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ABSTRACT

Fabry-Perot interferometry was used to obtain an He survey of the most emissive part of W4, a giant superbubble/
H 1t region located in the Perseus arm. Presented by Normandeau and colleagues as an H1 cavity aiming away from
the Galactic plane, the void has been morphologically interpreted as a Galactic chimney candidate in interaction with
the Galactic corona. We present the kinematical results of nearly five million Ho spectra obtained in the southern
portion of the nebula (0° < b < 3°). Many small-scale radial velocity gradients are detected in the embedded
ionized component and are attributed to the photoionization of dense, mostly molecular, fragments found either
in or at the periphery of the expanding supershell. The mean local standard of rest radial velocity associated with
our He survey is found at —42.565 4 5.204 (1o) km s~!, redshifted by roughly 5 km s~! from the molecular
material found in the vicinity of the large superbubble. Investigation of the Ho line-width measurements has shown
W4-south to fall in a transient regime between low velocity dispersions characteristic of small-size Galactic H1ut
regions and supersonic line widths associated with supergiant extragalactic structures. The overall kinematics of
W4-south is best explained with the Champagne model for the dynamical evolution of H 11 regions where at least
10 independent gas flows crisscross the nebula. For the first time, a Champagne flow is seen coming to an end
within a nebula, mingling with the surrounding ionized gas. The nature (molecular versus atomic) of the neutral
material, prone to erosion, is critical as it leads to much different kinematical interpretations. W4-south appears as
a text book example of the last stage in the life of a giant molecular cloud complex.
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1. INTRODUCTION

Most spiral galaxies are known to be embedded into a
hot and ionized gaseous component forming galactic coronae.
Introduced by Spitzer (1956) and later confirmed by high-
latitude observations (Yentis et al. 1972), this tenuous hot
ionized medium (HIM) was also found in a sizeable proportion
near the Galactic midplane (Jenkins & Meloy 1974) making
the old two-phase interstellar medium (ISM) model proposed
by Field et al. (1969) inadequate. Considering the low-latitude
X-ray emission, McKee & Ostriker (1977) proposed the now-
accepted three-phase ISM model in which the HIM component
takes a significant role in the pressure equilibrium.

Highly energetic mechanisms, such as strong stellar winds
from massive star clusters and supernova (SN) blast waves, are
held responsible for the detection of such a hot plasma at the
Galactic plane level. However, the low-latitude constraint asso-
ciated with these mechanisms forced the scientific community
to investigate on different possibilities in order to explain the
high-latitude observations. In fact, typical cold corona stars do
not have a significant impact, either kinematical or thermal, on
the ISM material in their vicinity. Therefore, nonlocal mecha-
nisms were priorized in order to provide energetic feeding able
to sustain the ionization of the Galactic corona.

Chevalier & Gardner (1974) presented numerical modeliza-
tions of SN remnants in expansion through a stratified Galactic
atmosphere where both the particle density and the pressure
of the upstream ISM material were meant to exponentially de-
crease with latitude (Heiles 1991; Dickey & Lockmann 1990).
It was found that powerful SNe, located slightly above or un-
der the Galactic midplane, can generate ovoid shells likely to
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be accelerated through the ISM density gradient. The largest
features were seen having their hot embedded material dis-
charged at the corona level. Norman & Ikeuchi (1989) used
the expression “Galactic chimneys” to refer to these collimated
and highly elongated structures in which energetic photons can
easily travel. The authors estimated the number of Galactic
chimneys throughout the Milky Way required to explain the
high-latitude observations to be a thousand. Unfortunately,
Galactic plane surveys (Normandeau et al. 1997; McClure-
Griffiths et al. 2001) have not shown the anticipated num-
ber of supershells. Even though promising candidates (Miiller
et al. 1987; Callaway et al. 2000; McClure-Griffiths et al. 2000,
2006) have already been identified in the radio regime, a high-
resolution kinematical investigation of the ionized interior of a
Galactic chimney candidate yet remains to be accomplished.
Being born mainly in the Galactic plane, H 11 regions showing
large amounts of molecular material, successive generations of
massive star clusters through triggering and OB associations are
also prime candidates for investigation. Under such conditions,
large ovoid H1i regions should show ionized gas velocity and
density gradients pointing toward the Galactic corona. If such
gradients remain undetected, the so-called Champagne phase
(Tenorio-Tagle 1979) presents an interesting alternative in order
to explain and quantify the dynamical evolution of large Hul
regions. This model is based on the pressure difference between
the freshly photoionized material (at the periphery of dense
neutral features exposed to the UV flux of nearby hot stars)
and the ambient ISM. Numerical simulations (Bodenheimer
et al. 1979; Tenorio-Tagle & Bedjin 1981; Tenorio-Tagle et al.
1982; Franco et al. 1990) predict well-defined linear velocity
gradients as the ionized material is carried away from the
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pressure discontinuity. Each gradient peaks at an end velocity
dependent on the pressure discontinuity (Bodenheimer et al.
1979). For large pressure contrasts (ncjoud/#ism > 1000), the
end velocity is estimated slightly above 30 km s~! with respect
to the eroded feature (this is obtained assuming a speed of
sound of roughly 10 km s~! in the ambient ISM). The maximal
velocity gradient of the Champagne phase is estimated at 3—5 km
s~! pc! (Bodenheimer et al. 1979). Modelizations have shown
larger line widths down the Champagne flow as the ionized
material is accelerated away (Cyganowski et al. 2003). This
tendency toward line broadening could be partially related to
line splitting observed in theoretical Champagne flows (Yorke
etal. 1984). Interferometric observations of small-size (2-30 pc)
Galactic H11 regions (Joncas & Roy 1984; Miville-Deschénes
et al. 1995; Godbout et al. 1997; Barriault & Joncas 2007)
have shown complicated radial velocity fields in agreement
with the Champagne phase. Alternately, the blister model
(Hester et al. 1996), mainly governed by the photoionization
of photoevaporative flows, was also proposed to explain the
evolution of H1r regions. The model predicts ionized flows
characterized by nonlinear velocity gradients and surprisingly
small H 11 regions that remain relatively close to the boundaries
of the associated molecular cloud (Henney et al. 2005). This
is explained from the blister model being nonhydrodynamic.
For a relatively old Hul region showing an ionized extension
many times larger than the dimensions covered by the molecular
material, the blister model is apparently inadequate (Barriault
& Joncas 2007).

We chose to study the kinematical behavior of the giant
superbubble/H 11 region W4, one of the few identified Galactic
chimney candidates. Our aims are to (1) determine whether
large gas flows are present, (2) quantify the role of stellar
winds and UV photons in the photoevaporation of the neutral
material, (3) verify if the Champagne phase plays a sizeable
role on observed kinematics, (4) investigate if the chimney walls
have any kinematical impact, and (5) determine how successive
stellar generations have impacted the evolution of the chimney.
Our findings suggest that we address this investigation in two
sequential papers.

In Section 2, previous work associated with the Hiu re-
gion W4 is presented. Our description mainly focuses on
the southern portion of W4 (0° < b < 3° hereafter
Wi4-south) while the second paper to follow (Lagrois & Jon-
cas 2009, hereafter Paper II) will investigate the kinematics of
the ionized material found at northern latitudes (3° < b < 7°,
hereafter W4-north). After a brief description of the data ac-
quisition and reduction techniques in Section 3, in Section 4,
we provide the results of our Fabry-Perot Ho survey. Particular
areas of the large W4-south region were priorized in order to
favor an investigation of the molecular clumps found embedded
or at the periphery of the expanding supershell. In Section 35,
the time-dynamical evolution of W4-south is discussed through
kinematical analysis and interpretation associated with nearly
five million Ho spectra. From our kinematical investigation, a
spatial scenario of W4-south is proposed in Section 6 while
summarized results are presented in Section 7.

2. THE W4 SUPERBUBBLE

Introduced by Westerhout (1958) as an irregular nebula of
medium brightness, the H1t region W4 is often referred to as
the Heart nebula due to the heart-shaped morphology of its
southern hemisphere (0° < b < 1°). It is suggested that out-
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flows from the OB association IC 1805 (I = 1348, b = (29)
are responsible for the actual superbubble’s expansion (Basu
et al. 1999). Proper motion investigation has allowed the iden-
tification of 126 stars intrinsic to the star cluster (Shi & Hu
1999). The authors confirmed, through spectroscopic observa-
tions, the presence of numerous massive stars; about 40 from
spectral types O4 to B2 (including 10 O-type stars) have been
identified with a high probability of membership. An important
proportion of these massive stars is still found on the main-
sequence branch indicating a very young cluster age evaluated at
2.5 Myr (Llorente de Andrés et al. 1982).

UBV photometry, properly corrected for absorption, puts
IC 1805 at a heliocentric distance of 2.35 kpc (Massey et al.
1995). Using 8.5 kpc as the distance between the Galactic
center and the Sun, we obtained a galactocentric distance of
10.29 kpc for the star cluster. The Canadian Galactic Plane
Survey (CGPS) obtained spectroscopic 21 cm line observa-
tions across the W3/W4/W5 complex in order to quantify
both the emission and the kinematics of the atomic hydrogen
(Normandeau et al. 1997). The CGPS-mosaicked data cube cov-
ers almost 40 deg” on the plane of the sky in the longitude and
latitude ranges from 131° to 139° and from —1° to 5°, respec-
tively. The W4 region takes the form of an impressive, elongated
H1 cavity aiming at the Galactic corona. The void is centered
on a radial velocity range between —38.46 and —45.05 km s~!
(West et al. 2007) as measured in the local standard of rest
(LSR). The large H1 supershell was presented as being slightly
tilted toward the observer (Normandeau et al. 1996).

Low-latitude (b < 125) far-infrared and radio observations
have shown tenuous ionized material beyond the shell boundary
that was interpreted as evidences for the percolation of UV
photons (Terebey et al. 2003). The authors proposed the southern
hemisphere of W4 to lie in a transitional state where particular
density-bounded segments can be found on the shell path while
the densest emissive clumps seem to energetically confine the
Hu region.

Dennison et al. (1997) obtained, through narrow-band Ho
imaging, a 10° diameter view of the W4 superbubble. The
photoionization of the neutral ISM material, compressed by the
outer shock wave, induces an emissive Hoe counterpart observed
on the inner side of the H1 supershell. We will, therefore,
refer to the W4 supershell as being semineutral, semi-ionized.
Considering the apparent dimensions of the superbubble, the
authors proposed a timescale formation of roughly 610 Myr
(about three times the estimated age of the star cluster) and
assumed a succession of many star generations in order to have
formed the W4 superbubble. Very few Ha features seem to
be observed trapped inside the supershell, the ionized mixture
being mostly diffuse. Since the compressive outer shock wave
is meant to leave very little material behind it (Henny et al.
1999, Chapter 12), we assume the inner diffuse component to
be mostly formed of stellar winds and eroded shell/molecular
cloud material.

Observations at the James Clerk Maxwell Telescope (JCMT)
of the CO (2-1) transition have revealed two elongated cometary
clouds, still found embedded in the W4 superbubble, whose
remarkable alignment, pointing toward the star cluster IC 1805,
provided clues that the UV flux and the mechanical action
of stellar winds portrayed the actual shape of the molecular
features (Taylor et al. 1999). Based on well-detected radial
velocity gradients, the authors proposed spatial scenarios where,
in the first case, the southern fragment G134.9+1.4 is located
behind the star cluster moving away toward the rear side of
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Figure 1. Schematic diagram of W4-south. The numbers coincide with the optical centers of the 20 gathered Hu fields. Boxes enclosed the area covered by each field.
The dotted line is related to the semineutral, semi-ionized W4 supershell while thick solid lines and the regular bold line are associated, respectively, with the CO
(2-1) transition emission of the two embedded (large) molecular fragments and the thin He filament. Also included are the H 11 region W3 and the SN remnant HB3

(long-dashed lines).

the superbubble. Dennison et al. (1997) particularly noticed
a bright Ho filament roughly 0°5 above the star cluster and
extending from the western side of G134.9+1.4. The authors
interpreted the filament as the anticipated ionized component
resulting from the interaction between the cloud fragment and
the UV flux of the star cluster. Secondly, the overall kinematics
of G134.9+1.4 and the northern cloud fragment, G134.6+1.9,
are said to be roughly similar if, inversely, the latter one is
located in front of the star cluster. The reader is referred to
Figure 1, presenting a schematic view of W4-south, in order
to visualize the location of the different structures. The smaller
Hir region W3 and the SN remnant HB3 were added to the
W4 superbubble, as shown in Figure 1. Aside from the two
cometary clouds, observations of the CO (1-0) transition have
also provided evidences of numerous molecular fragments still
found in the W3 /W4 /W35 star-forming complex (Heyer et al.
1998). A contour plot extracted from the Five College Radio
Astronomy Observatory (FCRAO) CO (1-0) survey of the
second Galactic quadrant is added to the large-scale view of the
Ho emission in W4-south, as shown in Figure 2. Compressed
clumps of molecular material can be seen at the periphery of the
expanding southern supershell. Thin fragments, confined inside
the shell, are also detected east of the star cluster. The contours
are traced out between 5 and 40 K km s~! with a spacing of
5Kkm s~

In order to estimate the kinematical impact attributed to the
photoionization of these neutral structures and their role played
on the dynamical evolution of the H 11 region, an Ha survey via
Fabry-Perot interferometry was carried out on the embedded
ionized component found in W4-south.

3. OBSERVATIONS AND DATA REDUCTION

Ha observations were performed between 2003 and 2007
using the Ritchey—Chrétien 1.6 m telescope of the Observatoire
du mont Mégantic (OmM). The data were gathered using

the Fabry-Perot of New Technology for the Observatoire du
mont Mégantic (FANTOmM) device system composed of a f/2
focal reducer, a Fabry-Perot Interferometer (FPI), and an Image
Photon Counting System (IPCS). Both the parallelism and the
spacing between the plates of the FPI were monitored using
a servo-control system. The finesse varied slightly between
observing runs giving spectral resolutions between 0.15 and
0.21 A/channel. The central interference order of the FPI
was fixed at my = 765 for a free spectral range of 8.56 A
centered on the Ho rest frequency. The spectral scanning covers
seven interference orders (labeled mq, my, mio, m43) for a
total range of 60 A (roughly seven times the free spectral
range). Calibration interferograms were obtained using the
16598.95 A Ne line. To isolate the Ha emission from other
ionic lines, narrow-band (AApwrm = 10 A) interference filters,
slightly redshifted from 16562.78 A in order to compensate for
blueshifting effects caused by cold ambient temperatures, were
used. Emission attributed to the peripheral scanned orders (74,
my3) is, therefore, flattened out by the narrow transmissive
bands.

The use of the PANORAMIX f/2 focal reducer (Godbout et al.
1998) allowed a 123 x 12!3 field of view (FOV) for a spatial
resolution of 1745/pixel. The IPCS camera (Hernandez et al.
2003) is composed of a Gallium—Arsenide (GaAs) photocath-
ode, a high-voltage intensifier tube, and a regular 1024 x 1024
CCD. Instead of using the 1024 x 1024 40 frames per second
mode of the CCD, we used the hard binned mode of 512 x
512 at 80 frames per second. This type of camera differs from
other IPCS systems due to the centering work of events done in
real time using the ADHOCw! software as opposed to a usual
hardwiring system. This method allows for very small readout
times. Therefore, each channel can be observed numerous times
and summed at the end of the acquisition in order to increase

' http://www-obs.cnrs-mrs.fr/adhoc/adhoc.html
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Figure 2. Narrow-band imaging of the Ho emission across W4-south. Courtesy of astro-imager Richard Crisp, the image was taken on 2004 August 27-28, from
Castro Valley, CA, USA. A custom 50 mm narrow-band emission line filter was used centered on 16563.0 A. The filter had a 30 A FWHM transmissive band. A 2 hr
exposure time was required. A contour plot of the CO (1-0) transition emission in the vicinity of W4-south is added to the Ho image. An integrated intensity map of
the molecular emission was extracted from the FCRAO CO (1-0) observations. The spectral collapse of the data cube was made for LSR radial velocities between
—22.90 and —63.30 km s~!. Eight contour levels are drawn between 5 and 40 K km s~!. As in Figure 1, numbers coincide approximately with the location of the

Fabry-Perot observations.

the signal-to-noise ratio (S/N; Gach et al. 2002). Combined
with the no-readout noise characteristic of IPCS cameras, the
FaNTOmM system represents an ideal device to study particu-
larly faint astronomical objects. Exposure times varied accord-
ing to the particular Ho emission of individual fields. The bright
emission associated with targeted regions in the direct vicinity
of the star cluster IC 1805 allowed us to obtain reliable kine-
matical information in approximately 120 minutes. However,
farther fields undergoing emission attenuation through flux di-
lution or due to a simple lack of ionized material required a
more important number of cycles in order to obtain acceptable
S/Ns. Roughly, 4-5 hr were needed for the faintest fields of our
Ho survey of W4-south.

Data reduction was carried out using IDL routines (Daigle et
al. 2006), specially tailored to reproduce the method used for
the TAURUS FP spectrometer (Atherton et al. 1982). For each
field, computation of the phase map and its application to the ob-
served interferogram allowed us to obtain a three-dimensional
(I, b, )) raw data cube. Sky subtraction has been found to be
highly complicated since the dimensions of the superbubble are
much larger than those of a single FOV; night-sky emission
was, therefore, not available near the fields’ edges, a method
typically used for extragalactic observations. In order to sub-
tract from He profiles contaminant night-sky lines found in the
scanned wavelength interval (Osterbrock et al. 1996), a multi-
component Gaussian fit giving the amplitude, spectral position
(or radial velocity), and observed line width of each component
was applied to each emission spectrum. The minimal S/N al-
lowed for a fitted line was fixed at 3. All radial velocities were
measured with respect to the LSR using the optical convention.
For close objects like W4, the two conventions, radio or optical,
show a difference in radial velocities of the order of a fraction of
km s~!, below the typical uncertainty of our velocity measure-
ments (see Section 4).

In order to extract purely kinematical information from He
line widths, we supposed each contribution to the observed
broadening to be approximated by independent Gaussian pro-
files. Individual widths related to the instrumental and thermal
profiles, and the He-fine structure, were therefore quadratically
subtracted from each observed line width. The latter is discussed
by Dyson & Meaburn (1971) with a contribution of 1.37 km s~ .
Thermal broadening was obtained for an electronic temperature
of 7400 K using the galactocentric electronic temperature gra-
dient for known H 11 regions (Paladini et al. 2004). Finally, the
instrumental contribution was taken as the width of the Ne-line
calibration profile, also properly corrected for thermal broaden-
ing intrinsic to excited neon plasmas (Sdinz et al. 2005). The
corrected Ho line widths provide the kinematical broadening
attributed to turbulence and radial velocity gradients along the
line of sight (LOS).

4. KINEMATICAL RESULTS

Bounded boxes, in Figures 1 and 2, indicate the location of the
FPI observations and the area covered by each field. A total of 20
fields were obtained in order to estimate the kinematical impact
of neutral structures (H1 walls, molecular clouds embedded
inside the supershell or found partially compressed near the
outer shock wave) on the ionized gas’s overall behavior. The
northern boundary of the He image used in Figure 2 is fixed at
b = 1275 and, therefore, does not allow to indicate the location
of Fields 17-19 (see Section 4.2). Due to particularly faint Ho
emission found for Fields 05, 19, and 20, we performed a 2 x
2 spatial binning of each data cube. The remaining fields were
kept at their original spatial resolution. A Gaussian kernel with
FWHM = 2 pixels has been used as a spatial smoothing filter
in order to emphasize structures in the velocity maps.

For each field, Tables 1 and 2, respectively, present the main
results obtained from individual radial velocity and corrected
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Table 1
LSR Radial Velocity Investigation
Field Optical Center (Vi LSR) Ov; Lsr Skewness Kurtosis Excess Location
{,b) (kms™1) (kms~!)
01 (135229, 0210) —45.340 £ 0.008 4.017 £ 0.006 0.17 1.06 Southern hemisphere
02 (134245, 0°17) —43.290 + 0.009 4.274 £ 0.006 0.63 2.05 Southern hemisphere
03 (134262, 0240) —42.895 £+ 0.008 4.144 £ 0.006 —0.07 2.21 Southern hemisphere
04 (135245, 0°48) —42.480 £ 0.009 4.317 £ 0.006 —0.19 3.23 Southern hemisphere
05 (135210, 0240) —40.790 £ 0.022 5.529 + 0.016 —0.55 1.05 Southern hemisphere
06 (134281, 0°95) —40.781 £ 0.012 5.986 + 0.008 —0.08 0.32 IC 1805 vicinity
07 (134297, 0283) —46.111 £0.011 5.343 + 0.007 0.19 0.69 IC 1805 vicinity
08 (135213, 0°90) —40.307 £ 0.009 4.798 £+ 0.007 0.34 0.49 IC 1805 vicinity
09 (135210, 1°04) —46.607 £ 0.007 3.754 + 0.005 0.67 1.31 IC 1805 vicinity
10 (135208, 1°13) —44.436 + 0.007 3.589 + 0.005 0.25 0.70 IC 1805 vicinity
11 (134296, 0295) —41.075 £ 0.008 4.029 + 0.006 —0.08 3.33 IC 1805 vicinity
12 (134293, 1°11) —40.004 £ 0.009 4.596 £ 0.006 0.26 0.72 IC 1805 vicinity
13 (134282, 1226) —45.144 £+ 0.009 4.669 £ 0.007 0.48 1.21 G134.9+1.4 fragment
14 (134298, 1230) —42.955 £ 0.009 4.403 £ 0.006 —0.09 0.15 G134.9+1.4 fragment
15 (134296, 1236) —39.251 £ 0.011 4.094 £ 0.008 0.29 0.57 G134.9+1.4 fragment
16 (134280, 1240) —40.789 + 0.008 4.046 £ 0.006 0.70 1.26 G134.9+1.4 fragment
17 (135952, 1°78) —40.888 £ 0.009 4.661 £ 0.007 0.17 0.88 ‘W4 eastern wall
18 (135965, 1°89) —44.751 £ 0.009 4.407 £ 0.006 0.35 0.50 W4 eastern wall
19 (134253, 1°82) —36.699 + 0.017 4.185 £0.012 0.17 1.24 G134.6+1.9 fragment
20 (134272, 1269) —37.202 £ 0.025 6.379 £ 0.018 0.33 0.74 G134.6+1.9 fragment
Table 2
Line-Width Investigation
Field Optical Center (Bi.corr) OB; corr Skewness Kurtosis Excess Location
(,b) (kms~1) (kms~1)

01 (135229, 0°10) 8.338 £+ 0.007 3.728 £+ 0.005 0.03 —-0.35 Southern hemisphere
02 (134245, 0°17) 9.062 + 0.011 5.339 + 0.007 1.49 2.50 Southern hemisphere
03 (134262, 0°40) 9.761 + 0.006 2.978 + 0.004 0.26 2.39 Southern hemisphere
04 (135245, 0248) 10.933 + 0.007 3.741 £+ 0.005 0.78 1.27 Southern hemisphere
05 (135210, 0240) 10.972 + 0.022 5.564 + 0.016 0.37 —-0.35 Southern hemisphere
06 (134281, 0295) 10.233 £ 0.006 3.032 £+ 0.004 0.54 0.92 IC 1805 vicinity
07 (134297, 0°83) 9.493 + 0.008 3.978 + 0.006 0.38 —-0.35 IC 1805 vicinity
08 (135213, 0290) 9.535 £+ 0.006 2.958 £+ 0.004 0.19 0.28 IC 1805 vicinity
09 (135210, 1°04) 7.412 + 0.004 1.918 + 0.003 —0.28 0.42 IC 1805 vicinity
10 (135208, 1°13) 8.080 £ 0.003 1.688 + 0.002 0.01 0.54 IC 1805 vicinity

11 (134296, 0295) 5.795 + 0.004 2.224 + 0.003 —0.03 —0.06 IC 1805 vicinity
12 (134293, 1°11) 8.925 £ 0.004 2.317 £ 0.003 0.10 0.07 IC 1805 vicinity
13 (134282, 1°26) 11.473 + 0.007 3.420 £+ 0.005 0.20 0.28 G134.9+1.4 fragment
14 (134298, 1230) 10.803 £ 0.005 2.744 £+ 0.004 —0.22 0.20 G134.9+1.4 fragment
15 (134296, 1°36) 9.792 + 0.008 4.047 + 0.006 0.08 —0.05 G134.9+1.4 fragment
16 (134280, 1240) 9.328 £+ 0.007 3.727 £+ 0.005 0.64 1.07 G134.9+1.4 fragment
17 (135252, 1°78) 5.620 + 0.005 2.323 4+ 0.003 0.45 0.95 ‘W4 eastern wall
18 (135265, 1289) 5.918 £+ 0.006 2.991 £+ 0.004 0.47 0.34 ‘W4 eastern wall
19 (134253, 1°82) 10.622 + 0.018 4.449 + 0.012 0.41 0.42 G134.6+1.9 fragment
20 (134272, 1269) 12.245 £ 0.017 4.251 + 0.012 0.02 —-0.12 G134.6+1.9 fragment

line-width distributions; mean values ((v; Lsr) and (B; corr)) are
presented in Column 3 while standard deviations (o,,,, and
08, ..) for each distribution are shown in Column 4. Skewness
and kurtosis excess are also, respectively, given in Columns 5
and 6. A brief comment related to the location of each field
is proposed in Column 7. From now on, the label “7” will be
referred to the field’s number (e.g., (Vo1 Lsr) corresponds to the
mean radial velocity observed in Field 01). In Tables 1 and 2,
uncertainties on mean values and one standard deviations corre-
spond to statistical uncertainties (inversely proportional to /N,
where N is the number of events in each distribution). Kinemat-
ical uncertainties, for each radial velocity and corrected line-
width point, were also calculated with the method proposed by

Lenz & Ayres (1992). For each field, histograms of the kinemat-
ical uncertainties have mainly shown Poissonian characteristics.
Table 3 presents the mean uncertainties extracted from the dif-
ferent distributions.

The FPI observations were carried out to investigate five
different portions of W4-south: the southern hemisphere (Fields
01-05), the star cluster vicinity (Fields 06—12), the molecular
cloud fragment G134.9+1.4 (Fields 12-16), the W4-eastern wall
at intermediate latitudes (Fields 17 and 18), and the molecular
cloud fragment G134.6+1.9 (Fields 19 and 20). Sections 4
and 5 will be divided into four subsections: (1) a general
overview using the kinematical information obtained from our
Ha survey taken as a whole followed by localized investigations
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Table 3
Mean Kinematical Uncertainties on LSR Radial Velocity and Line-Width
Measurements
Field (ein) (eip)
(km s™1) (kms™1)

01 0.498 £ 0.001 1.512 4+ 0.088
02 0.644 £ 0.001 1.993 £+ 0.154
03 0.669 £ 0.002 1.640 £ 0.239
04 0.599 £ 0.001 0.898 £ 0.004
05 0.855 & 0.003 2.254 £+ 0.054
06 0.470 £ 0.001 0.616 £ 0.079
07 0.574 £+ 0.002 0.997 £ 0.040
08 0.468 £ 0.001 0.701 £ 0.071
09 0.376 £ 0.001 0.598 £ 0.050
10 0.399 £ 0.001 0.524 £ 0.003
11 0.388 & 0.001 1.018 £ 0.066
12 0.517 £ 0.002 0.609 £ 0.003
13 0.497 £+ 0.001 0.718 £ 0.004
14 0.545 £ 0.001 0.852 £ 0.015
15 0.530 £ 0.001 0.727 £+ 0.004
16 0.602 £ 0.001 0.933 £ 0.045
17 0.571 £+ 0.002 1.310 £+ 0.004
18 0.566 £ 0.001 2.916 £ 0.106
19 1.220 £ 0.003 2.897 £+ 0.085
20 0.690 £ 0.002 1.361 £ 0.007

of the ionized gas’s kinematical behavior in the vicinity of (2)
molecular and (3) atomic material. A last subsection will be
added to discuss the (4) interflow medium of W4-south.

4.1. General Overview

Nearly five million He spectra were obtained for Fields
01-20. Combined together, distributions for the LSR radial ve-
locities and corrected He line widths are, respectively, presented
in Figures 3 and 4. The mean LSR radial velocity is found at
(Usurvey,LSR) = —42.565 4= 0.002 km s, in agreement with the
LSR radial velocity range revealing the H1 cavity in the radio

regime (see Section 2). The standard deviation of the radial
velocity distribution is found at o, = 5.204 4 0.002 km s~
The asymmetry coefficient is found at 0.29, an indication for an
overabundance of radial velocity points above —35 km s~!. This
contributes for a mean radial velocity slightly redshifted from
the most probable value of the distribution near —44 km s~
The distribution has a kurtosis excess of 0.87. Since a perfect
Gaussian would show a value of 0, the distribution has extended
tails indicating the presence of “extreme” radial velocities in
both the red and blue parts.

Figure 4 presents the histogram obtained from the investi-
gation of the corrected He line widths. A mean dispersion of
(Bsurvey,comr) = 9.213 £ 0.002 km s~ is found, slightly below
the sonic regime. This value seems to coincide with an inter-
mediate case scenario between subsonic Ho line widths usually
found for Galactic objects and larger, supersonic dispersion val-
ues associated with giant extragalactic Hi1 regions (O’Dell &
Townsley 1988). The standard deviation of the line-width distri-
bution is found at o5 = 3.889 & 0.001 km s~'. An asymmetry
coefficient of 0.66 is obtained, mainly due to a long right tail
of dispersion points well above 20 km s~!. However, the left
tail stops its progression before reaching 0 count (as would be
expected). Actually, about 3% of our Ha spectra (a fraction
roughly equivalent to the missing portion of the distribution’s
left tail) have failed to provide reliable line-width information as
the quadratic subtraction method (see Section 3) gave ﬂfcm <
0 km s~!, which is numerically inadequate. These spectra were
rejected from both the Ho line width and LSR radial veloc-
ity analysis. The two “fat tails” contribute to a kurtosis excess
of 1.23.

In the two following subsections, kinematical evidences for
numerous radial velocity and line-width linear gradients will
be provided. Each flow is labeled from A to X in Column 2
of Table 4. The range on which each flow remains well de-
fined (i.e., the distance on the plane of the sky over which
the slopes of the radial velocity and line-width gradients re-
main roughly constant) is presented in Column 3. In the text,
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Figure 4. Corrected Ha line-width distribution of W4-south. Both the mean dispersion value and the statistical one standard deviation, found, respectively, at 9.213 +
0.002 km s~! and 3.889 + 0.001 km s~ are schematically represented by the vertical and horizontal thick solid lines. The asymmetry coefficient is estimated at 0.65
and the kurtosis excess is found at 1.23. A normal distribution would give a skewness and a kurtosis excess of 0. The dotted histogram corresponds to the corrected
He line-width distribution of the interflow medium of W4-south. The mean of the distribution, estimated at 10.95 £ 0.01 km s~ !, is indicated by the solid arrow.

Table 4

Kinematical Investigation of Localized Ionized Flows

Field Flow Range LSR Radial Velocities Ha Line Widths
Vy Uk, initial Correlation Vg B, initial Correlation
(pc) (kms~! pc~1) (kms™1) (km s~ ! pc™1) (kms™1)

01 A 7.39 —0.31 £ 0.06 —45.13 £ 0.08 —-0.92 0.16 + 0.04 9.30 £ 0.09 0.88
02 B 243 —1.43 £ 0.14 —43.98 £+ 0.20 —0.81 0.83 + 0.12 6.79 + 0.17 0.75
03 C 4.74 —0.58 £ 0.04 —44.06 £+ 0.10 —0.90 0.56 + 0.04 9.21 £+ 0.12 0.85
04 D 3.25 1.56 + 0.19 —44.95 + 0.49 0.83 2.14 + 0.05 9.43 + 0.09 0.93
06 E 3.25 1.29 £+ 0.08 —40.54 £+ 0.16 0.92 1.21 + 0.05 8.36 £ 0.10 0.97
06-07 F 4.91 —0.85 £ 0.07 —46.39 £ 0.21 —0.87 —1.69 £ 0.05 15.17 £+ 0.16 —-0.97
11 G 1.60 1.53 £ 0.27 —43.97 £ 0.25 0.79 —0.87 £ 0.19 8.67 £ 0.18 —0.71
08-09-11 H 1.27 0.76 + 0.24 —44.45 £+ 0.18 0.66 —0.64 £+ 0.21 6.52 £ 0.16 —0.57
09-10 1 491 0.53 + 0.03 —49.14 £+ 0.09 0.92 —0.07 £ 0.05 8.75 £ 0.13 —0.06
09-10 J 243 1.29 £+ 0.08 —48.18 £ 0.11 0.95 0.09 £+ 0.08 8.03 £ 0.12 0.36
10-14 K 1.60 243 + 0.23 —47.18 £ 0.21 0.93 0.05 + 0.17 6.73 £ 0.16 0.05
13 L 0.69 —2.60 £ 0.27 —45.43 £ 0.11 —-0.96 3.62 &£ 0.45 12.28 + 0.19 0.95
13-14-15 M 1.35 —2.29 £ 0.26 —41.37 £ 0.21 —0.91 1.02 + 0.06 6.97 + 0.05 0.97
13 N 0.78 —2.43 £ 0.17 —45.52 £+ 0.08 —0.98 3.16 &+ 0.28 11.51 + 0.13 0.98
13-16 (0] 1.35 —1.33 £ 0.09 —43.95 £ 0.07 —-0.97 1.57 + 0.09 8.96 + 0.07 0.98
16 P 3.25 —0.09 £ 0.06 —41.96 £ 0.11 —0.30 0.07 £ 0.07 10.20 + 0.14 0.06
13-14-15 Q 0.94 —0.57 £ 0.10 —41.81 £+ 0.06 —0.88 1.97 + 0.24 7.12 £ 0.14 0.94
13-14-15 R 1.11 —1.88 £ 0.30 —42.21 £ 0.20 —0.87 1.46 + 0.13 6.74 £ 0.09 0.96
17-18 S 13.01 —0.48 £ 0.04 —39.15 £ 0.30 —0.85 0.11 + 0.03 5.03 £ 0.24 0.22
17 T 4.91 1.43 + 0.08 —44.34 £+ 0.22 0.94 0.40 + 0.04 5.00 £ 0.13 0.73
18 U 491 1.64 + 0.04 —47.12 £ 0.12 0.98 0.45 + 0.08 5.89 £ 0.22 0.66
19 A% 2.71 0.12 + 0.15 —3552 £ 0.24 0.15 —0.13 £ 0.16 11.74 £+ 0.26 —0.15
20 W 4.87 0.13 + 0.12 —41.15 £ 0.31 0.19 0.22 + 0.08 11.18 + 0.22 0.26
20 X 2.54 —1.26 £ 0.47 —33.02 £ 0.72 —0.66 0.59 £+ 0.11 9.08 £+ 0.36 0.79

end radial velocities and line widths will refer to the radial ve-
locities and line widths observed at the end of these ranges.
These values are not presented in Table 4 but can be easily de-
rived from the information provided. The radial velocity and
line-width behaviors are, respectively, given in Columns 4—6
and Columns 7-9. Table 4 provides the steepness of each lin-
ear gradient (V, and Vpg), the Y-intercept value for each relation
(Vk.initia1 and By initial With k being labeled between A and X in the
text), and the Pearson correlation coefficients (Bevington 1969,

Chapter 4) derived from least-squares fits applied to the straight
lines. For the radial velocity investigation, a radial velocity gra-
dient characterized by a positive (negative) slope will be referred
to as a redshifted (blueshifted) tendency with respect to its Y-
intercept value, vy initial, the LSR radial velocity of the ionized
gas in contact with the neutral material. Similarly, a positive
(negative) slope related to a particular line-width gradient will
be associated with a tendency toward line broadening (narrow-
ing) compared to its Y-intercept, By initial-
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Table 5
Kinematical Comparison Between the Spatially Coinciding Neutral and Ionized Material
Flow Nature Uk neutral Uk, initial B initial Extrapolation Source
(kms™!) (kms™!) (kms™1) (pc)

A Molecular —44.0 —45.13 + 0.08 9.30 + 0.09 1
B Molecular —45.0 —43.98 + 0.20 6.79 £+ 0.17 1
C Molecular —46.0 —44.06 + 0.10 9.21 + 0.12 1
D Atomic [—42.0, —46.0] —44.95 + 0.49 9.43 £ 0.09 2
E Molecular —40.0 —40.54 + 0.16 8.36 + 0.10 1
F Molecular —43.0 —44.5 19.0 2.25 1
G Molecular —435 —43.97 + 0.25 8.67 + 0.18 1
H Molecular —51.0 —44.45 + 0.18 6.52 £ 0.16 1
* Molecular [—45.0, —49.0] —49.8 8.8 1.24 1
J? Molecular [—45.0, —49.0] —-50.8 7.8 2.06 1
K? Molecular [—45.0, —49.0] —-504 6.7 1.33 1
L Molecular [—38.0, —43.0] —45.43 + 0.11 12.28 £ 0.19 1,3
M Molecular —42.0 —41.37 + 0.21 6.97 + 0.05 1,3
N Molecular [—38.0, —43.0] —45.52 + 0.08 11.51 £ 0.13 1,3
(0] Molecular —42.5 —43.95 + 0.07 8.96 + 0.07 1,3
P Molecular —41.0 —41.96 + 0.11 10.20 £+ 0.14 1
Q Molecular —42.5 —41.81 + 0.06 7.12 £ 0.14 1,3
R Molecular —42.0 —42.21 + 0.20 6.74 + 0.09 1,3
T Atomic [—43.0, —47.0] —44.34 + 0.22 5.00 + 0.13 2
U Atomic [—43.0, —47.0] —47.12 £+ 0.12 5.89 + 0.22 2
v Molecular -37.0 —35.52 + 0.24 11.74 £ 0.26 1,3
w Molecular [—28.0, —32.0] —41.15 + 0.31 11.18 + 0.22 1
X2 Molecular [—28.0, —32.0] —-31.0 8.2 1.50 1

Note. * Flows F, I, J, K, and X required an extrapolation of their origin on a certain range to their associated molecular cloud fragment.
Source 1: FCRAO CO (1-0) observations (Heyer et al. 1998). Source 2: CGPS H1 observations. (Normandeau et al. 1997) Source

3: JCMT CO (2-1) observations (Taylor et al. 1999)

Except for Flow S, each flow in Table 4 is chosen supposing
a probable Champagne flow and is therefore traced out, as far
as possible, such that its origin coincides with ionized material
in contact with the eroded neutral feature. Table 5 presents a
comparison in radial velocities between the neutral material (its
nature, atomic or molecular, being given in Column 2) and this
ionized component, respectively, in Columns 3 and 4. Column
4 corresponds to Column 5 of Table 4 except for Flows F, I,
J, K, and X where an extrapolation from the origin of each
flow to their associated molecular fragment was necessary (see
Section 4.2). For these flows, the line-width gradient was also
extrapolated, giving the new By iniia1 Values in Column 5. The
PBr.initiar Values remain unchanged with respect to Table 4 if no
extrapolation is necessary. The range on the plane of the sky
corresponding to the extrapolation is estimated in Column 6.
The source of the radial velocities presented in Column 3 is
given in Column 7. All radial velocities in Table 5 are measured
with respect to the LSR.

4.2. Ionized Gas’s Kinematics in the Vicinity of Molecular
Material

In order for the reader to identify (spatially) each flow in
the context of W4-south, Ho peak intensity maps (i.e., for each
pixel, the maximum photon counts obtained from the Gaussian
fit procedure once the continuum properly subtracted) have been
obtained for each field. Fields enclosing ionized gas flows likely
related to the photoerosion of nearby molecular clumps are
presented in Figures 5(a)—(c), 6, and 8, whereas Figures 5(d) and
7, related to the photoerosion of H1 material, will be discussed
in Sections 4.3 and 5.3. The disposition of Fields 06-16, 19,
and 20 allows us to obtain mosaicked images for Figures 6 and
8. Obvious lines of demarcation can be seen separating each
field. This is mainly due to differences in exposure times and

sky transparency. To avoid confusion, numbers used for field
identification were voluntarily omitted in Figure 6. The reader
can refer to Figures 1 and 2 to deduce the location of each field
in the mosaicked image.

Each flow is properly identified by its appropriate letter (see
Tables 4 and 5). The “slice-of-a-pie” regions enclose the pixels
used in the investigation of each flow. Radial velocity and line-
width gradients are always measured from “the center” to “the
crust”. In Figure 5, dotted lines indicate the orientation of the
ionized shell. The bottom-right corner of Figure 6 coincides
approximately with the star cluster IC 1805. Thirteen OB
stars are drawn from the positions indicated by Massey et al.
(1995). In many cases, the presence of molecular material (see
Figure 2) at the origin of particular flows is clearly unmistakable
from bright Ho rims pinpointing ionization fronts. Figure 9
is added to this work in order to visualize the presence or
not of molecular material in the vicinity of Fields 17-19 (all
located above the northern latitude of Figure 2). Even though
Figure 2 clearly indicates the presence of molecular clumps,
some sections of our FPI observations do not, a priori, show
the same characteristic in Her; the absence of bright rims was
mitigated by adding black squares in Figures 5(a) and 8 at the
position of molecular material (estimated from the FCRAO CO
(1-0) observations).

The following results exclusively apply to ionized flows
presenting a molecular nature in Column 2 of Table 5. The
behavior in radial velocities has shown well-defined linear
gradients pointing away from the individual cloud fragments
(see Table 4). The kinematical tendency alternates between
blueshifted and redshifted. In absolute value, the radial ve-
locity slopes are found between 0.31 and 2.60 km s~! pc~!,
all below the maximal Champagne gradient predicted (see
Section 1). The most common trend is toward line broadening
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Figure 5. Ho peak intensity maps for (a) Field 01, () Field 02, (c) Field 03, and (d) Field 04. Areas investigated for Flows A to D are represented by the “slice-of-a-pie”
regions. Black filled squares coincide with the location of molecular material according to the FCRAO CO (1-0) observations. The dotted lines indicate the orientation

of the ionized shell.

even though Flows F, G, and H, near the star cluster, show a
line narrowing behavior (see Table 4). The line-width slopes are
usually below 2 km s~! pc~! with peak values slightly above
3kms~! pc™! for Flows L and N in the vicinity of the molecular
fragment G134.9+1.4. The By initiar Values, in contact with the
molecular material, usually indicate a subsonic regime. How-
ever, supersonic values above 10 km s~! are found for Flows L,
N, and P, also associated with G134.9+1.4. A similar regime for
Flows V and W is also observed near G134.6+1.9.
Unfortunately, it was not possible to extract precise kine-
matical information at the intersection of Fields 06 and 07 due
to instrumental vignetting. Therefore, Flow F was investigated
from an origin located slightly beyond the south-east boundary
of Field 06 (see Figure 6). Extrapolation of the radial velocity
gradient on the missing range to the extremely emissive Ho
feature in Field 06 (estimated at 2.25 pc) leads, for the extended
Flow F, to a new value for vp iniia near —44.5 km s (see
Table 5). This feature is particularly interesting as no molecu-
lar counterpart can be seen in Figure 2 (if not for really faint

emission below 5 K km s~! barely deduced from the FCRAO
CO (1-0) observations). We, therefore, interpret the emissive
structure as an old molecular fragment that has undergone al-
most full erosion. An extrapolation of Flows I, J, K, and X was
also necessary since the associated molecular fragments are,
respectively, located beyond the eastern and western bound-
aries of Fields 08—10 and 20 (see Figure 2). New extrapolated
Y-intercept values (in radial velocities and line widths) are also
presented in Table 5.

4.3. lonized Gas’s Kinematics in the Vicinity of Atomic
Material

Along the eastern wall of W4-south, Fields 04, 17, and 18 in-
vestigate at eroded shell segments likely formed of compressed
atomic material. A faint molecular fragment seems to be de-
tected slightly south of Field 18 in Figure 9 but has been ruled
out since its radial velocity, near —60 km s~! does not match
the kinematics of Flow S in Table 4. The small CO clump
is, therefore, likely located well in front or behind W4-south.
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Figures 5(d) and 7 present the Hox peak intensity maps for the
three fields. Dotted lines again indicate the orientation of the
ionized shell.

Flows D (Field 04), T (Field 17), and U (Field 18) all present
a roughly identical behavior in radial velocities. The gradients
are estimated at roughly 1.5 km s~! pc~! along redshifted
tendencies directed from the shell toward the center of the
expanding bubble (see Table 4). For all three flows, the end radial
velocities are found slightly above —40 km s~!. Correlated to
the radial velocity gradients, line broadening is observed similar
to the majority of the flows presented in Section 4.2. The line-
width slope is, however, much steeper in Flow D when compared
to Flows T and U. In every case, the By initia Values remain in
the subsonic regime. A behavior similar to Flows, D, T, and U
can be observed in the southern portion of Field 03 (below Flow
C in Figure 5(c)), but was not retained for Tables 4 and 5.

The mosaicked image of Figure 7 allows us to investigate
the kinematical behavior of the eroded shell on a 13 pc range
along the eastern wall of W4-south. Flow S shows a relatively
flat but well-defined radial velocity gradient. The tendency is
blueshifted along a “south-to-north” axis with radial velocities
ranging from roughly —39 to —46 km s~! near the origin of
Flow U. The line-width behavior shows the ionized material (in
contact with the expanding shell) with dispersion values roughly
constant between 5 and 6 km s~

Even though the ionized shell dominates the emission in both
Fields 17 and 18, weaker filamentary structures can be seen
near the southern portion of Figure 7 (13525 < [ < 1359,
b < 1275). Relatively parallel to each other, the filaments are
kinematically linked to the inner and brighter ionized shell with
roughly identical radial velocities, approaching —40 km s~',
centered on b = 1°73.

Vol. 691
4.4. Interflow Medium

Many areas of our Ho survey of W4-south have shown
no indication of well-defined radial velocity and line-width
gradients. These areas are referred to as the interflow medium
in a sense that the ionized material is not specifically related
to the photoerosion of a particular neutral feature, atomic or
molecular. We identify these zones as the western portion of
Field 05, Field 12, the southern portion of Fields 13 and 14,
the eastern portion of Field 15, the northern portion of Field 16,
and the eastern portion of Field 20. The eastern portion of Field
05 was not considered since the northern tip of a well-defined
vertical filament of ionized material is detected (see Figure 2).
The horseshoe-shaped structure undoubtedly points toward the
star cluster. The filament’s origin, roughly 15 pc below Field
05, is located slightly beyond the western boundary of Field 01
near the southern polar cap of W4. The enhanced He emission
presents roughly constant radial velocities between —37 and
—40 km s~! and particularly low line widths slightly below
5kms!.

The LSR radial velocity and corrected line-width distributions
of the interflow medium are, respectively, shown in Figures 3
and 4 as the dotted histograms. In both figures, the black arrow
indicates the position of the mean value of the distribution:
(Uinterﬂow,LSR) and (lginterﬂow,corr> are, respectively, estimated at
—38.04 £ 0.01 km s~! and 10.95 & 0.01 km s~!. The interflow
medium, with a mean S/N of 35, is slightly more tenuous than
the remaining of the ionized material investigated in our Ho
survey of W4-south (which presents amean S/N of 44). Both the
radial velocity and line-width distributions present particularly
large asymmetry coefficients estimated, respectively, at 0.47
(toward the red tail of radial velocities) and 0.56 (toward the
right tail of supersonic line widths). The zones used in our
definition of the interflow medium correspond to roughly 12%
of the total area covered by Fields 01-20.

5. DISCUSSION
5.1. General Overview

Investigation of the FCRAO CO (1-0) survey has revealed
a mean LSR radial velocity of —47.2 & 3.5 km s~! for the
molecular material observed in the vicinity of the W4 super-
bubble ({vrcrao,co)). Our value for (vsurey,Lsr) iS, therefore,
redshifted by nearly 5 km s~! (see Section 5.4) compared to the
last fragments of the giant molecular cloud that likely gave birth
to W4. The standard deviation of the radial velocity distribu-
tion in Figure 3 presents a particularly small value considering
the imposing dimensions of the superbubble. More important
spreadings in radial velocities have been obtained from the He
investigation of much smaller Galactic H11 regions. The com-
parison is, however, debatable since the geometry of a given
object will largely influence the kinematical disorder observed
on the plane of the sky. For example, the Sh 2-158 H 11 region
presents an Ho emissive component over a small area of 30 pc?
and a 1o deviation of its LSR radial velocity distribution esti-
mated at 7.80 & 0.02 km s~! (Barriault & Joncas 2007). Since
Sh 2-158 has an inclination of 60° with respect to the LOS, ac-
celerated flows, therefore, present noticeable variations in radial
velocities on surprisingly small distances. A similar argument
can be used for the Sh 142 H 11 region (Joncas & Roy 1984) and
the M17 nebula (Joncas & Roy 1986) presenting inclinations
with respect to the LOS, respectively, estimated at 45° and 0°
and radial velocity distributions characterized by standard devi-
ations of 12.5 and 10.1 km s~!. However, the Sh 269 H 11 region



No. 2, 2009 KINEMATICS OF W4, A GALACTIC CHIMNEY CANDIDATE 1119
[ L et = ot e = = S ) et U L T 20
15~ u -
E 1o
1.90 — —
g 1.85— - ‘._.g
N il
1.80— o
| Field 18 s
I £
[ 5
1.75—
170}
L Field 17 R
coo b b REE ey 0
135.75 135.70 135.65 135.60 135.55 135.50 135.45

Galactic Longitude (1)
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(Godbout et al. 1997), characterized by a face-on view, presents
an inclination of roughly 90°, almost perfectly perpendicular
to the LOS, and an extremely narrow distribution with a lo
deviation estimated at 2.77 km s~!. The relatively narrow radial
velocity distribution of W4 might, therefore, be attributed to gas
flows found mostly parallel to the plane of the sky, artificially
attenuating the steepness of small-scale radial velocity gradi-
ents. This is likely related to a small angle of inclination (of
the W4 superbubble) with respect to the plane of the sky (see
Paper II).

The mean line width, slightly below 10 km s~! of our He sur-
vey suggests a rather complex kinematical behavior, along the
LOS, of the ionized material embedded in W4-south. The fact
that (Bsurvey,corr) lies between subsonic and supersonic regimes
is of great interest. Considering dimensions of the kiloparsec or-
der for extragalactic H 11 regions, supersonic line widths could
easily be explained through very complicated velocity systems
(O’Dell & Townsley 1988). Embedded OB associations, being
found dispersed in a single object, could lead to the mixing
of numerous ionized flows provoked by the hydrodynamical
interaction of stellar winds and the photoerosion of numerous
molecular clouds. For giant H11 regions encompassing a large
amount of ionized material, this would likely result in a tur-
bulent hot interior with an important overlap of strong radial
velocity gradients along the LOS (Rosa & Solf 1984; Hippelein
& Fried 1984). The link between small-size (< 30 pc) Galactic
and giant (> 500 pc) extragalactic H 11 regions could, therefore,
be provided by W4-type superbubbles.

Table 1 shows no indication for a large-scale radial veloc-
ity gradient pointing toward the Galactic corona, a kinemat-
ical behavior expected from the chimney model (Section 1).
The (v;rsr) values are all, except for Field 19, within lo

(£5.204kms™!) of (Vsurvey,LsR) (see Figure 3). The variations in
radial velocities are, therefore, negligible to conclude for a large-
scale trend. Either the chimney model does not allow us to prop-
erly interpret the kinematics of the ionized material enclosed in
Wi4-south or a large-scale flow could be present but unde-
tectable, perfectly parallel to the plane of the sky. This de-
mands the W4 superbubble to be seen face-on with a 90°
inclination. In Section 5.2, we confirm W4 as being slightly
tilted toward the observer and, therefore, reject the latter
assumption.

5.2. Ionized Gas’s Kinematics in the Vicinity of Molecular
Material

Using the values and signs of the different radial velocity
slopes presented in Column 4 of Table 4, a spatial scenario
presenting the distribution of the molecular material along
the LOS of W4-south has been obtained. The details, and
particularly how V,, values in Table 4 provide an estimate of the
angle of each flow with respect to the LOS, will be presented in
Section 6. However, the reader can already refer to Figure 11 in
order to have in mind a large-scale view of the CO distribution
for the discussion to follow.

From Table 5, flows presenting a molecular nature in
Column 2 have shown (in most cases) striking similitudes be-
tween Vg neutral ANd Vg initia1- This is in agreement with the Cham-
pagne model in which freshly ionized material initially retains
the kinematics of the eroded material before being accelerated
due to the pressure discontinuity (see Section 1). This argument
confirms the observed kinematics as being roughly explained by
a series of small-scale Champagne flows crisscrossing the neb-
ula. Moreover, a possible contribution attributed to stellar winds
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Figure 8. Mosaicked Ho peak intensity map for Fields 19 and 20. Areas investigated for Flows V to X are represented by the “slice-of-a-pie” regions. The black filled
square coincides with the location of molecular material according to the JCMT CO (2-1) observations.

cannot be properly identified from the low V, values in Table 4.
Comer6n (1997) has shown Champagne flows, boosted by the
addition of stellar winds, to present radial velocity gradients
slightly steeper than the maximal gradient originally predicted
by Bodenheimer et al. (1979). Therefore, two possibilities arise:
(1) the stellar winds have only a negligible contribution on the
kinematics of the ionized material or (2) supposing stellar winds
to have a sizeable impact on the different flows, the particular
geometry of W4-south does not allow us to observe important
variations in radial velocities on the plane of the sky and, there-
fore, steeper gradients (see Section 5.1).

Intuitively, we would expect the ionized material in con-
tact with the individual cloud fragments to present initial
line widths in a subsonic regime, an assumption motivated
by extremely narrow line widths usually obtained from the
CO observations (Blitz et al. 1982; Digel et al. 1996; Lee
et al. 1999). Flows L and N associated with the cloud frag-
ment G134.9+1.4 present an interesting case in which super-
sonic values for S iniia1 are obtained (addressed below). From
Table 4, the line broadening behavior (Vg > 0) is also in agree-
ment with the Champagne model (see Section 1). Many expla-
nations are proposed for larger line widths down the Champagne
flows. In particular, a sizeable source of broadening can be at-
tributed to the growing depth of the W4 superbubble as the
progression is made away from the small clump toward the star
cluster; the constant increase of the investigated volume of em-
bedded ionized material accentuates the probability of finding
numerous ionized flows along the LOS, a kinematical contribu-
tion to line broadening. In particular for Flow C (see Figure 5(c)),
the investigated depth across the W4 superbubble is estimated
to vary from roughly O (near the shell) to 28 pc at a distance of

4.74 pc from the shell (assuming a radius of 24 pc between the
molecular fragment and the star cluster). This diversity of flow
may well be exacerbated by the ruggedness of the neutral frag-
ment’s surface. A molecular clump showing irregular, ragged
edges could lead to a series of individual Champagne flows
presenting slight differences in inclination with respect to the
LOS. Roughly indistinguishable at the pressure discontinuity,
this could possibly lead to an important broadening on a range of
afew parsecs. This argument is expected for Flow B since the en-
hanced Ho emission in Figure 5(b) shows evidences of bumps
and holes at the periphery of the molecular fragment (Felli
et al. 1977). The porosity of the eroded material could addition-
ally amplify the line splitting predicted in the modelization of
Champagne flows (see Section 1). The spectral resolution of the
FaNTOmM device system does not, however, allow us to detect
evidences of line splitting. Finally, for molecular fragments in
the immediate vicinity of the star cluster, line broadening can be
due to numerous nearby sources of ionization. The approxima-
tion of an ionizing point source does not hold for Flow E where
each star will likely initiate its own Champagne flow character-
ized by its own radial velocity gradient. In fact, this argument
also applies to the radial velocity gradient where a mean value
is determined.

Immediately, conclusive results can be deduced from
Table 4. If we limit ourselves to the investigation of molecular
clumps found exclusively at the boundaries of the H 1 region, a
change of sign in the radial velocity gradients is observed from
Flows A, B, and C to Flows I, J, and K. Normandeau et al.
(1996) introduced the W4 H1 supershell as being slightly tilted
toward the observer (see Section 1). Assuming the center of
rotation to coincide with the vicinity of star cluster IC 1805,
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a large fraction (> 50%) of the superbubble’s volume above
(below) b = (29 should be located in front of (behind) the ion-
izing sources. This said, the majority of the cloud fragments
found compressed on the outer shell should also be located
in front or behind the star cluster depending on their latitude,
above or below b = (9. Table 4 clearly confirms this behavior
as Flows A, B, and C all indicate blueshifted tendencies related
to forward accelerated flows and, therefore, molecular clumps
found near the rear wall of W4-south (see Figure 11). Above the
b = 029 threshold, Flows I, J, and K are associated with a large
cloud fragment likely located in front of the ionizing sources as
seen from the positive V, values. This tends to confirm the W4
superbubble as being clearly tilted toward the observer. More-
over, supposing the cloud fragment associated with Flows I, J,
and K as being also tilted toward the observer, a change in the
angle of each flow with respect to the LOS is expected as one
moves from b = 1°0to b = 1°2 (see Figure 11). This is assumed
supposing each flow to be roughly oriented toward the star clus-
ter. Kinematically, this results in radial velocity gradients more
and more steeper from Flows I to J and from Flows J to K (see
Table 4).

The behavior in radial velocities for Flows F and G is
perfectly in agreement with the expectations of the Champagne
model. The discrepancy vy neutral VEISUS Vg initial for Flow H (see
Table 5) can be easily explained from the V-shaped absorption
band at the location of the molecular fragment (see Figure 6).
The latter is thus at a relatively large distance in front of
the ionizing sources (probably beyond the boundaries of the
Hu region) since it blocks the W4-south Ho emission. The
measurement of Flow H starts when it is already far from
the neutral fragment. Extrapolating the gradient in order to
obtain an initial radial velocity of —51 km s~! (to coincide
with the molecular material) demands the flow to have traveled
roughly 9 pc before it “appears” near the western boundary of
the molecular cloud. However, the three flows (F, G, and H)
are all characterized by line narrowing gradients (see Table 4).
Flow collimation is certainly not expected from the Champagne
model (see Section 1). Even though the discrepancy seems
to diminish in Flows I to K, negative Vg values are quite
surprising. The simplest explanation for such collimation might
reside in an important loss of kinematical information along
the LOS due to absorption (induced by interstellar dust). From
Figures 3—16 of West (2003), the 60 um Infrared Astronomical
Satellite (IRAS) image of the W3/W4/W5 complex shows
particularly bright emission in the vicinity of the star cluster
IC 1805.

The molecular fragment G134.9+1.4 represents a particularly
complicated case. As predicted by Taylor et al. (1999), the sign
of the radial velocity slopes for Flows L to R in Table 4 con-
firms the cloud as being located behind the star cluster. Com-
bined to supersonic values obtained for S initiai and By initial, the
slight discrepancies in radial velocities vy iitia VETSUS V[ neutral
and Uy initial VETSUS Uy neurral are best explained by numerous
ionized flows along the LOS of the fragment’s southern tip.
Above the bright ionization front seen in the northern portion of
Figure 6, a secondary He rim is observed at the junction of
Fields 13, 15, and 16, evidence of a molecular fragment not
entirely smoothed out by tangential ionizing photons. Eroded
material is, therefore, expected to flow from this secondary rim
toward the southern tip of the cloud fragment. The value mea-
sured for vy initial» this time, coincides with the radial velocities
of the molecular material (see Table 5). A similar conclusion is
reached for B/ initia, as €xpected, in the subsonic regime (see
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Table 5). Extrapolating the line broadening gradient to the ori-
gin of Flow L (i.e., to extend the range of Flow M in Table 4
from 1.35 to 2.72 pc) leads to end line widths of 9.8 km s~!,
roughly 2.5 km s~! narrower than the value predicted by By initial-
The difference mainly results from the erosion of the fragment’s
southern tip and its associated ionized flow that “adds up” to the
accelerated material observed in Flow M, a model that con-
tributes for a sudden broadening excess. A direct comparison
between vy, initiar and the radial velocities of the (spatially) cor-
responding molecular material in Table 5 is, therefore, inap-
propriate since the Y-intercept value is clearly contaminated
by northern flowing material. The end radial velocities of the
extended Flow M are —47.6 km s—! at the origin of Flow L,
blueshifted by more than 2 km s~! from v L .initial- 1If We assume
Flow L to result from the merging of Flow M and the accelerated
ionized flow (now referred as Flow L*) anticipated from the pho-
toionization of the fragment’s southern tip, we propose vy, initial
to roughly equal 0.5 (Vas.end + VL initial)- ThiS gives v+ initial =
—433km s, in agreement With vy neutral in Table 5. This sim-
ple model would explain why vy initia i blueshifted with respect
to the molecular material. Moreover, since V,, for Flow L can be
interpreted as a mean between the radial velocity gradients of
Flows L* and M, we propose the former to be characterized by a
steep gradient near —2.90 km s~! pc~! (in order to compensate
for the “slowdown” brought by the latter). This value is almost
in agreement with the maximal Champagne gradient theoreti-
cally predicted (see Section 1). Similar “back-to-the-envelope”
calculations connecting Flows M and N give vy» initia =
—43.6 km s~! and a radial velocity gradient of —2.57 km s~!
pe~!. Finally, from v inial (™ UL initials ~ VN* initial) 0d B0 initial
(< 10 km s~ ") in Table 4, we assume Flow O to remain uncon-
taminated by Flow M. A clear change in the angle of view along
the western edge of G134.9+1.4 is, however, deduced from more
and more flatter radial velocity slopes from Flows L* to N* and
from N* to O. A similar argument also applies to the eastern
edge of the cloud fragment along which Flow Q remains ap-
parently unaffected by Flow R. As for Flow O, the two flows
present initial line widths well in the subsonic regime and initial
radial velocities in agreement with the FCRAO CO (1-0) and
JCMT CO (2-1) observations (see Table 5).

The northernmost neutral feature associated with W4-south
coincides with the molecular fragment G134.6 + 1.9. In their
investigation of the CO (2-1) transition, Taylor et al. (1999)
particularly noticed the apparent lack of continuum emission
in its vicinity and the absence of ionization fronts at its
periphery. This, obviously, is in agreement with the detection
of particularly weak Ho lines throughout Fields 19 and 20.
Combined effects of geometrical dilution of the UV flux and
the photoabsorption of energetic photons at lower latitudes are
proposed as an explanation. Assuming a weak photoionization
to take place behind the cloud fragment, this could explain the
absence of bright He rims in Field 19. The origin of Flow V
(see Figure 8) roughly coincides with the southern tip of
G134.6+1.9°s Feature II according to the notation used by
Taylor et al. (1999) (see the authors’ Fig. 2(b)). Table 5
gives vy initial Toughly in agreement with vy peyra. However,
Table 4 provides no indication for accelerated ionized material
in Flow V. A Champagne flow observed roughly parallel to
the plane of the sky is ruled out since it would likely induce
a well-defined line broadening gradient. Instead, the line-width
behavior shows a relatively constant and supersonic regime from
the optical center of Field 19 to its southern boundary, mostly
in agreement with the interflow medium (see Section 5.4).
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Therefore, the kinematics of Field 19 does not reveal any sign
for the photoerosion of the molecular fragment G134.6+1.9.

According to the FCRAO CO (1-0) observations, a southern
extension of the roughly circular Feature I of Taylor et al. (1999)
(see the authors’ Fig. 2(b)) is detected beyond the western
boundary of Field 20 (see Figure 2). Flow X investigates the
erosion of the cloud’s eastern edge and reveals a kinematics very
similar to Flow O (see above). The sign of the radial velocity
slope (see Table 4) indicates a molecular fragment likely located
behind the ionizing sources as opposed to the spatial scenario
initially proposed by the JCMT CO (2-1) observations (see
Section 2). Similar to Flow H, Flow W presents an important
discrepancy (~ 10 km s~1) in radial velocities between UW.initial
and vw peurat (see Table 5). This can be explained if the
photoerosion of the horizontal molecular filament (see Figures 2
and 8) induces a forward ionized flow roughly parallel to the
LOS. This scenario is also in agreement with Ho line widths
slightly greater than expected along the filament (see Table 4).
A similar explanation is also proposed for Flow P (see Figure 6)
even though the discrepancy in radial velocities between vp jnitial
and Vp peyrral 1S less obvious (see Table 5).

5.3. Ionized Gas’s Kinematics in the Vicinity of Atomic
Material

In Section 4.3, kinematical results for Fields 04, 17, and 18
were presented as being roughly similar, all three fields being
characterized by an emissive Ha shell likely formed of eroded
atomic material. As for the majority of Champagne flows (see
Section 5.2), Table 5 presents vp initial, VT, initial, A0d Uy initial
roughly in agreement with the radial velocities of the atomic
counterpart. In each case, the eroded material, extracted from
the compressed shell, flows toward the center of the expanding
bubble along redshifted radial velocity gradients with respect
to the outer H1 component (see Table 4). In every case, ten-
dencies toward line broadening are also observed (see Table 4).
Rather than being interpreted as (roughly) identical Champagne
flows, such similarities between Flows D, T, and U could be ex-
plained if each field (04, 17, and 18) is dominated by a process
generalized to the whole H 1 supershell. The column densities of
the atomic shell segments observed in all three fields are roughly
equivalent (~ 9 x 10%° cm~2 (K km s~!)~!) leading, for a shell
thickness between 10 and 20 pc (West 2003), to particle den-
sities between n(H1) = 15 cm™3 and 30 cm™3. These particle
densities remain well below the expected densities (> 100 cm ™)
found on the outer envelope of typical molecular clouds (Kutner
1984). We, therefore, assume the pressure difference between
the photoionized atomic shell and the embedded ISM to be
insufficient in order to carry the eroded material along well-
defined Champagne flows. However, the kinematics of Flows
D, T, and U could be explained by lagging material, once ex-
tracted from the neutral shell, left behind the advancing (toward
the observer) supershell. This assumption is best explained with
the analogy of a solid body moving in a viscous fluid and the
expected dynamics found in its wake (Landau & Lifshitz 1987,
Chapter 2). The velocity of the fluid particles in the wake de-
creases with increasing distance to the solid body (here, the
neutral shell). This is related to the monotonic dissipation of
the kinetic energy due to viscosity. This model is in agreement
with the “shell-to-interior” redshifted radial velocity gradients
of Flows D, T, and U, which should, therefore, be interpreted
as decelerated flows rather than accelerated flows directed to-
ward the rear wall of W4. This decelerating material, therefore,
has a sizeable contribution to the asymmetry coefficient found
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in the radial velocity distribution of Figure 3 (see Section 4.1)
and will be referred to as a sizeable source for the interflow
medium (see Section 5.4). A similar interpretation of lagging
material, associated with the molecular fragment G134.9+1.4,
was proposed by Taylor et al. (1999) in order to explain ra-
dial velocity gradients obtained from the JCMT CO (2-1)
observations.

Another argument in favor of a generalized tendency asso-
ciated with the erosion of the H1 supershell comes from the
apparent tilt of the W4 superbubble. In Section 5.2, we obtained
evidences for W4 being slightly tilted toward the observer with
the star cluster IC 1805 probably acting as the center of rota-
tion. This was deduced from Champagne flows, initiated at the
periphery of the expanding H 11 region and located above (be-
low) the star cluster, being accelerated away from (toward) the
observer. It could, therefore, be assumed that a similar pattern
(a change of sign in the radial velocity gradients above and be-
low b = 029) should be observed between Flow D and Flows
T and U if we choose to categorize them as Champagne flows.
Obviously, this is not the case here.

The line broadening gradients observed along the three flows
could be partially explained by the “shell-to-interior” geomet-
rical effect related to the constant increase of the investigated
volume of ionized material along the LOS (an argument also
mentioned in Section 5.2). Flow instabilities can also form,
intuitively related to line broadening. In particular, turbulence
driven by Kelvin—Helmholtz instabilities is likely to develop in
ionized flows assuming a plasma’s magnetic field roughly below
10 uG (Watson et al. 2004). From depolarization observations,
West et al. (2007) presented estimates between 4 and 7 uG
for the magnetic field inside the W4 supershell. Finally, vortex
shedding is said to develop with time in uniformly decelerated
flows (Wang & Dalton 1991).

In Table 4, the important discrepancy between the line-width
slopes of Flow D and Flows T and U could be related to
the particle density of the eroded shell. In fact, the particle
density of the atomic shell in Fields 17 and 18 is likely below
15 cm ™3 since the curvature of the shell is probably much smaller
than in Field 04. This leads to a much greater shell thickness
along the LOS. From Figures 5(d) and 7, the ionized shell in
Fields 17 and 18 appears slightly more tenuous than in Field
04 (for roughly identical exposure times). This is not surprising
since the particle density of the upstream neutral material is
meant to decrease with latitude above the Galactic midplane (see
Section 1). Considering larger line widths to be partially related
to the accumulation of different radial velocity gradients along
the LOS and itself highly favored in presence of dense erodible
material (e.g., Flows L and N), the tenuous ionized material
in Fields 17 and 18 could explain the particularly small values
measured for (B17.corr) and (Big.corr) in Table 2.

The kinematical behavior of Flow S is best explained by
the kinematics of the outer H1 component found near the
eastern boundaries of Fields 17 and 18 (see the interval of
values for vg peural presented for Flows T and U in Table 5).
These radial velocities are roughly oriented along a “south-
to-north” axis (between b = 1265 and b = 1°95) toward
a blueshifted tendency. Even though the value of —43 km
s~! does not particularly match vg iniiai (see Table 4), the
ionized shell is likely to “follow” the kinematics of the atomic
material.

Considering the 13 pc shell segment observed in Figure 7 as
being density-bounded, the sustainment of each He filament,
observed in the southern portion of Field 17, is likely provided
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Figure 9. Integrated intensity map of the molecular emission found in the vicinity of the W4 region. The spectral collapse of the FCRAO CO (1-0) transition data cube
was made for LSR radial velocities between —22.90 and —63.30 km s~'. As in Figures 1 and 2, numbers coincide approximately with the location of the Fabry-Perot

observations.

by IC 1805. The filamentary structures (at least, three of them
are identified) have the same radial velocities as the thicker
ionized shell and can be interpreted as observational evidences
for a series of earlier shocks in a diffuse H1 medium. Each of
these shocks is likely to have contributed to the expansion of the
large superbubble, the compressed H1 now being fully ionized.
This is in agreement with the multigeneration star cluster model
postulated by Dennison et al. (1997) for the formation of W4
(see Section 2).

5.4. Interflow Medium

Before proceeding to the interpretation of the interflow
medium, a quick return should be made on the eastern portion
of Field 05, ignored in our definition of the interflow medium
(see Section 4.4). A feature similar to the vertical ionized
filament observed between the southern polar cap and Field
05 is seen emerging at roughly normal incidence from the dense
western shell in the vicinity of Fields 02 and 03 (see Figure 2).
The ionized filaments could correspond to dense fingers of
shocked ISM material that have detached from the compressed
shell (Garcia-Segura et al. 1996; Capriotti & Kozminski 2001).
Vishniac (1994) interpreted the streamers according to the
theory of nonlinear thin shell instabilities where the shocked
ISM material has a tendency to induce a momentum transfer
directed in the opposite direction of the expansion. No particular

radial velocity gradients are detected in the eastern portion
of Field 05 and, therefore, suggest the ionized streamer to be
observed perfectly parallel to the plane of the sky.

About the interflow medium, typical Galactic H11 regions,
in agreement with the Champagne model, present well-defined
global radial velocity gradients encompassing the whole nebula.
In Section 4.1, the range attributed to Flows A to X (see Table 4)
was defined as the distance over which the radial velocity and
line-width slopes for each flow remain roughly constant. Except
for a few exceptions (e.g., Flows D, T, and U not associated with
Champagne flows, Flow E limited by the FOV in Field 06, and
Flow M voluntarily stopped in order to avoid overlap with the
“slice-of-a-pie” regions of Flows L and N in Figure 6), this
coincides, for a given flow, with the distance (on the plane of
the sky) over which the ionized material has been carried away
from its associated molecular feature. Compressive shocks are
expected to be found at the end of these ranges (Shu et al.
2002). This can be seen from arched structures of compressed
photoionized material beyond Flows G to K (see Figure 6) due
to a large particle density of the ionized gas in the vicinity of
the star cluster. W4-south, therefore, represents a very unique
object since each detected Champagne flow expands in an
interflow medium intrinsic to the superbubble and well defined
kinematically (see the dotted histograms in Figures 3 and 4). In
order to avoid a kinematical contamination from ionized flows
that could have been omitted in Table 4, only the ionized material
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Table 6
Transition Zones from the Intra to Interflow Medium

Beyond Range LSR Radial Velocities Ha Line Widths
Vv Utrans, initial Correlation Vﬂ ,Blrans,inilial Correlation
(pc) (km s~} pc_') (kms—h) (km s~} pc“) (kms—1)
Flow L 5.05 1.59 + 0.07 —48.83 + 0.26 0.95 —0.96 £+ 0.04 15.68 £+ 0.14 —0.96
Flow N 5.06 1.49 £ 0.15 —49.06 + 0.56 0.95 —0.81 £+ 0.05 15.53 + 0.20 —0.96
Flow O 5.72 1.38 + 0.09 —48.99 + 0.39 0.97 0.12 + 0.07 11.27 £ 0.29 0.62

observed in zones characterized by a low number of neutral
features was considered in our investigation of the interflow
medium. The star cluster vicinity was avoided since numerous
cloud fragments are detected near b = 0°9 (see Figure 2). The
value obtained for (Vineriow,Lsr) 1S redshifted by nearly 10 km
s~ with respect to (vrcrao.co) (see Section 5.1) and barely
in agreement with the reddest end of the radial velocity range
(between —38.46 and —45.05 km s™!) revealing the H1 cavity
(see Section 2). Certainly, this interflow medium contributes
to the 5 km s~! gap between (Vsurvey,Lsr) and the mean radial
velocity of the molecular material found in the vicinity of the
W4 superbubble. The particularly low S/Ns measured for the
interflow medium are easily explained from a lack of neutral
and erodible material in the targeted regions.

Exceeding <,Bsurvey,corr> by roughly 2 km s7! » { Binterflow, corr) in
Figure 4 indicates particularly broadened He profiles. This is
expected from Fields 05, 12 and 20 since the ionized material
is probed through deeper LOSs and, therefore, subject to an
important kinematical disorder. However, the overabundance of
radial velocities and line widths, respectively, above —35 km
s~! and 12 km s~! in the dotted histogram of Figures 3 and 4
could be related to ionized material that results from the inner
erosion of the H1 supershell. In Section 5.3, this flowing “shell-
to-interior” ionized material was characterized by particularly
redshifted radial velocities (with respect to the neutral shell)
and line broadening gradients directed toward the center of
W4 (see Flows D, T, and U in Tables 4 and 5). The analogy
used in Section 5.3 must consider the wake of lagging material
to have a finite dimension. Once these gradients peaked (say,
on a range of a few parsecs beyond the western boundaries
of Fields 04, 17, and 18), the end radial velocities and line
widths are likely to coincide with the right tails of the dotted
distributions (therefore, partially explaining the kinematics of
the interflow medium). Since shell segments entirely enclosing
atomic material constitute a large fraction of the total shell’s
area, we anticipate the lagging ionized component to account
for a large fraction of the interflow medium.

On a much smaller scale, the transition from the intra- to the
interflow medium has been investigated. Since the extensions of
Flows C and X are quickly limited by the FOV in Fields 03 and
20, respectively (see Figures 5(c) and 8), an investigation of the
flows associated with the cloud fragment G134.6+1.9 is more
appropriate. The mosaicked Ha peak intensity map of Figure 6
allows to quantify the gas’s motion on ranges that exceed the
dimensions of a single FOV. Panels (a) and (b) of Figure 10
present the kinematical behavior of the ionized material found
beyond Flow L. The 6.25 pc range reaches the optical center
of Field 12. The southern tip of the cloud fragment is located
at 0 pc. Both panels have been splitted into three distinctive re-
gions: (1) the (Champagne) Flow L followed by (2) a transition
zone that finally leads to (3) the interflow medium. Well-defined
tendencies are observed in regions (1) and (2). The linear fits
are, respectively, represented by the bold and long-dashed lines

(the bold lines correspond to the radial velocity and line-width
gradients presented for Flow L in Table 4). Beyond region (3),
no particular trend is observed in agreement with our expecta-
tions of a “chaotic” interflow medium. The abrupt change of
the radial velocity slope between regions (1) and (2) could be
a strong indication for a Champagne shock. Intuitively, region
(2) of panel (a) looks very similar to the kinematical disconti-
nuity, predicted between the upstream and downstream material
of a shock (Shu 1992, Chapter 15). However, this discontinuity
is expected to be only a few mean free paths thick, a frac-
tion of a parsec. However, if we suppose the particle density at
the boundary between regions (1) and (2) to be roughly equiv-
alent to the mean density of the interflow medium in region
(3), we could be confronted to a Champagne shock that has
been almost fully dissipated.> Processes of diffusivity could be
responsible for the return of ionized material in the upstream
medium as the turbulent trapping becomes less and less efficient
in the dissipating shock (Vainio & Laitinen 2007). The range
of roughly 5 pc for region (2) in Figure 10 can be interpreted
as the mixing length required for the escaping material to reach
the local configuration of region (3). Beyond Flow L (in which
end radial velocities are blueshifted with respect to the molecu-
lar material), the mixing length is characterized by a redshifted
gradient estimated at 1.59 km s~! pc~!. The transition zone
ends when the redshifted tendency vanishes near —41 km s~!.
The transition zone also shows a line narrowing gradient found
at —0.96 km s~! pc~!. Even though the interflow medium was
said to present particularly broadened Ha profiles (see above),
the negative line-width gradient is explained by the efficiency
of Flow L to induce line broadening. From end line widths near
15 km s~! in Flow L, the transition zone ends with dis-
persion values slightly below 11 km s~!, in agreement with
<,Binterﬂ0w,corr) .

Table 6 presents similar investigations made for Flows N and
O along the western edge of G134.9+1.4. The transition zone
of Flow N is very similar to region (2) in Figure 10, presenting
identical mixing lengths and similar gradients. However, the
change in the angle of view from Flow L (and N) to Flow O has
a sizeable impact not only on the kinematics of the Champagne
flow (see Section 5.2) but also on the transition zone. For a
mixing length that slightly exceeds the transition zones beyond
Flows L and N, a flatter radial velocity gradient is obtained
beyond Flow O that also leads to radial velocities near —40 km
s~!. In Table 6, the small value extracted for Vg is mostly
associated with end line widths for Flow O already in agreement
with the interflow medium (see Table 4). The transition zone is,
therefore, barely distinguishable if we limit ourselves to the
line-width behavior beyond Flow O.

Flows I and J present extensions that approximately lead to
the optical center of Field 12, in the vicinity of the extended

2 An exponential decrease of the flow’s particle density is predicted from the
Champagne model as the photoionized material is carried away from the
eroded neutral feature (Tenorio-Tagle 1979; Bodenheimer et al. 1979).
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molecular counterpart is hardly distinguishable from the FCRAO (1-0) observations. The approximate direction of each flow is shown by solid arrows. The “*”
symbols coincide with the four O stars in Figure 6. The observer is located “below” the figure.

Flow L of Figure 10 (a priori, these two flows are not kinemat-
ically contaminated by other accelerated flows in the vicinity
of the star cluster). The radial velocity and line-width profiles,
beyond both flows, present plateaux intersected by a small range
(< 1 pe) of decreasing/increasing trends, a behavior we would
anticipate from the interflow medium. The arched structures

of compressed ionized material in Figure 6 indicate a parti-
cle density that likely exceeds the shock’s density of Flows
L, N, and O. The mixing length beyond Flows I and J
might, therefore, be very restricted or even null if we sup-
pose no ionized material to escape from the compressive
shocks.
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6. SPATTAL SCENARIO

The interpretation of the radial velocity behavior of particular
flows presented in Table 4 allows a three-dimensional represen-
tation of the molecular fragments found embedded or at the
periphery of W4-south. A longitudinal cut of W4 in the latitude
range between b = (20 and b = 1°8 is presented in Figure 11
(seen from above the Galactic plane). The dotted line represents
the semineutral, semi-ionized supershell at the latitude of the
star cluster, assuming a roughly elliptical shape (estimated from
the distance separating the western and the eastern walls in
Figure 2). Obviously, the size (or “depth” according to
Figure 11) of the ellipse is meant to vary with latitude (practi-
cally null at » = 020 to roughly 60 pc near b = 1°8). From the
13 OB stars shown in Figure 6, only four O stars were drawn in
Figure 11. The location of each star and cloud fragment remains
approximate but probably not too far from reality. Each flow is
identified by the same letter as in Table 4. The angle of each
flow with respect to the LOS is estimated from the V, values
in Table 4 and the maximal value expected from a Champagne
flow. The solid arrows indicate the most plausible directions.
The flatter gradients (e.g., A, C and I) generally indicate molec-
ular material roughly coplanar with the photon flux orientation
and, therefore, Champagne flows roughly perpendicular to the
LOS. Inversely, steeper gradients (e.g., K, L, and N) are related
to Champagne flows presenting an important velocity compo-
nent parallel to the LOS and, therefore, propose the associated
molecular fragments to be located either in front or behind the
ionizing sources. Flows M and R were voluntarily omitted in
order to avoid confusion in Figure 11.

7. CONCLUSION

The use of an interferometric device system, especially de-
signed to study particularly faint extended astronomical ob-
jects, has allowed us to extract the kinematical information
associated with the ionized component found embedded in
the southern portion of the Galactic superbubble/H11 region
W4. Prior to our investigation, the superbubble was pre-
sented as a promising candidate of Galactic chimney likely to
energetically interact with the Galactic corona. From 20 He
data cubes, the photoionization of numerous molecular clumps,
found embedded or compressed along the expanding outer shell,
leads to the detection of at least 10 independent flows of eroded
ionized material in agreement with the Champagne model for
the time-dynamical evolution of H1r regions (Flows L to R,
e.g, were interpreted as a unique flow since they all involve
a single cloud fragment). Radial velocity gradients between
0.31 and 2.60 km s~! pc~! (in absolute value) are detected
(Section 4.2). The steepness of each radial velocity gradient
approximately indicates the angle of the ionized flow with re-
spect to the LOS and, therefore, the position of the eroded
material with respect to the ionizing sources. A spatial sce-
nario is proposed for the distribution, along the LOS, of each
investigated cloud fragment in W4-south (Section 6). Clearly,
W4-south shows the last stage of the photoerosion of a large
giant molecular cloud. At the periphery of the expanding bub-
ble, cloud fragments, located above (below) the star cluster,
present associated Champagne flows redshifted (blueshifted)
with respect to the molecular material (Section 5.2). This is
in agreement with the W4 superbubble being tilted toward the
observer.

The radial velocity gradients all present slopes smaller than
the maximal gradient expected from the Champagne phase (be-
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tween 3 and 5 km s~! pc™!). Gas flows generally perpendicular
to the LOS are proposed in order to explain the low kinemati-
cal disorder observed on the plane of the sky (Section 5.1). A
kinematical contribution to the observed gradients attributed to
stellar winds could not be verified and could be related to this
geometrical effect (Section 5.2). However, stellar winds might
also have a negligible contribution to the kinematics of the ion-
ized material embedded in well-developed flows near the star
cluster (Section 5.2).

The particle density contrast at the pressure discontinuity be-
tween the erodible neutral material and the surrounding ISM
also presents sizeable repercussions on the observed kinemat-
ics. In particular, the inner erosion of the W4 supershell, formed
of either partially compressed molecular clumps or atomic ma-
terial, reveals many different mechanisms. In the first case, ac-
celerated (blueshifted or redshifted) flows in agreement with
the Champagne model are observed as expected (Section 5.2).
The photoerosion of the atomic shell, characterized by a lo-
cal particle density roughly 3 to 10 times smaller than the
minimal density expected on the outer envelope of molecu-
lar clouds, induces redshifted (with respect to the neutral H1
shell) flows directed toward the center of the expanding bub-
ble. Rather than being interpreted as backward Champagne
flows, the eroded material is said to “hover,” left behind the
advancing (toward the observer) supershell. The kinematics of
these particular flows has been largely compared to a wake
of material behind a solid body moving in a viscous fluid
(Section 5.3). This lagging material could have a sizeable impact
on the kinematics of some restricted zones of our Ho survey of
W4-south referred to as the interflow medium (Section 5.4).

Particular Champagne shocks present evidences of shock
dissipation. The transition from the intra- to interflow medium
shows a mixing length in which accelerated ionized material
escapes the compressive shock and gradually evolves to recover
the local kinematical state of the interflow medium (Section 5.4).
The interflow medium partially explains the overall mean radial
velocity of our Hx survey to be redshifted by roughly 5 km
s~! from the mean radial velocity of the molecular material
observed in the vicinity of the W4 complex (Sections 5.1
and 5.4).

The investigation of the kinematical disorder along the LOS
shows W4 to lie in a transient state between subsonic and
supersonic regimes, in agreement with the apparent dimensions
of the superbubble. The mean Ho line width is estimated at
9.213 £ 0.002 km s~!. W4-type superbubbles, characterized
by complicated radial velocity fields, are assumed to be the
missing link between small-size (< 30 pc) Galactic and giant
(> 500 pc) extragalactic H 1t regions (Section 5.1). The He line-
width behavior, intrinsic to Champagne flows, is particularly
investigated. Tendencies toward line broadening, in agreement
with the theory, are mostly explained by a series of effects; the
constant increase of the investigated volume of ionized material
along the LOS, the addition of radial velocity gradients as the
eroded material is carried away from the pressure discontinuities
(between the molecular and interstellar material), a localized
spreading of the ionizing sources in the vicinity of the erodible
material, and porosity and imperfections on the outskirts of the
neutral clumps (Section 5.2). The line broadening gradients for
Champagne flows are found between 0.16 and 3.62 km s~! pc~!
(Section 4.2). However, line narrowing gradients, in the vicinity
of the star cluster, are attributed to absorption along the LOS,
thus blocking a certain fraction of the kinematical information
(Section 5.2).
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The ionized material found embedded in W4-south being
mostly dominated by small-scale (< 10 pc) Champagne flows,
no large-scale gas flows are detected (Section 5.1). This is in
disagreement with the model of Galactic chimney (Section 1).
From the imposing distance (~ 180 pc) on the plane of the
sky separating the northernmost portion of the superbubble
and W4-south, we propose large-scale ionized flows to remain
undetected below a certain threshold in latitude. In order
to estimate the implication of the W4 superbubble in the
sustainment of the Galactic corona, a similar investigation,
carried out through Fabry-Perot interferometry in Paper II, will
provide information on the kinematics and dynamics related to
the ionized material found embedded in W4-north.
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