameters (i.e., the line width, ΔV and velocity dispersion,
σline) from the Gaussian fit of these components are tabulated in
Table 1.

The optically thick 12CO(3− 2) line is considered to be an
excellent tracer of the spatial extent of molecular clouds. The
13CO(3− 2) transition, on the other hand, being optically thin,
traces the relatively denser regions of the molecular cloud. We
construct the integrated intensity maps of W5-NWa and W5-
NWb for these transitions over the velocity ranges −46.1 to
−39.5 km s−1 and −38.3 to −31.0 km s−1, respectively,
indicated as shaded blue and red regions in Figure 1. These
regions are so chosen to effectively map W5-NWa and W5-
NWb while avoiding the interaction region. The red limit for
W5-NWa and the blue limit for W5-NWb are taken to be
~ + DV V 2LSR aa

and ~ - DV V 2LSR bb
, respectively. Here

ΔVa and ΔVb are the line widths of the
13CO(3− 2) transition

from the cloud components W5-NWa and W5-NWb, respec-
tively, derived from the double Gaussian fit to the spectrum in
Figure 1 and VLSRa and VLSRb are their respective LSR
velocities, taken from Table 1. Figure 2 shows the integrated
intensity maps for 12CO(3− 2) (top panel; (a)–(c)) and
13CO(3− 2) (bottom panel; (d)–(f)). To validate if these
velocity ranges efficiently map the distinct morphology of
different cloud components, we follow the technique used by
Enokiya et al. (2021a). In this approach, new data cubes are
reconstructed from the Gaussian fits, and the integrated
intensity maps are compared with those generated from the
original data. The maps show good agreement, thus confirming
that the velocity ranges used effectively sample the two clouds
and the morphological features associated with them (see
Appendix A for details). Figures 2(a) and (c) show the
integrated intensity maps sampling W5-NWa and W5-NWb,
respectively, and Figure 2(b) is constructed over the inter-
mediate velocity range −39.5 to −38.3 km s−1. The line
emission from W5-NWa (Figure 2(a)) shows an overall

extended morphology with a narrow U-shaped cavity opening
towards the northwest direction. The emission from W5-NWb
displays a filamentary structure (Figure 2(c)). In comparison,
the 13CO(3− 2) line mostly probes the denser regions of the
cloud.

3.2. Mass Estimate of W5-NW Cloud Complex

The total mass of the W5-NW cloud complex is estimated
from the hydrogen column density map that is constructed
using the Herschel Hi-Gal survey images. Assuming the
emission to be optically thin in the far-infrared (FIR)
wavelength range of 160–500 μm, we model flux densities at
these wavelengths with a modified blackbody function
following the formalism discussed in Liu et al. (2016, 2017)
and Issac et al. (2019, 2020b). Here, a pixel-wise spectral
energy distribution modeling is carried out, keeping the dust
temperature and column density, N(H2) as free parameters. The
opacity is taken to be κν= 0.1(ν/1200 GHz)β cm2 g−1 (Hil-
debrand 1983), where β is the dust emissivity spectral index.
We consider β= 2 (Beckwith et al. 1990), a typical value
estimated in star-forming regions. The generated column
density map is shown in Figure 7.
The mass of the cloud complex is estimated by considering

the area within the 3σ (σ= 5.73 K km s−1) contour of the
12CO(3− 2) integrated intensity map over the velocity range
−46.1 to −31.0 km s−1. From the estimated mean line-of-sight
H2 column density of 9.0× 1021 cm−2, the total mass of the
cloud complex is computed using the following expression

( ) ( )m=M N A mH , 12 H H2

where N(H2) is the mean column density, A is the physical area
of the cloud complex, and mH is the mass of atomic hydrogen.
Taking the mean molecular weight, mH2

to be 2.8, the total mass
of the cloud is calculated to be 6.7× 103Me.
To get a better understanding of the physical condition of the

W5-NW complex, we proceed to investigate the gravitational
stability of the cloud complex. For this, we compare the total
mass of the cloud with its virial mass. The virial mass of the
cloud complex is estimated using the expression (Pillai et al.
2011)

( )s
=M

R

G

5
, 2vir

line
2

where G is the gravitational constant, R ( p= A ) is the
effective radius of the cloud, and σline (=1.5 km s−1) is the
mean of the velocity dispersion values given in Table 1 for the
13CO(3− 2) spectrum. The derived physical quantities of the
W5-NW cloud complex are tabulated in Table 2. The virial
mass of the cloud is computed to be 8.1× 103Me, which is
marginally higher (by a factor of 1.2) than the total mass of the

Figure 1. Average spectra of 12CO(3 − 2) (blue) and 13CO(3 − 2) (red)
towards W5-NW. The extracted spectra are averaged over the circular region
shown in Figure 7 that covers the entire W5-NW complex. The 13CO(3 − 2)
spectrum is scaled up by 1.5 times and is boxcar smoothed by 20 channels
corresponding to a velocity smoothing of ∼1.1 km s−1. The double Gaussian
fit to the 12CO(3 − 2) and 13CO(3 − 2) lines are depicted by dashed black and
gray curves, respectively. The blue and red shaded regions highlight the
velocity ranges over which the integrated intensity maps are constructed for
W5-NWa and W5-NWb, respectively, and the vertical green lines indicate their
LSR velocities.

Table 1
Line Parameters of the 13CO(3 − 2) and 12CO(3 − 2) Transitions Towards

W5-NWa and W5-NWb

Cloud VLSR

13CO(3 − 2) 12CO(3 − 2)

component ΔV σline ΔV σline
(km s−1) (km s−1) (km s−1) (km s−1) (km s−1)

W5-NWa −41.4 3.1 1.3 3.9 1.7

W5-NWb −36.3 3.7 1.6 4.0 1.7
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cloud. Within the uncertainties involved in the mass estima-
tions, it is difficult to comment on whether the two clouds, W5-
NWa and W5-NWb, are gravitationally bound or their physical
association is a chance event. In the analysis that follows, we
investigate the cloud kinematics to search for signatures of
interaction, if any, between these cloud components.

4. Discussions

4.1. Signatures of Cloud–Cloud Collision

In a recent review, Fukui et al. (2021) have discussed
“complementary distribution” and “bridges” as bona fide
observational signatures of CCC. In this section, we explore
these for the W5-NW cloud complex from the CO line
observations.

4.1.1. Complementary Distribution and Gas Kinematics

Theoretical simulations (e.g., Habe & Ohta 1992; Anathpin-
dika 2010; Takahira et al. 2014, 2018) have postulated that the
collision between two nonidentical clouds leads to the creation
of a cavity in the larger cloud by the smaller cloud. This results
in a complementary distribution of two clouds at different
velocities. As described in Figure 3 of Fukui et al. (2018),
based on the simulations by Takahira et al. (2014), once the
collision occurs, a compressed layer is formed in the interacting
region, creating a U-shaped cavity opening in the direction of
the smaller cloud. Such a complementary distribution is
accompanied by a displacement between the cavity and the
smaller cloud due to the projection effect, and it disappears if
the projection angle is ∼0° (Fukui et al. 2021, and references
therein). Fukui et al. (2018) have identified three pairs of
complementary distribution between the colliding clouds in the
region of the Orion Nebula Cluster. The major complementary
distribution is where the blueshifted cloud is surrounded by the
U-shaped redshifted components. The other complementary
distribution seen resembles a key and keyhole situation,
referred to as the “Orion key and keyhole,” wherein the
blueshifted cloud component shows an intensity depression and
an emission feature corresponding to the depression is seen in
the redshifted component with a displacement of 0.3 pc.

Figure 2. 12CO(3 − 2) (top panel) and 13CO(3 − 2) (bottom panel) integrated intensity maps of the region associated with the W5-NW complex. (a) 12CO(3 − 2)
integrated intensity map over the velocity range −46.1 to −39.5 km s−1, corresponding to W5-NWa. (b) Same as (a) for the intermediate velocity range −39.5 to
−38.3 km s−1. (c) Same as (a) with the integration velocity range −38.3 to −31.0 km s−1, corresponding to W5-NWb. The depression in W5-NWa and the peak in
W5-NWb are marked as D and P, respectively. (d), (e), and (f) are for 13CO(3 − 2) in the same velocity ranges as (a), (b), and (c), respectively. The 13CO(3 − 2)
integrated intensity maps are boxcar smoothed across 3 pixels. The schematic of the likely keyhole and key is shown in dashed lines in panels (a) and (c), respectively.

Table 2
Derived Physical Parameters of the W5-NW Cloud Complex

R N(H2) M Mvir

(pc) (1021 cm−2) (103 Me) (103 Me)

3.3 9.0 6.7 8.1

4
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Observational evidence of complementary distribution with
displacement between the colliding clouds and also the
presence of a U-shaped cavity have been identified in a few
other CCC candidates as well (e.g., Torii et al. 2015, 2017;
Fukui et al. 2021; Sano et al. 2021). Morphologically, W5-NW
also resembles such a scenario. In Figures 2(a) and (c), we
sketch visual outlines where the cloud W5-NWb displays a
key-like shape, and the cavity in W5-NWa has a keyhole shape,
suggesting the above complementary distribution. The peak of
the key-like structure of W5-NWb (referred to as P in
Figure 2(c)) is complementary to the intensity depression in
W5-NWa (referred to as D in Figure 2(a)).

In order to obtain an additional picture of the spatial
distribution of the cloud complex through different velocities,
we examine the 12CO(3− 2) channel map of the region.
Figure 3 shows the 12CO(3− 2) channel map over a velocity
range −45 to −33 km s−1 with a channel width of 1 km s−1.
The intensity peak, P, and depression, D, corresponding to the
key structure in W5-NWb and keyhole in W5-NWa, are
marked in this figure. The distribution of the 12CO(3− 2)
emission varies significantly through the channels. In the
velocity range of ∼− 45 to −40 km s−1 (panels (a)–(e)), the
distribution is dominated by the cloud W5-NWa, wherein the
intensity depression, D is marked in Figures 3(c), (d) and (e).
And, in the range −38 to −33 km s−1 (panels (h)–(l)), W5-
NWb dominates, wherein the peak, P, is marked in
Figures 3(h), (i) and (j). In the intermediate velocity maps
(panels (f) and (g)), the U-shaped cavity resembling a keyhole

and the filamentary key-shaped cloud becomes evident. This
velocity-segregated morphology seen in the channel maps is in
good agreement with the complex gas kinematics illustrated in
the grid map of the CO(3− 2) emission (Figure 4(a)) and the
complimentary distribution.
To investigate the cloud kinematics, a two-color composite

image is made with the 12CO(3− 2) integrated intensity maps,
illustrated in Figure 4(a), where blue and red correspond to the
maps in Figures 2(a) and (c), respectively. A grid map of the
12CO(3− 2) and 13CO(3− 2) spectra are overlaid on this figure
in white and yellow, respectively. The spectra in each cell of
the grid are an average over a cell size of ¢ ´ ¢2. 3 2. 3. On
careful scrutiny, the grid reveals that both the 12CO(3− 2) and
13CO(3− 2) have varying line profiles over the cloud complex.
The spectra extracted towards the eastern (grid boxes 1, 6, 11,
16, 21, and 22) and northern (grid boxes 2, 3, 7, and 8) sides of
the complex are dominated by the velocity component peaking
at −41.4 km s−1, corresponding to W5-NWa (blue) with some
grids showing only this velocity component. In comparison, the
spectra towards the western end (grid boxes 5, 10, and 15) are
dominated by the emission from W5-NWb (red) at
−36.3 km s−1. Moving towards the inner parts of the grid in
Figure 4(a), the spectra within all the cells (grid boxes 9, 12,
13, 14, 17, 18, and 19) display prominent peaks at both
velocities. Correlating with the spatial distribution of the
12CO(3− 2) emission shown in the color scale, it is clearly
discernible that such line profiles are seen along the interacting
region.

Figure 3. 12CO(3 − 2) channel maps towards the W5-NW cloud complex. The contours start from 10σ and increase in steps of 5σ (σ = 0.6 K km s−1). Each channel
has a width of 1 km s−1. D and P are the peak and intensity depression, respectively, of the 12CO(3 − 2) emission. The maps are boxcar smoothed across 3 pixels.
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From the spectra presented in Figure 1, we estimate the
separation, v, between the LSR velocities of the components to
be ∼5.1 km s−1. This separation gives a lower limit to the
relative velocity of the clouds. The actual relative velocity
might be higher due to projection effects (Fukui et al. 2015). In
a collision event, the turbulence is enhanced in the shocked
layer between the clouds, irrespective of the direction of
collision (Inoue & Fukui 2013; Fukui et al. 2015). Hence, the
velocity spread in the shocked layer can be taken as the relative
collision velocity, vrel (Gong et al. 2017; Issac et al. 2020a, and
references therein). A rough estimate of this relative velocity is
obtained from the 13CO(3− 2) spectra of grids showing
bridging features, as these represent the interacting/collision
region. A few grids (8, 12, 13, 17) are identified, and the
velocity span above the 2σ (σ= 0.3 K) level of the spectra
extracted over these are calculated. This yields a range between
6 and 8.5 km s−1 with an average value of ∼7 km s−1.
Considering this average value, we estimate the projection
angle, θ, using the equation q=v v cosrel . It is found that the
relative motion of the two clouds is ∼45° with respect to the
line of sight.

4.1.2. Bridging Features

Apart from the integrated intensity and channel maps,
position–velocity (PV) diagrams are commonly used to
describe the gas kinematics of clouds. Typically, CCC regions
are characterized by “bridging features” between the two
colliding clouds in the PV diagram. From the synthetic PV
diagrams constructed for different astrophysical systems,
including CCC models, Haworth et al. (2015a, 2015b) have
found that such bridging features are exclusive to CCCs,
making them a distinct kinematic signature of colliding clouds.
In the spatial distribution of the clouds, such bridging features

appear at the sites of collision. Observational evidence of such
bridging features can be found throughout the literature on
CCC complexes (e.g., Fukui et al. 2016; Gong et al. 2017;
Issac et al. 2020a; Dey et al. 2022).
Figure 5 displays the PV diagrams constructed towards W5-

NW along three directions that sample the cloud complex.
These three directions are represented by green arrows labeled
A, B, and C in Figure 4(a). The PV diagrams clearly show the
well-separated clouds W5-NWa and W5-NWb at velocities
−41.4 km s−1 and −36.3 km s−1, respectively. The two clouds
are connected in the velocity space by “bridging features” with
intermediate velocities, the locations of which are indicated by
arrows in Figure 5. The positions of these bridges are also
marked on the grid map in Figure 4(a) by green circles. Such
bridging features arise from the turbulent gas in the interacting
region where there is an exchange of momentum between the
two colliding clouds, leading to the formation of an
intermediate velocity component (Fukui et al. 2021). Hence,
at these regions, the initial velocity components of the two
colliding components might not be clearly discernible and often
result in a single velocity component. Depending on the
inclination angle, this velocity component can appear skewed
(e.g., Figure 2(j) of Fukui et al. 2021). Such a profile also
manifests as a skewed “V-shaped” bridging feature in the PV
diagram (e.g., Figure 14 of Fukui et al. 2018, Figure 2(k) of
Fukui et al. 2021, and Figure 5 of Sano et al. 2021). A similar
feature is seen in the PV diagram along the cut B in W5-NW
where a clear V-shaped gas distribution is revealed, the outline
of which is traced in Figure 5. The extracted 12CO(3− 2)
spectrum towards this bridge, plotted in Figure 4(b), also
displays the skewed single-emission profile discussed above.
These kinematic features identified in the PV diagrams strongly
indicate a cloud collision scenario in W5-NW. The velocity

Figure 4. (a) Two-color composite image made with the 12CO(3 − 2) integrated intensity maps towards W5-NW. The blue and red correspond to the maps
constructed within the velocity range −46.1 to −39.5 km s−1 (W5-NWa; Figure 2(a)) and −38.3 to −31.0 km s−1 (W5-NWb; Figure 2(c)), respectively. A grid of the
12CO(3 − 2) and 13CO(3 − 2) spectra over square regions of size ¢ ´ ¢2.3 2.3 are plotted in white and yellow, respectively. The 13CO(3 − 2) spectra are scaled up by
1.5 times and are boxcar smoothed by 20 channels, corresponding to a velocity smoothing of ∼1.1 km s−1. The dashed blue and red lines indicate the LSR velocities
of W5-NWa and W5-NWb at −41.4 km s−1 and −36.3 km s−1, respectively. The green arrows labeled A, B, and C are the directions along which the PV slices are
extracted, and the green circles mark the positions of the bridging features identified from the PV diagrams in Figure 5. (b) The 12CO(3 − 2) spectrum extracted over a
bridging feature on the PV cut B shows a skewed single-emission profile.
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structures decoded from the CO transition provide a strong
indication of CCC in the W5-NW complex. In recent literature
(e.g., Nguyen-Lu’o’ng et al. 2013; Louvet et al. 2016), the low-

velocity component of SiO emission has been shown to be an
excellent tracer of colliding flows and CCC. Future high-
resolution and deep SiO observations focused towards the
identified bridging features and YSO clusters can help better
understand the mechanisms involved.
From Sections 4.1.1 and 4.1.2 we find robust evidence of

complementary distribution and bridging features for CCC
scenario in the W5-NW complex. As postulated by Fukui et al.
(2021, and references therein), the complementary distribution
of the intensity peak of the small cloud is displaced from the
depression in the larger cloud for projection angles ≠0°. The
peak, P, of the key-like structure of W5-NWb, shows a
displacement in the southeast direction from the intensity
depression, D, in W5-NWa. We estimate the displacement
between P and D following the method described in Fukui et al.
(2018), and it is found that P fits within D after displacing it by
∼1.2 pc in the northwest direction at an angle of 21°
counterclockwise from the R.A. axis. Figure 6 shows the
12CO(3− 2) integrated intensity map of W5-NWa in color
scale and of W5-NWb as the contours. The complementary
distribution of the W5-NWb key and W5-NWa keyhole can be
clearly seen in Figure 6(b) when a displacement of 1.2 pc is
applied.

4.2. Collision-induced Cluster Formation

Clustered and triggered star formation has been extensively
studied in the W5 star-forming complex (Koenig et al. 2008;
Deharveng et al. 2012). This complex comprisestwo distinct
Spitzer bubbles around the H II regions W5-E and W5-W that
are excited by O-type stars, HD 18326 (O7-V star) and HD
237019 (O8-V star), respectively. Based on Spitzer mid-
infrared observations, Koenig et al. (2008) propose ongoing
star formation in the W5-NW and W5-NE clouds to be
sequentially triggered by an initial episode of s1 (Copy)tar
formation involving HD 237019 and expansion of the H II
region. In a later study, Deharveng et al. (2012) used Herschel
far-infrared maps to arrive at a similar inference of triggered
star formation in W5-E. Their analysis suggests the new
generation of stars in W5-NE to have formed from dense
condensations compressed between the expanding H II regions.
Evidence of CCC prompts us to explore the possibility of

collision-induced star formation in W5-NW. CCC events are
known to trigger star formation in the interacting regions as
well as within the colliding clouds. High-mass star and super
star cluster formation have been reported in the literature over
recent years (e.g., Issac et al. 2020a; Fukui et al. 2021; Ma et al.
2022, and references therein). Koenig et al. (2008) investigated
the evolutionary phases of identified point sources based on
infrared colors and magnitudes and classified them as Class I/
Class II/Class III/transition disks/embedded protostars. From
the above catalog of protostars, 34 Class I and 203 Class II
sources lie within the field of view of the JCMT 12CO(3− 2)
map (~ ¢ ´ ¢14 14 ) covering the W5-NW complex.
The distribution of identified YSOs is shown in Figure 7. It

is seen from the figure that within the W5-NW complex, the
Class I and II YSOs are not randomly located but clustered
towards dense clumps of high column density (marked with red
ellipses) and along intraclump filamentary features. Three
regions of YSO clustering are evident, and these regions are
labeled as a, b, and c. An overdensity of Class I sources is seen
towards the regions b and c located towards the western part of
the complex, indicating that these may be young candidate

Figure 5. PV diagram of 12CO(3 − 2) along the cuts A, B, and C shown in the
two-color composite image of W5-NW in Figure 4. The contours start at 3σ
(σ = 0.8 K) and with increments of 3σ. The identified bridging features are
marked by white arrows. The V-shaped bridging feature is sketched in black
along the cut B.
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clusters. The 12CO(3− 2) spectra extracted towards these
regions (see Figure 7) show the presence of two velocity
components, suggesting these to be located in interacting
regions.

To obtain a clearer picture of the identified clusters and the gas
kinematics therein, we implement the Semi-automated multi-
COmponent universal Spectral-line fitting Engine (SCOUSE;
Henshaw et al. 2016) algorithm, which provides an excellent tool
to obtain a 3D view of the molecular gas distribution and
kinematics. A Python implementation of the same, SCOUSEPY
(Henshaw et al. 2019), is used here. A brief description of the
algorithm is given in the Appendix. The generated position–
position–velocity (PPV) diagram showing the distribution of
12CO (3− 2) gas associated with the W5-NW cloud complex is
presented in Figure 8. Each data point in this 3D plot (termed as
voxel) represents the position (R.A., decl.) and velocity
coordinates extracted by the SCOUSEPY algorithm. The vertical
lines mark the location of the bridging features that are identified
in the PV diagram (Figure 5). The centroid velocities of the fitted
Gaussian profiles are color encoded, which clearly demonstrates

the presence of two distinct velocity components, W5-NWa
(−46.1 to −39.5 km s−1) and W5-NWb (−38.3 to −31.0 km s−1)
connected with the intermediate velocity features (−39.5 to
−38.3 km s−1). The interacting regions with connecting velocity
structures are highlighted within the rectangle. These mostly
coincide with the vertical lines that trace the bridging features
identified in the PV diagrams. The figure also shows the
integrated intensity map of 12CO(3− 2) and the locations of the
identified clusters. The clusters a and b are in regions displaying
velocity connecting features. This is a signature of collision-
induced cluster formation. Though cluster c is not cospatial with
any bridging feature, its formation could still be triggered by a
CCC event, since bridging features tend to disappear within a
short timescale of the order of 105 yr after collision (Haworth et al.
2015a).
Further, to lend support to the above conjecture, we

estimate the collision timescale between W5-NWa and
W5-NWb from the size of the cloud, 6.5 pc, and the relative
collision velocity of the two clouds, ∼7 km s−1. The ratio
between the two gives a collision timescale of ∼0.9 Myr. It

Figure 6. (a) 12CO(3 − 2) integrated intensity map of W5-NWa (color scale) and W5-NWb (contours). (b) Same as (a) with the contours of W5-NWb displaced by
1.2 pc. The contours start from 10σ and increase in steps of 7σ (σ = 2.7 K km s−1).

Figure 7. Line-of-sight H2 column density map of the W5-NW region, generated using the Hi-Gal maps from 160–500 μm. This map has a resolution of 36″ and a
pixel size of 14″. The 3σ (σ = 5.73 K km s−1) contour of the 12CO(3 − 2) integrated intensity map is overlaid in black. The green circle is the region over which the
overall spectra described in Figure 1 are extracted. The yellow and black stars indicate the position of the Class I and II YSOs, respectively, identified by Koenig et al.
(2008). The YSO clustering regions (red ellipses) are labeled a, b, and c, and the corresponding 12CO(3 − 2) spectra extracted over these regions are shown.
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should be noted that this estimate gives an order of magnitude
at best, and the actual timescale might vary by a factor of
∼2 owing to the projection effects in space and velocity and
also the unknown configuration of the clouds prior to collision
(Fukui et al. 2014). Typical ages of Class I and II YSOs are of
the order of 0.4–0.7 Myr (Dunham et al. 2015) and 2± 1 Myr
(Evans & Dunham 2009), respectively. Within uncertainties,
the collision timescale is comparable to these. Observational
evidence of CCC, location of YSOs, and comparable
timescale of collision support the collision-induced formation
of the cluster of YSOs. However, one cannot rule out the role
of the expanding H II region in triggering the collision
event itself.

5. Conclusions

The structural and kinematic study of the star-forming
complex W5-NW unveils a likely scenario of cloud–cloud
collision that has in turn triggered star formation at the collision
zone, as well as a possible cluster formation. Several
observational signatures of CCC are explored and are
summarized below.

1. The physical association of W5-NWa and W5-NWb is
attributed to a collision event. Supporting this claim, we
see a complementary distribution of the two clouds,

where W5-NWb has a filamentary key-like structure that
fits into a U-shaped cavity in W5-NWa that acts as the
keyhole with a displacement of 1.2 pc at a position angle
of 21° from the R.A. axis.

2. Several bridging features are also seen between the two
clouds in the PV diagram. These features that arise from
the compressed layer formed due to the collision have
intermediate velocities. A skewed V-shaped bridging
feature is also detected at the site of the collision, where
the 12CO(3− 2) spectrum extracted has a skewed line
profile as well.

3. The manifestation of the cloud–cloud collision is seen in
the PPV diagram obtained using SCOUSEPY. The
connecting velocity structures in the three-dimensional
image provide a robust signature of the interaction.

4. The distribution of identified Class I and II YSOs in the
interacting region gives compelling evidence of collision-
induced cluster formation in W5-NW. This is supported
by the collision timescale of ∼0.9 Myr, which is
comparable to the typical ages of the Class I and II YSOs.

The investigation of gas kinematics in the W5-NW cloud
emphasizes the need for such observational studies to firmly
establish signatures of CCC and complement the theoretical
framework of collision, mass compression, and star/cluster.

Figure 8. PPV diagram of all fitted components in W5-NW. Each voxel denotes the spatial location and best-fit centroid velocity of the Gaussian component identified
in 12CO (3 − 2) emission using SCOUSEPY. The color of each point represents these best-fit velocities. The integrated intensity map of 12CO (3 − 2) integrated over
the full velocity range is shown at the base of the plot. The coordinates axes are specified as a relative offset from αJ2000 = 02h49m34 9; d = +  ¢ 60 44 42J2000 . The
vertical lines denote the position of the green circular apertures shown in Figure 4. Connecting velocity structures are highlighted within the drawn rectangle. Ellipses
showing YSO clusters (see Figure 7) are marked.
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Appendix A
Representative Velocity Range for the Two Clouds

In clouds with a complex velocity structure containing
multiple components, it is challenging to distinguish these
components due to the close proximity of their velocities. This
is evident in the grid map shown in Figure 4, where the
separation between the velocity peaks of the red and blue
clouds varies significantly across each grid. Consequently, any

Figure A1. Integrated intensity distribution of the original 12CO(3 − 2) cube and the reconstructed cube. (a), (b) and (c) Integrated intensity distribution of the full
reconstructed cube, reconstructed blue cloud, and reconstructed red cloud, respectively. (d), (e) and (f) Integrated intensity map of original 12CO(3 − 2) cube over
velocity ranges corresponding to W5-NW complex, W5-NWa and W5-NWb, respectively. The velocity ranges used to obtain the maps are mentioned in the top left of
panels (d)–(f). Panels (e) and (f) are the same as Figures 2 (a) and (c). Pixels where Gaussian fitting is not possible are not considered in the analysis and are excluded
from this plot.
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two fixed velocity ranges alone cannot accurately depict the
distribution of molecular emission.

To address this, we followed the method outlined in
Appendix 2 of Enokiya et al. (2021b). To implement this, we
have used the SCOUSEPY algorithm discussed in Appendix B
to fit Gaussian functions to the spectrum from each pixel to
establish the representative velocity ranges for the two clouds
and reconstructed a new data cube consisting of only the fitted
Gaussian profiles. In Figure A1, we present the integrated
intensity map from the original 12CO(3− 2) cube and from the
reconstructed cube. The reconstructed data effectively repli-
cates the morphology of the W5-NW complex. Furthermore, to
see the spatial distribution of the blue and the red cloud in the
reconstructed cube, we grouped the fitted profiles separately
into two single Gaussian profiles. The reconstructed blue cloud
consists of (i) the lower-velocity profile if the fitted spectrum
for a pixel has a double Gaussian profile, and (ii) if the fitted
profile is single Gaussian, the profile with a centroid velocity
less than −38.5 km s−1. Conversely, the reconstructed red
cloud includes (i) the higher-velocity profile if the fitted
spectrum for a pixel has a double Gaussian profile, and (ii) if
the fitted profile is single Gaussian, the profile with the centroid
velocity greater than −38.5 km s−1. The integrated intensity
distribution of the blue and red clouds shown in Figures A1(b)
and (c), respectively, resemble W5-NWa (Figure A1(e)) and
W5-NWb (Figure A1(f)). This comparison suggests that the
velocity ranges (−46.1 to −39.5 km s−1 for W5-NWa and
−38.3 to −31.0 km s−1 for W5-NWb) selected for both the
cloud components effectively represent all distinct morpholo-
gical features within the clouds.

Appendix B
Brief Outline of the SCOUSEPY Algorithm

SCOUSEPY works in several steps to fit complex spectro-
scopic data efficiently and systematically. A detailed descrip-
tion of this algorithm is given in Henshaw et al. (2016); here,
we briefly outline the same. First, this algorithm identifies
regions over which the fitting is carried out. A specific region
of the data having values above a given noise level can be
selected in both position and velocity axes. Subsequently,
SCOUSEPY splits that significant region into smaller areas
called spectral averaging areas (SAAs) based on the input
parameter wsaa’, which is the width of the SAA. Spatially
averaged spectra for each SAA are then fitted interactively
using PYSPECKIT to get the best-fit parameters. Spectrum
extracted over each pixel inside the SAAs is then fitted
automatically using the best-fit parameters from the manual fit
of their SAAs within specified tolerance levels. Tolerance
levels limit the peak line intensity of all detected components,
FWHM, centroid velocity of the line, and separation between
the identified components. The next step involves checking the
best-fit spectrum of each pixel, using diagnostic plots of rms,
residuals, reduced chi-square, and number of components. In
the final step, anomalous spectra can be refitted manually. This
multi-Gaussian fitting approach provides information on peak
intensity, central velocity, and line width of all velocity
components in all emission lines.

For the analysis of the W5-NW complex, we consider a
square area of side ∼42″ for each SAA. It represents the spatial
area over which the algorithm extracts the averaged spectrum.
Each SAA contains 36 spectra. Reducing the size of SAA does
not significantly impact the final best-fitted parameters but

increases the number of spectra to be fitted manually in the first
stage. The tolerance levels are summarized as follows: (i) peak
intensity of each detected component must be greater than three
times the rms; (ii) minimum FWHM of each Gaussian
component must be two channel spacing; (iii) velocity and
line width parameters derived in the automated fitting stage
must be within a factor of 3 of the corresponding values
derived in the interactive fittings of each SAA; (iv) velocity
components, separated by at least the FWHM of the narrowest
component are considered to be distinct.
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