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ABSTRACT

The W3/4 Giant Molecular Cloud (GMC) was an ideal target to study the impact of HII regions onto the surrounding molecular gas
and star formation. We utilized PMO CO (1-0) data from the Milky Way Imaging Scroll Painting (MWISP) survey to analyze the
cloud structure and the feedback effect from the W4 HiI region. Our observations showed that cold gas, traced by CO, mainly resided
in the W3 GMC, with C'®0 concentrated in dense regions, while gas around W4 was dispersed. The *CO position-position-velocity
(PPV) distributions revealed a “C” shaped structure in the W3 cloud with more redshifted gas at higher galactic longitudes. A high
density layer (HDL) region on the eastern side of the W3 region exhibited a flattened structure facing W4. Subdividing the area into
16 subregions, we found that regions 6-9 on the HDL layer exhibited the strongest radiation, while clouds at the W4 bubble boundary
not facing W3 exhibited weak signals, possibly due to star formation triggering and subsequent molecular gas dispersal by the HII
region. Analysis along four paths from the W4 HII region to the far side showed a consistent trend of sharply increasing intensity
followed by a slow decrease, indicating the gas was effectively eroded and heated by the photon dominated region (PDR) near the
boundary of the HiI region. Clump identification based on '3CO emission revealed 288 structures categorized as “bubble,” “HDL,”
and “quiescent” clumps. Analysis of mass-radius and Virial-mass relationships showed a potential for high-mass star formation in
29.5% (85/288) of the clumps, with 39.2% (113/288) being gravitationally bound. HDL clumps exhibited distinct L/M and velocity
dispersion, suggesting an earlier evolutionary stage and gravitational instability compared to quiescent and bubble clumps. Clump
parameter differences provided evidence for triggered and dispersed effects of the W4 HII region on the HDL and bubble regions,

respectively.
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1. Introduction

During the evolution of HII regions, massive stars commonly
ionize and heat the surrounding gas, while the pressure produced
from the high-temperature gas inside the HII region caused the
surrounding gas to expand and disperse outwards. This process
leads to triggered star formation proceeding through the action
of two different mechanisms: by the radiatively driven implo-
sion model (Klein et al. 1980; Bertoldi 1989; Bertoldi & McKee
1990) or the collect-and-collapse mechanism (Elmegreen &
Lada 1977; Whitworth et al. 1994). On the other hand, feed-
back from HII regions could inhibit star formation by clearing
away dust and gas (Bisbas et al. 2011; Dale et al. 2013; Walch
et al. 2013), especially in lower density clouds. Therefore, star
formation could be suppressed in some locations and triggered
in others (Dale et al. 2012). For regions far from external feed-
back, molecular cloud gas primarily underwent spontaneous

* Corresponding authors; shenhailiang@xao.ac.cn,
jarken@xao.ac.cn, chenkel@mpifr-bonn.mpg.de

star formation due to turbulent fragmentation driven by its own
gravitational instability (Padoan & Nordlund 2002).

The W3 and W4 giant molecular clouds (hereafter, W3/4),
located right on the galactic plane in the Auriga region of the
Perseus arm with a distance of about 1.95 kpc, were an archety-
pal massive star nursery and offered an excellent laboratory to
study the different effects of feedback from HII regions (Xu et al.
2006). W4 was a super bubble with a diameter of approximately
40 pc, filled with intense ionizing radiation (Terebey et al. 2003).
Normandeau et al. (1997) first conducted high-resolution obser-
vations of the W3/W4/W5/HB 3 Galactic complex, focusing on
a large field of view in continuum and HI atomic hydrogen.
They demonstrated that the most striking feature was a large H1
shell encircling the continuum emission. Notably, above the W4
HII region, a conical void appeared in the HI distribution. This
structure was subsequently confirmed to be a typical “Galac-
tic chimney” that transports hot gas from the disk to its halo
(Normandeau et al. 1996). Taylor et al. (1999) obtained high-
resolution images of two compact molecular clouds surrounding
the chimney in the CO (2-1) line, proposing that these clouds
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were driven by ionization fronts generated by the UV radia-
tion from nearby O stars. Lagrois & Joncas (2009a,b) conducted
an Ha survey of the W4 Hil region (which includes tenuous
ionized material) and performed analyses on both the southern
and northern parts. They found that the overall kinematics of
Wi4-south were best explained by the Champagne model, which
involves at least ten independent gas flows crisscrossing the neb-
ula. Meanwhile, the large-scale trends in radial velocities and
line widths in W4-north corresponded to highly accelerated,
well-parallelized outflows of vented ionized material, consistent
with the expected kinematic signature of the chimney model.
These results confirmed that the atomic and molecular gas in
the region had been largely cleared out by the OB stars in IC
1805 (Normandeau et al. 1996, 1997). And the impact exerted a
stronger influence on W3 and a weaker influence on W5, respec-
tively (Karr & Martin 2003; Oey et al. 2005). The high-density
layer (HDL) in W3 east formed the western edge of the W4
super bubble, a structure believed to be triggered by the W4
H1I region (Lada et al. 1978; Carpenter et al. 2000; Oey et al.
2005). The HDL represented the most active star formation sites
within the W3 molecular cloud, encompassing regions such as
W3 Main, W3(OH), and AFGL 333, which were regarded as typ-
ical sites of high-mass star formation across various evolutionary
stages (such as, Tieftrunk et al. 1995; Normandeau 1999; Rivera-
Ingraham et al. 2011, 2013; Bik et al. 2014; Roman-Zuiiga et al.
2015; Rivera-Ingraham et al. 2015; Navarete et al. 2019). In con-
trast to the aforementioned regions, the western portion of W3 is
characterized by abundant molecular gas unaffected by external
feedback. The HII region KR 140 within it had been suggested to
be the result of a rare case of spontaneous high-mass star for-
mation (Ballantyne et al. 2000; Rivera-Ingraham et al. 2011).
Unlike the W5 region that consisted of two major HIT regions
(such as, Shen et al. 2024), the W3/4 region contained just one
major extended HII region, apparently only affecting a part of
the neighboring W3 cloud. To evaluate this further was the main
goal of this paper.

CO and its isotopologues serve as crucial indicators of
molecular clouds and provide essential information on their
kinematics (such as, Shu et al. 1987; Dame et al. 2001). Heyer
& Terebey (1998) analyzed wide-field images of '2CO (1-0)
and far-infrared emissions from the W3-W4-W5 giant molec-
ular cloud complex. Their findings demonstrate that the gas
component entering the spiral arm was predominantly atomic,
with much of the measured far-infrared flux originating from
star-forming regions. Yamada et al. (2024) and Polychroni et al.
(2010) analyzed the physical characteristics and dynamical prop-
erties of the W3 molecular complex using CO (J = 2-1) and CO
(J = 3-2) lines, respectively. Li et al. (2019) used Purple Moun-
tain Observatory (PMO) CO (1-0) isotopologue data to identify
459 outflow candidates in a 110 square degree region encompass-
ing the W3/4/5 area. Then they analyzed the feedback effects of
these outflows on the parent molecular cloud (Li et al. 2020). Sun
et al. (2020), using PMO CO data spanning 110 square degrees,
analyzed the large-scale structure and physical properties of the
inter- and outer-arms of the Milky Way. Liang et al. (2021) exam-
ined the relationship between AFGL 333 and surrounding HI1
regions using CO data covering a region of 0.05 square degrees.
For denser structures, Keown et al. (2019) used Green Bank
Telescope (GBT) NHj3 data to analyze the relationship between
clump structures and filaments in 11 molecular clouds, includ-
ing the W3 molecular cloud. Rivera-Ingraham et al. (2013, 2015)
analyzed the high-mass star formation activity across the entire
W3 cloud using Herschel data from the key program HOBYS
(Herschel imaging survey of OB young stellar objects). Most
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studies have focused primarily on the large-scale structure of the
W3 molecular cloud and the high-mass star formation activity
within the HDL. In contrast, our study focuses on the different
feedback effects of the W4 HII region on the molecular gas dis-
tribution and star formation activity in entire W3/4 region at a
large scale.

In this article, we mainly use the three CO (1-0) isotopo-
logues obtained at the Purple Mountain Observatory (PMO)
13.7m single dish telescope to analyze the influence of the
W4 super-HII region on the molecular distribution and the star
formation. The article is organized as follows: in Sect. 2, we
introduce our CO observations and data reduction. The overall
distributions of CO in 16 sub-regions and in position—position—
velocity (P-P-V) space are highlighted in Sect. 3. In Sect. 4,
we analyzed the trigger and disperse effect of the W4 super Hil
region on the surrounding molecular gas and the evolutionary
state of the clumps. Our main conclusions are summarized in
Sect. 5.

2. Observations

We performed maps of a 3.25° x 1.76° area centered at galactic
coordinates 1=134.125°, b=0.81°, covering the W3/4 molecular
clouds (5.725 deg?), which was part of the dataset (110 deg?) dis-
cussed in Li et al. (2019, 2020) and Sun et al. (2020). This map-
ping utilized data from the Milky Way Imaging Scroll Painting
(MWISP) project, a comprehensive survey in 2CO/'*CO/C'#0
(J = 1-0) across the northern galactic plane. The MWISP
project, led by the Purple Mountain Observatory (PMO), aimed
to map CO and its isotopic transitions across the accessible
galactic plane (Su et al. 2019). Observations were conducted
using PMO’s 13.7 m telescope equipped with a nine-beam super-
conducting spectroscopic array receiver. This setup, operating in
sideband separation mode and employing a fast Fourier trans-
form spectrometer (Shan et al. 2012), allowed simultaneous
observation of three CO isotopologues ('2CO, '3CO, and C'20).

The '>CO line was observed in the upper sideband with
a half-power beamwidth (HPBW) of 49", while the '*CO
and C'®0 lines were observed in the lower sideband with an
HPBW of 51”. The data were gridded to 30" pixels for all
three transitions. Bandwidths of 1000 MHz were obtained with
16384 channels resulting in channel separations of approxi-
mately 0.16 km s~! for '>CO and 0.17 kms~! for '*CO and C'%0.
The typical RMS noise levels of the spectra were 0.25 K for '2CO
and 0.14K for both 3CO and C'30. The mean signal-to-noise
ratios (SNR) for 12CO, 13CO, and C'80 were 23.6, 16.1, and 6.4,
respectively. System temperatures were typically 280 K for '2CO
and 185 K for 3CO and C'80. The telescope’s pointing accuracy
was better than 5’/. Mapping observations employed the on-the-
fly (OTF) mode with a constant integration time of 14 seconds
per point, a scan speed of 50"’ s~!, and a step of 15’”. The final
data, recorded on a main beam brightness temperature scale
(Twmp), underwent reduction using Astropy'. For further details
on observations and data reduction strategies, please refer to Xu
et al. (20006), Li et al. (2019, 2020) and Sun et al. (2020).

3. Results
3.1. CO integrated properties

The molecular W3/4 complex is part of the Perseus Arm and
the Local Standard of Rest (LSR) velocity range is limited by

1 A community-developed core Python package and an ecosystem of
tools and resources for astronomy http://www.astropy.org
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Fig. 1. Optical Digitized Sky Survey (DSS) red—green—blue (RGB) image (Red: DSS2 Red (F+R); Blue: DSS2 Blue (XJ+S); Green: DSS2 NIR
(XI+IS).) of the W3/4 region. Color contours are velocity-integrated intensity of '3CO (1-0) emission in the integrated Local Standard of Rest

velocity range from —63 to —28 kms™!

, starting at 10 Kkm s~ (30~ with light blue) on a main beam brightness temperature scale and go up in steps

of 15 Kkms™' (more and more red). White stars and black plus signs indicate identified OB stars (Roman-Lopes et al. 2019) and high-mass young
stellar object (HMYSOs) (Lumsden et al. 2013), respectively. Since the W3/4 complex is located near the northern tip of the galactic plane within
the equatorial coordinate system, galactic longitude and latitude are approximately parallel to right ascension and declination, so that the terms
north, south, east and west are almost synonymous in both coordinate systems and are applied below sometimes without explicitly mentioning the

reference system.

—63 and —30 Kkms~' (Sun et al. 2021). Fig. 1 presents '*CO
velocity-integrated intensity contour lines superimposed on the
W3/4 optical image. This result shows the cold molecular gas
is mainly distributed in the W3 molecular cloud region and
appears as an enclosing ring. In the W4 HII region, less molec-
ular gas is retained due to strong stellar radiation feedback.
12CO emission is distributed at the boundaries of the bubble.
At the junction of W3 and W4, there are three fragments of
long (~36 pc), narrow (~6 pc) high-density layers (HDLs) (Lada
etal. 1978), corresponding to AFGL333, W3(OH) and W3 Main,
respectively.

Fig. 2a shows moment 0 maps of the three CO J = 1-0
emission lines. The background grey image, black contour line,
and pink intensity map correspond to '>CO, '*CO, and C'®0
velocity-integrated intensity, respectively. The three emission
lines are mainly distributed over the W3 molecular cloud while
no emission is seen inside and only weak emission is seen around
the W4 region with the exception of its high galactic longitude
side. On the other hand, C'3O is mainly distributed in the densest
part of the W3 molecular cloud, and almost all of the emis-
sion is filament-shaped. Based on their intensity distribution, we
divided the molecular complex into 16 subregions and marked
them with white dot boxes and corresponding serial numbers.
Regions 1-5 are all located on the W4 HII region boundaries,
regions 6-9 are located on the HDL, while regions 10-16 are
located in more quiescent regions of W3. Notably, although the
HDL is believed to be influenced by the expansion of the W4 Hit
region, the CO contour line shows that only region 6 (AFGL 333)

was being significantly eroded by the UV flux from the W4 O
stars. In contrast, W3 Main and W3(OH) appear to have been
more strongly influenced by the IC 1795 cluster.

In Fig. 2b, we show the average spectra intensity weighted
averages within the individual regions with the black, blue, and
red line corresponding to '2CO, '*CO, and C'®0, respectively.
The average spectra in each region were obtained from the spec-
tra of all pixels with a signal-to-noise ratio greater than 3. The
spectra show that regions 1-5 on the W4 HII region bound-
ary had the lowest CO radiation intensity and regions 6-9 on
the HDL had the highest intensity. The spectra in each sub-
region also show a different velocity range. From the velocity
values corresponding to the average spectra, only '>CO emis-
sions in regions 2 and 3 exhibited multiple velocity components,
while the average spectra for the other regions displayed a sin-
gle velocity. Another significant feature is that Region 7 was
more kinematically connected to Regions 8 and 15. If we assume
that Regions 7 and 15 were completely unaffected by external
feedback, the velocity offset observed in Region 6 was likely
due to the expansion of the W4 HII region. The analysis of
two velocities observed by Liang et al. (2021) in the AFGL 333
Ridge supports this conclusion. Regions 8 and 9 were situated
around the star cluster IC 1795. Normandeau (1999) observed
HI spectra in the W3 HII region and suggested that the overall
shape of the spectra aligns with predictions from the Two-Arm
Spiral Shock model. However, our average spectra indicate that
the CO emissions in these two regions were moving away from
each other. Although the star formation activity in this area was
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Fig. 2. '2CO (1-0) moment 0 map and average spectra of sixteen sub-regions for the W3/4 region. (a) '>?CO (1-0) moment O (velocity integrated
intensity) map of the W3/4 region. The integrated Local Standard of Rest velocity range is —63 to =30 kms~!. The black contour line is the *CO
intensity in the integrated Local Standard of Rest velocity range from —63 to —28 kms™, starting at 10 Kkms™' (30) on a main beam brightness
temperature scale and going up in steps of 15 Kkms™'. The red areas refer to positions with notable C'30 emission. Sixteen dotted boxes mark the
dense areas in the whole W3/4 region. The yellow stars and red crosses correspond to OB stars (Roman-Lopes et al. 2019) and high-mass young
stellar objects (HMYSOs) (Lumsden et al. 2013), respectively. (b) Average spectra of the sixteen sub-regions for the '>CO (black), *CO (blue)
and C"0 (red) J = 1-0 emission lines. The yellow dotted line in each sub-region marks the velocity value corresponding to the peak of the '2CO
average spectrum. The upper left corner of each sub-map shows the corresponding sub-region given in (a).
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Fig. 3. (a) PPV (position—position-velocity) Ty, intensity map of *CO emission in W3/4. (b) PPV velocity map (the velocity at the Ty, peak in
each voxel) of 3CO in W3/4. The intensity map on the background panel corresponds to the Ty, projection of the PPV map in that direction. A
C-shaped morphology of the gas is revealed by the left panel at lower galactic longitudes.

believed to be influenced by the feedback from the W4 HIt
region, it now seemed predominantly governed by the W3 Hit
region at the centers of the two areas. Region 1 was kinemati-
cally close to the HDL and shares the same velocity as Region
7, while Regions 2-5 were kinematically distinct from the HDL.
Normandeau et al. (1996) observed HI in Region 5 and identified
the striking arrow-shaped cloud as a typical example of galac-
tic chimneys. Subsequently, Taylor et al. (1999) conducted a CO
velocity gradient analysis and a star cluster age comparison in
this area, concluding that the cloud was driven by an ionization
front caused by the UV radiation from a nearby O star. Lagrois &
Joncas (2009a,b) observed Ha in W4 and noted that the gas flow
patterns in the northern and southern parts of the W4 HII region
correspond to the chimney and champagne models, respectively.
The varied velocity values observed in Regions 1 to 5 might
have been related to the two modes of motion generated by the
feedback from the W4 HII region.

3.2. PPV distribution

Fig. 3 presents position-position-velocity (PPV) maps of '3CO
J=1-0 in the W3/4 molecular cloud complex. To visualize the
intensity distribution of CO emission, we select 13CO emission
lines to better highlight the distribution of high column density
molecular clouds because '?CO is more diffuse than '3CO and
C'30 is only detected in very small areas, and '3CO is optically
thin making it a better probe of the kinematical behavior. Fig. 3a
shows the Ty, values of the CO emission in PPV space, and
before the map was formed, we had calculated the RMS (o) of
each spectral line for each pixel point on the position-position
(PP) space, and finally only retained lines above the 30" threshold
for the data. Based on the filtered cube data, we also only retained
the velocity channel values for spectra above the lower 30 limit
corresponding to each spectral line. The distribution of the Ty,
value of the '3CO cube data along longitude, latitude, and veloc-
ity axes can be seen on three projection surfaces. The PPV map
clearly shows that W3 presents a continuous “C”-shaped half-
ring gas distribution, while there was less gas on the W4 side.
The gas intensity values of the HDL were the highest and were
accompanied by a large velocity span, especially in W3 Main,

such as, the W3 Main average line range in Fig. 2b was from —48
to -35kms~!. And from the projection of the Ty, value on the
latitude-velocity plane in the PPV space, it could be found that
the intensity value of the gas may have had a linear relationship
with the latitude axis.

To show the velocity information of the CO gas, Fig. 3b
replaces the Ty, value in Fig. 3a with the velocity value cor-
responding to each voxel. The redshift phenomenon of clouds
in the northern region of W3 was clearly more pronounced than
that in the southern region. This was evident from the average
spectrum lines shown in Fig. 2b. Tchernyshyov et al. (2018) pre-
sented detailed gas velocity maps and compared them to the
Stationary Density Wave model of the Milky Way spiral struc-
ture (Lin & Shu 1964). They suggested only dynamic spiral
structure theory (Sellwood & Carlberg 1984; Grand et al. 2012;
Baba et al. 2013; D’Onghia et al. 2013)? can account for the com-
plexity of the Milky Way’s velocity field and the divergence of
the velocity field detected in the Perseus arm. Romdn-Zuifiiga
et al. (2019) presented evidence of Hubble flow-like motion of
young stellar populations away from the Perseus arm. They sug-
gested that the motion of these young stars was related to the
divergence of the velocity field® formed during the evolution of
the spiral arms. Therefore, the observed velocity difference of
gas between the northern and southern regions in W3 may have
been related to this divergence of the velocity field.

To further analyze the distribution of the molecular cloud in
the PPV space, we provide six different perspectives in Fig. 4

2 The long-lived spiral structure is known as the dynamic, the tran-
sient and recurrent, or the material spiral structure model (Sellwood &
Carlberg 1984). The pattern was corotating with the matter, individ-
ual spiral arms formed through a process such as swing amplification,
wind up, and dissipate over one to a few galactic rotation periods. If the
arm formation process was efficient, these dissipating arms were rapidly
replaced, meaning that although individual spiral arms were short-lived,
spiral structure in general is long-lived.

3 A spiral arm can be fed from one side by diffuse gas causing a net
outward flow toward its trailing edge. The main effect was a concentra-
tion of the dense gas where flows converge, and a dissipation of those
centers after star formation, forming a divergence of the velocity field.
(Tchernyshyov et al. 2018).
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Fig. 4. Six different perspectives of the 3CO J = 1-0 PPV-T,, intensity map described in Fig. 3a. An azimuth angle of 180° leads to an x-axis
parallel to the longitude axis. Rotating clockwise, we chose 150°, 180°, 210°, 240°, 270° and 300° to elucidate the structure of the W3/4 complex.
The upper right corner of each subgraph shows a schematic representation of the azimuth coordinates in the longitude and latitude planes, and the
red dot indicates the angle of view corresponding to the azimuth. The black solid line represents the rotation axis, while the curve above the axis
and the red dot depict the trajectory and direction of the rotation axis, respectively.

based on the Ty, value distribution map in Fig. 3a (the azimuth
angle of 180° leads to an x-axis parallel to the longitude axis.
Rotating clockwise, we chose 150°, 180°, 210°, 240°, 270° and
300° to better visualize the structure of the W3/4 complex). It
was evident that the high galactic longitude and low galactic
longitude parts of W3, as well as the gas on the HDL layer
(W3 Main, W3(OH), and AFGL 333), were separated from each
other. There was no apparent direct interaction between these
three parts. The gas on the HDL layer facing the W4 HiI region
exhibited a noticeably flattened morphology, and this shape was
consistent with the outer rim of the W4 HII region. This was par-
ticularly evident in the subplots with rotation angles of 210 and
240°. Regarding the affected state of the gas on the HDL layer,
AFGL 333 showed a significant blueshift, W3 Main represented
the region with the most severe redshift in the entire area, and
W3(OH) exhibited a slightly weaker blueshift than AFGL 333,
as also observed in the spectral lines of the subregions in Fig. 2b.
On the other hand, the gas on the boundary of the W4 bubble
was relatively dispersed, In Normandeau et al. (1996), a com-
parison was made between the age required for a wind-driven
shell in a uniform-density medium and the ages of nine O-type
stars in W4. This demonstrated that the stars’ ages were approx-
imately consistent with the time needed for their wind energy
to create a chimney, suggesting that the blow-out of the chimney
might have been a very recent phenomenon. Outside the chimney
region, Lagrois & Joncas (2009a,b) conducted a detailed analy-
sis of the Her ionized flows in the northern and southern parts
of W4. They suggested that these ionized flows, through interac-
tions with molecular gas, led to the erosion of molecular clouds.
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This was manifested by high-temperature, high-velocity ionized
gas impacting the edges of the clouds, thereby accelerating gas
loss. This process was typically accompanied by the movement
of the ionization front, causing changes in the dynamical char-
acteristics of the molecular gas. For example, the Champagne
model indicated that newly ionized material initially retained
the kinematics of the eroded material, but was then accelerated
by pressure discontinuities, resulting in small-scale Champagne
flows. Therefore, the observed diffuse CO gas in the W4 super-
bubble may have provided evidence for this erosion process. All
these results may have respectively provided evidence for the
triggering and dispersing effects of W4 on the gas on the HDL
layer and the boundary of the W4 bubble.

4. Discussion
4.1. Effects of feedback on the molecular gas
4.1.1. CO excitation temperature and column density

Under the assumption of optically thick '>CO emission and local
thermodynamical equilibrium (LTE; see also Appendix A), the
12CO excitation temperature (7x) can be estimated (Nagahama
et al. 1998; Wilson et al. 2008; Shirley 2015; Liu et al. 2013).
Subsequently, assuming the excitation temperatures of '*CO
were the same as those of '2CO, the column densities of *CO
(Ny3) were determined from the velocity-integrated intensities
of 3CO (Garden et al. 1991; Pineda et al. 2010). Then, the col-
umn densities of '>CO are obtained from N3 using the isotopic
ratio of ['2C/'3C]=75.3 for W3(OH) at a galactocentric distance
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Fig. 6. Zoom in map of CO excitation temperature and H, column density distribution at AFGL 333 and W3(OH) region. Black contour lines are

same as Fig. 5.

of 9.64 kpc (Wilson & Rood 1994; Henkel et al. 1994; Yan et al.
2019, 2023). Finally, the H, column densities were derived by
assuming an [H,/'>CO] abundance ratio of 1.1 x 10* (Frerking
et al. 1982). The distributions of the excitation temperature (7ex)
and Hj column density are shown in Fig. 5.

The Tx values in Fig. 5a indicated high Tx primarily located
at the boundary regions of the W4 HII region, including the
HDL (from 21.6 to 52.1 K with a mean value 26.6+5.1 K) and
the W4 super bubble (from 9.7 to 26.0K with a mean value
13.8+3.1 K). Conversely, the gas located in the western part of
the W3 HDL layer exhibited relatively lower temperature values
(from 6.5 to 24.1 K with a mean value 10.7+2.6 K). Addition-
ally, the gas situated towards the eastern side of the HDL layer,
demonstrated relatively higher T values, this phenomenon was
more clearly illustrated in the zoomed-in map of Tx at AFGL333
and W3(OH) in Fig. 6. The mean T values in the eastern and
western parts of W3(OH) were 32.7+5.4 and 28.7+1.5 K, respec-
tively. The mean T values in the eastern and western parts of
AFGL 333 were 28.6+4.4 and 23.5+1.4 K. Polycyclic aromatic
hydrocarbon (PAHs) were known to be closely associated with
ionization fronts and photon-dominated regions (PDRs). A com-
parison of the distributions of PAHs, represented by the 8§ um
emission, and T revealed a nearly identical pattern: regions
with stronger PAH emission also exhibited higher excitation
temperatures. However, when examining the column density,
it was noted that the gas column density in these high T
regions was lower than that in areas with weaker PAH emission.

At the boundary of the W4 HII region, the strong correlation
between PAHs and excitation temperature (7. ) indicated signif-
icant radiative heating from the ionization front. Nonetheless, the
lower gas column density in these high T« regions reflected the
erosion of neutral material by the ionized gas. The heating and
gas expansion induced by the ionization front lead to the dilu-
tion of neutral molecules and materials, particularly in the dense
layers of HDL at the interface between the W4 HII region and
the W3 molecular cloud, further emphasizing the erosive effect
of the ionized gas on the surrounding molecular clouds (Lagrois
& Joncas 2009a,b).

Furthermore, the H, column density in Fig. 5b also indi-
cated higher column densities in the HDL (from 1.5x10%? to
2.1x10%* cm~? with a mean value 3.3+2.2x10?> cm™2), while the
gas located at the boundary of W4 appeared to be largely dis-
persed and exhibited column density values almost equivalent to
those of the gas in W3 west (from 1.0x10?! to 2.5x10??> cm™2
with a mean value 3.5+3.1x10?! cm~2). Although minor differ-
ences existed between our Tex and H, column density values with
those of previous studies such as Keown et al. (2019) for NH3,
Rivera-Ingraham et al. (2013) for Herschel dust, and Polychroni
et al. (2012) for CO(3-2) regarding the calculations for the W3
molecular cloud, the overall distribution trends are consistent.
The discrepancies could be attributed to CO (1-0) representing
primarily lower density gas. These observations supported the
notion that pressure from the expanding HII region and stellar
winds around the exciting stars of W4 likely caused the observed
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high-density layer at the edge of the W3 molecular cloud to be
swept up, as well as the rarefied gas along the other boundaries
of W4.

4.1.2. Gas compressed and dispersed under feedback

The Tex and Ny, values in Sect. 4.1.1 revealed distinct environ-
mental properties for the high-density layer (HDL), the quiescent
region in W3 west, and the boundary shell of the W4 HII region.
The HDL layer was situated at the boundary of the W4 super
Hii region and displayed the strongest CO and PAH emission in
the entire region. Lada et al. (1978) and Thronson et al. (1980)
suggested that the HDL had experienced strong feedback from
W4 Hil region, indicating enhanced star-forming activity and
the presence of massive stars. The molecular gas distribution
at the W4 HII region boundary showed the weakest character-
istics. Lagrois & Joncas (2009a,b) analyzed Ha and proposed
that an ionized flow resembling Champagne flows is eroding
the gas in the boundary shell of the W4 HII region. Conversely,
Normandeau et al. (1997) and Routledge et al. (1991) used con-
tinuum observations at 1420 MHz and 408 MHz, respectively, to
clearly show the shell in the neighboring W3, arguing that the
HB3 supernova remnant was interacting with the W3 molec-
ular cloud. However, given that the column density, excitation
temperature, and PAH emission in the northern and southern
regions of W3 West were nearly identical, we believed that the
influence of HB3 on W3 West could be considered negligible
compared to the ionization erosion effects of the W4 HII region.
Thus, W3 West served as an ideal area for spontaneous star
formation. Based on these features, we classified the molecular
cloud into three parts: “bubble,” “HDL,” and “quiescent” region,
corresponding to the subregions “A,” “B,” and “C” labeled in
Fig. 5.

To analyze the feedback region of the W4 HII region on
the surrounding molecular gas, we employed the Midcourse
Space Experiment (MSX) 8.28 um flux as a tracer for feed-
back, as suggested by Mazumdar et al. (2021). This flux rep-
resented the intensity at mid-infrared wavelengths resulting
from the re-excitation of far-ultraviolet (FUV) radiation from
hot stars absorbed by polycyclic aromatic hydrocarbons (PAHs)
(Allamandola et al. 1989; Rathborne et al. 2002; Tielens 2008).
The black contour lines in Fig. 5 corresponded to the MSX
8.28 um flux. It is evident that the 8.28 pm flux was predom-
inantly distributed in the HDL and bubble regions, as well as
in the spontaneous star-forming region KR 140 within the qui-
escent region. Conversely, subregions 2 and 3 labeled in white
boxes exhibited minimal 8.28 pwm flux distribution. This may
have be related to the distance from the center of the HII region
and the density of the gas. PAHs were closely associated with
ionization fronts (that is, photon-dominated regions, or PDRs).
Within the W4 HII region, ionized gas filled the space and had
evolved over 3.7-4.3 Myr to form a superbubble approximately
40 pc in diameter (Terebey et al. 2003), with the molecular and
atomic material at the boundary largely eroded by ionization and
photodissociation processes (Lagrois & Joncas 2009a,b). In the
HDL layer, where gas density is relatively high, a significant
accumulation of ionized gas occured, which may have limited
the erosion of molecules farther away. Consequently, the HDL
layer exhibited strong PAH signals and higher excitation temper-
atures. Additionally, its proximity to the central star cluster of
W4 further supported the idea of accumulation of ionized gas in
this region.

Additionally, to analyze the effect of the W4 HII region
on the surrounding gas distribution, we extracted distribution
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profiles of '>CO integrated intensity, H, column density, excita-
tion temperature (7 ), and 8§ pm flux along four paths marked by
red lines in Fig. 5, extending from the side near the center of the
W4 HiI region to the opposite side. Before plotting the profiles,
the 8 pm map was smoothed to the same resolution as the other
CO maps, that is, to 30”’. Fig. 7 depicted the distribution profiles
of the four parameters along four different arbitrarily selected
directions leading away from the center. Profiles 1, 2, and 3 all
showed a sharp increase on the side facing the center of W4, fol-
lowed by a steady decrease as we moved away from the center,
indicating significant enhancement of these values at the lead-
ing edge compared to the trailing edge. These results suggested
that the gas was heated on the leading edge of the molecular
cloud facing the central cavity, and a higher pressure at the cloud
surfaces led to the front end of the cloud acting as a shield for
the rest of the gas trailing it, demonstrating that the PDR effec-
tively shielded the molecular cloud by absorbing the bulk of the
FUV photons. For profile 4, only H, column density and 7T
exhibited a sharp increase on the side facing the center of W4,
which also indicated the shielding effect of the molecular gas
front on feedback. However, due to the lower column density in
this region, radiation propagated further away, which was con-
firmed by the distribution profile of the 8 um flux. Overall, gas
located in the bubble region exhibited lower density, tempera-
ture, and 8§ pwm flux values compared to the compressed HDL
region, demonstrating a noticeable dispersed trend.

4.2. Effects of feedback on clumps
4.2.1. Identify *CO clumps

Clumpy structures with fractal and turbulent properties in giant
molecular clouds are often referred to as clumps or cores (Blitz
1987), which represent the initial state of star formation. Typ-
ically only those with masses larger than 300-500 M, were
gravitationally bound and produced stars; those below 300 Mg
were not bound (Blitz 1991). At the same time, they were
highly susceptible to external environmental feedback, espe-
cially radiation from massive stars, which promoted or inhibited
star-forming activity in the clump. Therefore, analyzing the
clumps will helped us gain a deeper understanding of the impact
from the expansion of the W4 ionized gas and radiation from the
W4 stars on star formation activities.

Dendrograms* are a proven identification method that excels
at identifying clumpy features in both continuum (Kirk et al.
2013; Konyves et al. 2015) and molecular line-emission obser-
vations (Rosolowsky et al. 2008; Goodman et al. 2009; Seo et al.
2015; Friesen et al. 2017; Keown et al. 2017). We employed the
astrodendro algorithm to identify the leaves structure as clumps
in the '*CO position-position-velocity (ppv) space. For the den-
drogram algorithm input parameters, we selected min_value =
3xrms, min_delta = 3xrms, and min_npix = 18 pixels (with
a pixel size of 30”"). Following the methodology outlined by
Rosolowsky & Leroy (2006); Rosolowsky et al. (2008) and Shen
et al. (2024), we generated the clump catalog and associated
properties. A total of 288 clump structures were identified, and
all the clump properties were described in Appendix B. Based
on the distinction of the W3/4 molecular clouds in Sect. 4.1.2,
we classified clumps as “Bubbles” (21.9%, 63/288), “HDL”
(23.2%, 67/288), and “quiescent” clumps (54.9%, 158/288),
corresponding to the green, red, and blue contours in Fig. 8§,
respectively.

4 Astrodendro is a Python package for computing dendrograms of
astronomical data http://www.dendrograms.org/
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along four path described in Fig. 5.

4.2.2. Clumps triggered and dispersed under feedback

To analyze the capability of clumps to form high-mass stars
and compare the differences among the three clump categories
mentioned above, we presented in Fig. 9 the mass-radius rela-
tionships, Virial-mass relationships, and cumulative distribution
functions (CDF) of these clumps. In the figures, green, red,
and blue correspond to bubble, HDL, and quiescent clumps,
respectively. In Fig. 9a, the mass-radius relationship indicated
that only 29.5% (85/288) of the clumps lay above the thresh-
old for high-mass star formation, as denoted by the black dashed
line (Kauffmann & Pillai 2010). Among these, HDL clumps
exhibited 44.8% (30/67) above the threshold, while Bubble
clumps showed a mere 11.1% (7/63), and quiescent clumps
had a 30.4% (48/158) capability of forming high-mass stars.
Fig. 9b illustrated the observed mass versus virial parameter for
all clumps. Among all observations, 39.2% (113/288) fell below
the a,; = 2 threshold, indicating gravitational binding, with the
majority belonging to quiescent and HDL clumps. Conversely,
Bubble clumps predominantly existed in a non-gravitationally
bound state, likely influenced by the dispersal effect of the
W4 Hir region feedback. Fig. 9c displayed the cumulative dis-
tribution function (CDF) of clump masses for three distinct
regions. Notably, HDL clumps exhibited a flatter CDF com-
pared to the other regions, while Bubble clumps demonstrated

a lower trend than quiescent clumps, representative of sponta-
neous star-forming regions. The slopes of the mass CDFs for
the three types of clumps were —0.73+0.03 (bubble), —0.61+0.03
(HDL), and —0.72+0.03 (quiescent). Compared to the slope of
the mass function dN/dM discussed by Heyer & Terebey (1998)
(-1.73+0.10), the mass distributions in the bubble and quiescent
regions were quite consistent with their findings, adhering to a
power-law distribution. In contrast, the lower slope in the HDL
region indicated that as mass increased, the cumulative distri-
bution of clumps decreased more gradually, suggesting that a
majority of the clumps possessed larger masses. These findings
collectively corroborated the triggering and dispersal effects of
the W4 HII region on the surrounding star formation activity.
To further analyze the influence of W4 feedback on the inter-
nal star formation activity within clumps, we presented in Fig. 10
the comparative histogram distributions of all parameters for
the three clump categories. It was evident that the three clump
categories exhibited distinct distribution patterns. HDL clumps,
compared to the other two categories, generally displayed higher
excitation temperatures, lower Virial parameters, higher ther-
mal velocity dispersion, and lower L/M (luminosity/Mass)
ratios. These were good indicators of their evolutionary stage
in star formation (Molinari et al. 2008; Urquhart et al. 2018).
On the other hand, bubble clumps exhibited lower excitation
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temperatures, higher Virial values, higher L/M ratios, lower characterized by highest L/M ratios. This was consistent with
thermal velocity dispersions, and nearly equivalent non-thermal the fact that the W4 clouds showed the highest L/M ratios,
velocity dispersions as HDL clumps. Both bubble and HDL  supporting evidence for dispersal activities of the moleclar gas
clumps demonstrated strong non-thermal velocity dispersions, surrounding the W4 region. A Kolmogorov—Smirnov (KS) test
possibly due to the comparable feedback effects experienced by  (Kolmogorov 1933; Smirnov 1939) was performed on these
all clumps near the boundary of the W4 Hil region. The thermal  parameters for each type of clump to assess the conclusion that
velocity dispersion of HDL clumps, influenced by internal stellar  these three types of clumps corresponded to different evolu-
radiation and gravity, contrasted with the dispersion revealed by  tionary states. The comparison revealed that only the bubble
the bubble clumps, which resulted in weakened star formation clumps versus HDL clumps showed large P values (0.49) for the
activity under the influence of the HII region. The Lyoi/Mciump ~ parameters V., and o yon—rher, While the P values for the other
ratios obtained from the far-infrared and the '3CO column densi-  parameter comparisons were almost all below 0.03. This sup-
ties represented the evolutionary stage of the individual objects ~ ported our view that star formation activity at the boundary of
(Urquhart et al. 2018). Latest stages with HII regions were the W4 HiI region was dispersed and triggered in the HDL layer.
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Fig. 10. Comparison of clump parameters of bubbles (green), HDLs (red) and quiescent clumps (blue) in the W3/4 complex. The solid lines
overlaid in matching colors show the kernel density estimate (KDE) of the distribution of the corresponding properties.

5. Summary

Using '2CO/"*CO/C'80 data from the ongoing MWISP project,
we reported a study of the W3/4 complex, including a detailed
analysis of large-scale distributions, and the effect of W4 Hil
region feedback on molecular clouds and clump evolution. The
main results were summarized as follows:

1. Based on the distribution of three CO lines, we observed
that CO-traced cold gas mainly resided in the W3 giant molec-
ular cloud, while the gas surrounding W4 was mostly dispersed,
with C'80 primarily concentrated in the dense regions of W3.
According to the PPV spatial distribution map of '*CO, the W3
molecular cloud exhibited a “C” shaped distribution, with more
redshifted gas at higher galactic longitudes;

2. Dividing the entire W3/4 region into sixteen subregions
and analyzing the average spectral line distribution of the three
CO lines, we found that regions 6, 7, 8, and 9, located on
the HDL, exhibited the strongest radiation in the entire region.
Gas in quiescent regions showed different velocity distributions
at higher and lower galactic longitudes. Clouds located on the
boundary of the W4 bubble displayed the weakest signals, with
regions 2 and 3 showing multiple velocity components, possibly
due to the dispersal effect of the W4 HII region;

3. By extracting the intensity distributions of '>CO, H, col-
umn density, excitation temperature 7x, and the intensity of the
8 wm continuum, which traced feedback, along four arbitrar-
ily chosen paths from near the center of the W4 HII region to
the far side, we observed a consistent trend of a sharp increase
at the boundary followed by a gradual decrease. This indicated
that gas facing the W4 HII region center was effectively eroded
and heated by the photodissociation region (PDR) through the
absorption of FUV photons;

4. Clump identification based on '*CO emission revealed
288 clump structures, categorized as “bubble,” “HDL,” and “qui-
escent” clumps based on their distribution relative to the W4 HIt
region. Analysis of the mass-radius relationship and Virial-mass
relationship showed that 29.5% (85/288) of the clumps had the
potential to form high-mass stars, with 39.2% (113/288) of the
clumps being gravitationally bound. Combining the cumulative
distribution function (CDF), the three types of clumps exhibited
distinct distributions, ranked from strong to weak CO emitters as
HDL, quiescent, and bubble clumps’

5. Histogram distributions of all parameters for the three
types of clumps showed significant differences. HDL clumps
generally exhibited higher excitation temperatures, lower Virial
parameters, higher thermal velocity dispersion, and lower L/M
compared to the other two categories. The velocity dispersion
distribution indicated that HDL and bubble clumps had similar
non-thermal velocity dispersions, while bubble clumps showed
the weakest thermal velocity dispersion. Combined Virial and
L/M distributions suggested that HDL clumps were in an earlier
stage, followed by the quiescent clumps, while bubble clumps
are represented a later stage of evolution.

Considering the quiescent region as spontaneous star forma-
tion, the above results provided ample evidence for the triggering
and dispersing effects of the W4 HII region on the HDL and
bubble regions, respectively.

Data availability

Full clump properties are available at the CDS via anony-
mous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
orviahttps://cdsarc.cds.unistra.fr/viz-bin/cat/l1/
A+A/693/A21.
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Appendix A: H, column density and CO excitation
temperature

The H; column densities were derived using the isotopic ratios
of ['2C/13C]=75.3, (Wilson & Rood 1994; Henkel et al. 1994;
Yan et al. 2019, 2023) for a W3(OH) galactocentric distance of
9.64 kpc, and an [Hy/ 12CO] abundance ratio of 1.1 x 10* (Frerk-
ing et al. 1982). For a given cloud, the '>C/'3C isotope ratio from
H,CO gives an upper limit and the ratio from CO provides a
lower limit to the actual ratio (Langer et al. 1984; Tang et al.
2019).

Assuming local thermal equilibrium and that '>CO emission
is optically thick (Wilson et al. 2008; Shirley 2015), we use the
3CO J = 1-0 emission to determine the column density and
mass of the W3/4 region. Using the method for correcting effects
of optical depth by Henkel et al. (1980, 1982, 1983, 1985), we
obtain median and mean values for the '>CO/'*CO integrated
intensity ratio of 6.9 and 8.7, which are significantly smaller
than the isotope ratio '>C/'3C of 75+4 (Yan et al. 2023). Thus
12CO must be optically thick. Based on these assumptions, the
CO excitation temperature (7Tex) can be estimated by (Nagahama
et al. 1998)

5.53

" In(1 + T—isz)’

Tex[K] (A1)

where Tvip 12 is the peak main-beam brightness temperature of
12
CO.

We further assume that the excitation temperature of '3CO is
equal to the excitation temperature of '2CO. The optical depth of
13CO(7,3) was estimated as (Kawamura & Masson 1998; Pineda
et al. 2010):

T
Ti3 = —In[1 = S22 (5P Ts 1)1 - 0.164] 7],

5.29 (A2)

where Typ 13 is the peak main-beam brightness temperature of
13CO. The column densities of '3CO can be estimated by the
following equations (Garden et al. 1991):
Nizlem™] = 2.42 x 10"135. (A.3)

Here I3 is a measure of the total integrated intensity of '*CO. It
can be estimated as:

T13 1 +0.88/Tex

17 _
I;5[Kkms™'| = P X |~ o529/ fTMB,BdV- (A4)

Appendix B: Catalog of clump properties

After running the dendrogram algorithm on the data cube, a
catalog of properties of all the structures can be created with
"leaves" representing the smallest structures. We extracted the
leave’s morphology from the obtained parameters and treated
the leaves as clump structures that could lead to new star forma-
tion. The catalog gives information such as the location, mean
velocity, total fluxes within the structure, and radius of each
leaf on the position-position plane (Rosolowsky & Leroy 2006).
Other parameters such as luminosity, virial parameter and ther-
mal velocity dispersion of the clumps are calculated according to
the following equations (from eq. B.1 to eq. B.9). All properties
of the 288 clumps of '*CO (see Fig. 8) are summarized in online
CDS Table.

L A&A, 693, A21 (2025)

The radius from the algorithm catalog is in arcsec. We use
Rpc = Ruresecd to calculate the physical radius in pcand L = F d?
to calculate their luminosities, where d = 1.95+0.04x103 pc
is the distance to W3(OH) (Xu et al. 2006), F has units of
Kkm s~ ! arcsec?, and L has units of Kkms™! pcz. Ry, flux and
the luminosity of the cloud, Lco (Rosolowsky & Leroy 2006)
can be defined as:

_ Rlarcseconds] =«

Rlpe] = = n L dlpe] (B.D)
Feo = ) Ti6yyd (B.2)

L Kk -1 27 _

co[Kkms™ pc”] =
(B.3)

Fcol[Kkms™'arcsec?](d[pc])*( )?

T
180 x 3600

If 6x and ¢y are in units of arcseconds, ¢, in km s, and T;
in K, then the resulting flux will have units of Kkm s~larcsec?.
The velocity dispersion o, can be defined from Full Width at

Half Maximum (FWHM) AV

ov[kms™'] = AV/ +/f8In(2)

The mass of each clump can be determined by summing up
the masses of all the pixels within each leaf. The mass for each
pixel is computed by

(B.4)

Mpixa[Mo] = Ni("*CO)[H2/CPOlun, muApiel, (B.5)
where uy, = 2.72 is the mean molecular weight (Brunt 2010),
my = 1.67 x 1072* g is the mass of a hydrogen atom, [H,/'3CO]
is assumed to be 8.3 x 10° (from isotope ratios in Sect. A), and
Apixel 18 the area of each pixel within the clump.

The volume density and surface mass density of clumps can
be given using their mass and radius:

3IM
_3 _
n(Hp)[em™] = 15.1 X —47TR3pc (B.6)
and
M
21 _
Z[gcm 1= ﬂRzpc (B.7)

M isin My, Ry isin pc, n(Hp) isin em™, and 3 isin gcm™.

The factor of 15.1 is used to convert the density to appropriate
units.

To estimate the virial stability of these clumps, we adopt the
virial analysis method described in Mazumdar et al. (2021). The
virial parameter is defined as the ratio of the virial mass of a
spherically symmetric cloud to its total mass:

50'2,)Req
GM °

Ayir = (B8)
where o, is the velocity dispersion of the clump and G is
the gravitational constant (MacLaren et al. 1988). We assume
that these clumps follow a spherical density distribution. In the
absence of pressure supporting the clump, @y;; < 1 means that the
clump is gravitationally unstable and collapsing, whereas ay;; >
2 suggests that the kinetic energy is higher than the gravitational
energy and that the clump is dissipating. A value of ay;; between

A21, page 13 of 15
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Fig. A.1. Velocity channel maps of '2CO(1-0) toward W3/4 complex. The emission has been integrated over 3.3 kms~! around the local standard
of rest velocities indicated in each panel. Note: the intensity of each detected and displayed pixel is greater than 3o-. For the yellow stars and small

green and red dots, see Fig. 2a.

1 and 2 is interpreted as an approximate equilibrium between the
gravitational and kinetic energies.

The luminosity-to-mass ratio (L/M) of clumps is a good indi-
cator of their evolutionary stage in star formation (Molinari et al.
2008; Urquhart et al. 2018).

To determine the dominant broadening mechanisms, we cal-
culate thermal line widths using o therma = VAT /m in units of
kms™!, where k is the Boltzmann constant in units of J/K, m
is the mean molecular mass in units of g, and 7T is the excita-
tion temperature Tex from eq. A.1. The thermal and non-thermal
line widths (0"Ther and o"Non—Ther) are defined using the following
equations (Myers 1983; Li et al. 2015):

kT
O Ther,g [kms_l] = I

(B.9)
pmy

and

nontmeelkms ™ = (Jod o2 = ([ad, /8102 — o (B.1O)
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where o|p is the one-dimensional velocity dispersion in units
of kms™!, A, is the line width in units of kms™!, k is the
Boltzmann constant in units of J/K, u = 2.4, myg is the mass
of a single hydrogen atom in units of g and 7 is the excitation
temperature in units of K.
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Fig. A.2. Velocity channel maps of '*CO(1-0) toward W3/4 complex.
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Fig. A.3. Velocity channel maps of C'*0(1-0) toward W3/4 complex.
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