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ABSTRACT

A model of the W 3 molecular cloud is constructed from the analysis of 12CO, 13CO, CS, HCN,
and H,CO molecular data. Originally an initial cloud of mass ~5 x 10* M, started to fragment
and collapse after passage through the spiral density-wave shock of the Perseus arm. The open
cluster (Ocl 352) which excites the present W4 H 11 region formed at the head of the cloud a few
million years ago. The ionization front with its associated shock is expanding into the remaining
W3 molecular cloud where its effects are seen in the velocities of W3(OH) and the infrared source
AFGL 333. The bright dense “core” of the W3 molecular cloud which contains six embedded
compact H 11 regions, eight near-infrared sources, and three H,O masers is collapsing and possibly
rotating.

The shock front of the expanding optical H uregion, IC 1795, is moving into the edge of the W3
molecular core at 2-3 km s~ !, as evidenced by the motion of the CO gas behind the shock front.
However, this shocked gas represents only a small fraction of the total material present, so the

shock cannot be responsible for triggering the collapse of the whole W3 core.

The abundance of CS is probably a factor of at least 10 lower in the direction of the embedded
complex of near-infrared sources designated 5, 6, and 7 than at positions only 0.6 pc away. Several
possible explanations are explored: the most likely involves ion-molecule chemistry.

Subject headings: interstellar: molecules — nebulae: abundances — nebulae: general —

nebulae: individual

I. INTRODUCTION

In the previous paper (Dickel et al. 1980, hereafter
D2WW), the distributions of CO, CS, and HCN
emission from the W3 cloud were presented. In this
paper the data are further analyzed and a model of the
region is developed. The model must account for a
large variety of interrelated features which are iden-
tified in Table 4 of the earlier paper (D*WW).
Throughout this paper, I shall refer to the designations
and properties of the objects as given in that table. The
most important observational features can be sum-
marized as follows:

1. The intensities and widths of the molecular lines
are larger in the direction of embedded excitation
sources such as masers, IR sources, and compact H 11
regions (e.g., the W3 core shown in Fig. 1a).

2. There are three separate regions with distinct
velocities. The brightest part of the W3 molecular
cloud, the W3 core, hasa V), ~ —40.5 + 2.5kms™?;
the region along the W4 ionization front has a V, ~
—47 + 2km s~ !; and the remaining, less-intense part
of the W3 cloud has a V;, ~—43 + 1kms~!. The
separation of the first two regions is delineated by the
prominent north-south dust lane which runs between
W4 (IC 1805) and W3 (IC 1795). 2CO emission is
detected at both “46kms~! and —40 km s~ ! along
this boundary (as shown in Fig. 2).
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3. Emission from dust in the far-IR and at 1 mm
plus emission from CO, CS, and HCN are found in the
W3 core.

4. The '2CO and CS profiles are asymmetric
throughout the bright, dense core.

S. Inthedirection of IRS 5-6-7 where the 1 mm dust
emission has its maximum, there is clear self-reversal in
the center of the !2CO profile. The position of the self-
absorption dip relative to the !3CO peak indicates that
the foreground material which is just becoming opti-
cally thick is moving away from the observer by a few
km s~ ! relative to the bulk of the material which forms
the line core.

6. The HCN (J = 1-0, F = 2-1) line is wide and
possibly self-absorbed toward IRS 5-6-7, whereas the
CS (J = 2-1) line is weak there; elsewhere the HCN
and CS lines have similar intensities.

7. There is a velocity gradient across the W3 core
from ~ —38 km s~ ! in the SE near the border with the
optical H i region IC 1795 to —43 km s~ ! in the NW.
(The mean effect is along a line which passes close to
the three H,O masers in the list of Genzel and Downes
1977).

8. Lines of constant velocity run parallel to the edge
of the optically visible diffuse H 11 region (the main part
of IC 1795) with the more positive velocities near this
edge and less on both sides.
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9. There is a sequence of ages from a few x 10°
years for the OB cluster exciting the W4 H 11 region
(e.g., Ishida 1969), through to a few x 10° years for the
formation of the protostar(s) IRS 5 (Genzel and
Downes 1977), down to ~ 10* years for such events as
the emergence of the compact H 11 region W3A out of
the dense molecular cloud (Dickel and Harten 1980).

In §II a model is developed for the heirarchy of
components, starting with the overall cloud and work-
ing inward to the smaller components, incorporating
additional effects, as needed, to explain them. A final
summary and conclusions appear in § III.

[I. ANALYSIS OF THE MOLECULAR DATA TO
DEVELOP A MODEL OF W3

a) Overall Cloud

i) 1*CO Column Density and the Total Mass

Under the assumption of local thermodynamic
equilibrium, the '*CO column density determined
from the observed !2CO and '3*CO brightness
temperatures is, in general, a good approximation to
the true column density in dark clouds except in the
outer, low-density areas where the true column density
may be a factor of 4 or more higher (Dickman 1976,
1978). These conclusions were confirmed in this re-
search for a giant molecular cloud which contains
excitation sources, using radiative transfer calcu-
lations similar to Dickman’s. It was found that the
LTE column densities should be correct for regions
with molecular hydrogen densities 2103 cm™> and
kinetic temperatures greater than about 20 K, which
corresponds to an observed '2CO temperature near
15 K. Therefore, in the W3 core and W3(OH) where
the !3CO line is reasonably strong, accurate column
densities are obtainable. However, for observed 12CO
temperatures in W3 between 5 and 15K, the '*CO
column densities (derived assuming LTE) could be a
factor 1.1-2 too low. The results for the W3 core are
plotted in Figure 1a. The *3*CO column density has a
maximum value of 16 x 10*® cm ™2 in the direction of
the 1720 MHz OH maser, falls to 1 x 10 cm ™2 just
outside the 10%, contour of the 1 mm dust emission
(see Fig. 3 of D*WW, with its reference to Wester-
brook et al. 1976), and drops to less than 0.5
x 10 cm~™2 over most of the southern group of
compact H 11 regions and the diffuse H 11 region IC
1795 to the east. In fact, the contours of N(*3CO)
resemble those of the 1 mm emission except that the
latter peaks on IRS 5-6-7 rather than at the position of
the 1720 OH maser.

The mass of the molecular cloud can be calculated
from the *3CO column densities once the distance and
the abundance ratio of H, to **CO are estimated. For
a distance of 2 kpc (Ogura and Ishida 1976) and a
relatively low [H,]/[*3CO] ratio of 4 x 10° (e.g.,
Dickman 1978) a minimum mass of 5 x 10> Mg is
found for the region of the W3 core enclosed by the
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N(*3CO) ~ 106 cm~2 contour in Figure la (which
corresponds to T,* > 15 K on Fig. 2ain D2WW). The
mass estimates become less certain outside 7,* = 15K
because of the poor signal-to-noise ratio of the **CO
measurements and the breakdown of the LTE assump-
tion, but estimates for the minimum mass for the
three regions with T,* > 10K are ~8 x 10* M, for
the W3 core, ~4 x 10* M for W3(OH), and ~8
x 103 M for AFGL 333. For comparison, the total
mass of just the known O and B stars exciting W4 is
estimated from the spectral types (Ishida 1969) with
their corresponding masses (Allen 1973) to be 10° M.
This is a minimum value since these 79 stars were
assumed to be main-sequence stars unless specified
otherwise by Ishida. The rest of the low-density gas
mapped by Lada et al. (1978) contributes ~3
x 10* M or up to 607, of the total mass of the W3
molecular cloud. If the [H,]/[3CO] ratio is closer to
10°, which may be the case (see Table 2), and if the
N(*3CO) in the outer parts was underestimated by a
factor of 4, then the total mass of the W3 cloud would
increase from ~5 x 10* Mg to ~4 x 10° M. A mass
of ~4 x 10* M, is needed to bind the outer parts of
the cloud with an extent of 100 pc against disruption by
the tidal force of the galaxy at a galacto-centric
distance of 11.5 kpc (see Figs. 2 and 3 in the paper by
Stark and Blitz 1978). Thus the original W3 molecular
cloud was able to hold together until it entered the
Perseus spiral shock (see § I1a[iv]).

il) The Location of Major Components

In the preceding paper (D?WW) we concluded that
the W3 molecular cloud and the W4 H 11 region are in
physical contact based on the common distance of
~2 kpc for the exciting stars of the W3 and W4 H 1
regions (Ishida 1969, 1970; Ogura and Ishida 1976)
and the apparent interaction of the W3 molecular
cloud with the W4 H 1 region (Lada et al. 1978). A
velocity difference of about 14kms~! was noted
between the stars in Ocl 352, which excite W4, and the
gas along the W3-W4 border. A possible geometry of
the W4 H 11 region and the W3 molecular cloud is
displayed in Figure 3a with lines of sight to various
features labeled along the bottom axis (the observer is
viewing these from the bottom. Consider the angle ¢
between the line of sight to the current center of Ocl
352 and the line joining this position with the center of
the W3 molecular cloud. Unless the clouds are very
elongated along our line of sight this angle must be
greater than 40° for the H 1 region and molecular
cloud to be in physical contact. To explain the velocity
difference of ~14kms~! by expansion of the H 11
region (with an expansion velocity less than
30 km s 1), ¢ must be less than 60°. If W3 is to the rear
of W4, then ¢ must be between 120° and 140°, but to
match a geometry with W3 in back, W4 must still be
collapsing, which is unlikely in view of the excitation
by so many well established main-sequence stars. Thus
an angle ¢ of ~50° was adopted in Figure 3a. The
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location of the individual features along the line of
sight is discussed below in §§ Ila(iv) and I1b(i).

iii) Properties of the Star Cluster

The open cluster Ocl 352 contains nine O stars and
seventy B stars (Ishida 1969). The age of Ocl 352 is
estimated from its brightest main-sequence star (VSA
192, an OS5 star) to be 2.8 x 106 years (Ishida 1969).
The age determined from a comparison of the ob-
served H-R diagram with theoretical isochrons ranges
from <1 x 10° (Ishida 1969 ;Palous et al. 1977)to ~6
x 108 years (Stothers 1972). A more accurate de-
termination of the age awaits observations of fainter
members of the cluster because the turn-off point at (B
— V) ~ —0.2 (corresponding to 1 x 10° years) is at
just about the observational limit (Ishida 1969 ; Palous
et al. 1977).

The average radial velocity (referred to the local
standard of rest) of the stars in Ocl 352 is —34
+ 1.4km s~ ! (Hagen 1970). However, there is a large
spread in the measurements that make up this average
(—80to +84 km s~ ! in the extreme; Underhill 1967).
This spread is probably due to a combination of an
intrinsic velocity dispersion around the mean and to a
large proportion of binaries or suspected binaries in
the observed sample (see Underhill 1967); it is evident
from observer to observer, from star to star, and
among the observations of a given star (compare
Hayford 1932; Sanford 1949; Underhill 1967; Ishida
1970 and Humphreys 1976).

In the following discussions, an age of ~3 x 10°
years and a velocity of —34 km s~ ! have been adopted
as most representative of the observed values of Ocl 352,
but a variance of at least +2 x 10° years and of
+4kms™! is permitted by the observational un-
certainties.

iv) Possible Explanations for the Observed Velocities

Galactic spiral shock.—The orientation and radial
velocities of Ocl 352 and the W3 cloud shown in Figure
3a are consistent with the idea that the formation of the
stars was initiated at the leading edge of the original W3
cloud after its entry into the Perseus spiral arm (see
Woodward 1978). The radial velocity of an object
located in the Perseus arm, 2 kpc from the Sun at /
= 134°,is ~ —32 km s ! because of differential galac-
tic rotation (Schmidt 1965), but material which is just
passing through the Perseus spiral shock is expected to
have radial velocities between —43kms~' and
—50 km s ! (for the range of likely shock parameters
given by Roberts 1972). Between 5 and 50 x 10° years
after an object has passed through the shock, its radial
velocity will become more positive with values between
—35kms™! and —38kms~! (Roberts 1972). Ac-
cording to Woodward (1978), his results, which
were for the passage of a cloud of mass 524 M
through a galactic spiral shock, can be scaled to
different cloud masses by multiplying all lengths and
times by a common factor of [M(new)/524]1"* up to
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about 2 x 10* My (and radius ~50 pc), where the
gravitational energy becomes comparable to the ther-
mal energy. This mass is that estimated for the
minimum contained within the three dense com-
ponents of the present W3 molecular cloud, although
as we say in § Ila, the uncertain contribution of the
low-density gas probably raises the total mass to near
5 x 10* M. This massive object appears to have a
large enough extent so that the differential pull of the
galaxy across it can inhibit collapse. The detailed
calculations of Woodward (1976, 1978) show that the
passage of a cloud through the galactic spiral shock
will compress and flatten the cloud at the leading edge
and eventually elongate it in the opposite direction.
The streaming of gas out the back of the cloud into the
low-pressure medium gives rise to a velocity gradient
along the length of the cloud.

The cloud begins to fragment about 4 x 107 years
after passing through the spiral shock and the in-
dividual condensations start collapsing to form stars,
such as those in Ocl 352. During the 3 x 10° year
lifetime of Ocl 352, this cluster of stars would have
moved about 30 pc as shown in Figure 3a. The
observed radial velocity of —34 km s~ ! for Ocl 352 is
within the range expected, although Woodward’s
calculations predict a somewhat smaller velocity gra-
dient downstream than the ~6 km s~ * or so difference
observed here; a better agreement between the
observations and theory would be possible if the radial
velocity of Ocl 352 were closer to —38 km s ™%, the age
of Ocl 352 were at least 6 x 10° years, and the angle ¢
were 40°, all of which are within the observational
uncertainties.

The expanding H 1 region W4.—The difference in
velocity between the open cluster and the molecular
gas farther downstream (including the W3 core and
most of the diffuse gas) has been identified with the
velocity gradient produced after passage of the initial
cloud through a galactic shock. There still remains to
be explained the even more negative radial velocities
(around —47kms~!) observed from the zone of
enhanced molecular emission along the border with
the W4 H 11 region. These motions are similar to those
observed in the ionized gas (Courtés 1960; Georgelin
and Georgelin 1976); this suggests that a shock front is
preceding the expansion of the W4 H 11 region into the
neutral gas and is compressing the material into a
dense layer. The expansion velocity derived from the
datais 17 + 5 km s~ ! (the uncertainty is due mainly to
the leeway in adopting a stellar velocity). If one
assumes that the two OS5 stars in Ocl 352 are ionizing
the W4 H 1 region, then the current radius s and
electron density n of the Strémgren sphere can be
solved from the equations: U = n*3s and EM = n?2s,
where U is the excitation parameter, ~ 150 pc cm™?
for the two OS5 stars (Panagia 1973), and EM is the
emission measure, ~4200 + 1000 pc cm ™~ ° from the
radio data (e.g., Wendker and Altenhoft 1977). One
obtains a radius of ~40 pc and an average density of
~7cm”3. In Figure 3a, the shock front has been
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placed about 40 pc from the current center of Ocl 352.
With this radius and expansion velocity of the W4 H 11
region plus the known age of the cluster, it is also
possible to determine the initial density n, of the
(uniform) medium into which the ionization front
expanded and the current thickness of the shocked
layer As (see equations in Spitzer 1968). With the
observed range for these parameters, n, could have
been in the range 10-300 cm ~3. With sufficient time,
As approaches s/6. From the above range of param-
eters 2.6 < As < 6 pc.

The observed velocities of W3(OH), AFGL 333, and
possible G133.8+ 1.4 point to their formation behind
the W4 shock front. These sources are sites of recent
star formation, which is probably occurring in the
dense layer between the shock front and the ionization
front (Elmegreen and Lada 1977; Lada, Elmegreen,
and Blitz 1979). However, more detailed observational
analysis (such as was done for the W3 core in § 115[iii]),
and further theoretical calculations are needed to
confirm that the radiation pressure or stellar winds
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from the OB cluster can pile up enough material
between the shock front and the ionization front to
trigger the gravitational instabilities at the observed
velocities. The two-dimensional calculations of the gas
dynamics of H 11 regions by Bodenheimer, Tenorio-
Tagle, and Yorke (1979) suggest that this may be
difficult because of the presence of streaming motions.
A computer code to handle such calculations, includ-
ing the narrow zone between the shock and ionization
fronts, is currently being developed by Woodward
(private communication).

An old, background H 11 region.—The observed dif-
ference in radial velocity between the W3 dense core
(at ~—40.5km s~ ') and the less-dense surrounding
molecular gas (at ~—42-44kms~ ') may be ex-
plained, in part, by the expansion of a large, old H 11
region located behind the northeastern quadrant of the
W3 molecular cloud. The existence of this background
H 1 region is postulated by Harten (1980) to explain
distributed, low-level continuum emission seen in the
radio maps of the W3-W4 area with the Bonn 100 m
radio telescope. The molecular gas surrounding the
northern, compact H 1 region, G133.84+1.4 (at
—44 km s~ 1) may also be under its influence. Because
the exact location and extent of this old H 1 region are
uncertain, the region has not been sketched in Figure
3a, but one can envisage the whole northeastern section
of the W3 molecular cloud being caught in a squeeze

02"23™ oM 22™
RIGHT ASCENSION (1950)

F1G. 2.—The change in intensity of the CO emission at two
separate velocities across the (outlined) dust lane which separates the
H 1 region W4 = IC 1805 (to the left) from the H 11 region W3 = IC
1795 (to the right). The CO antenna temperatures 7,* for radial
velocities between —38 and —41 kms~! are marked by vertical
numbers and those for velocities between —44 and —48 kms ™! by
slanted numbers.

between the expansion of the W4 H 11 region from one
side and the expansion of the old H 11 region from behind.

b) The Main Part of the W3 Molecular Cloud

i) Location of the the Core Relative to the
Optically-Visible H 11 Regions

The strongest emission from dust, CO, CS and HCN
comes from the main core of W3 which covers the
northern group of embedded, compact H 11 regions
and masers (see Fig. 3 and Table 4 in D*WW). The
average molecular velocity of the core is ~ —40.5
kms~!, but along the northwestern edge of the
diffuse optical H 11 region IC 1895, the radial velocity
of the molecular gas is ~—38kms™!. The visual
extinction in the area ranges from 2 to 3 mag in the

F1G. 1.—The amount of gas at various velocities. The column densities of **CO are derived under the assumption of local thermodynamic
equilibrium. Note that the contour units are not the same on each map. The line of constant galactic latitude, b = +1.2°,is drawn. The crosses are
positions of reference stars for possible alignment with optical photographs. The heavy dot shows the location of the 1720 OH maser. (a) Total
13CO column density toward W3. (b) *CO column density of the gas with radial velocity ¥ = —41 £ 0.5 km s~ *. (c) Dashed contours are '*CO
column densities of gas with radial velocity ¥ = —43 + 0.5 km s~ !, and solid contours are for ¥ = —39 + 0.5km s~ !, The maximum (with N
= 120) for both velocities is toward the 1720 MHz OH maser marked by the heavy dot. (d) Percentage of gas which is moving with radial velocity
¥V =—43 + 0.5kms™! as dot-dashed contours and with ¥ = —39 + 0.5km ™' as heavy solid contours. The light solid contours outline
compact H 11 regions 7 (east) and 2 (west). The thin dashed line indicates the edge of the optically visible diffuse H i region IC 1795, which is seen
to the southeast. (¢) Contours of 10 times the optical depth of H,CO at 6 cm. Dashed curves, V = —43 + 2km s~ '; solid curves, V = —38
+ 2.5km s~ !. These data were obtained with the 100 m telescope of the Max Planck Institute of Radio Astronomy (courtesy of T. Wilson). ( f)
Total 13CO column density as a function of projected distance p from the center of the W3 core along the minor axis (left) and major axis (right).
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F1G. 3.—(a) Model of the W3-W4 region which the observer views from the bottom. Labeled lines of sight are drawn up to the various
features which have been projected onto a common plane. To the left is located the W4H 11 region with its expanding shock front which
encompasses the sources AFGL 333, W3(OH), and possibly G133.8 +1.4. The positions of the cluster Ocl 352 which excites W4 are shown at
birth and at the present time. Observed radial velocities are indicated at various locations. To the right is the overall W3 molecular cloud with the
optically visible H 11 regions IC 1795 and NGC 896. Located behind these is the molecular core. The region W3 main is expanded in the next
figure. (b) Model of the W3 main region. A cut has been made through the cloud at b = +1.2° and passes through the center of the W3 corein the
direction of the (1720) OH maser designated OH. The rest of the objects are projected onto this plane. The dashed circles indicate objects located
above the plane (i.e., embedded H i regions A, D, and H). The major components of the W3 main region are labeled along the axis at the bottom

with lines of sight drawn to them. The arrows indicate motions up to about 3 km s

direction of IC 1795 (Dickel and Harten 1980) to
possibly 100 mag boward IRS 5 (Westbrook et al.
1976).

The W3 core, as defined by the !3CO column
densities in Figure 1a, lies to the west and north of IC
1795 and NGC 896, but some of the CO emission
overlaps the region of optical emission, so there is a
question of whether the molecular core is located in
front of or behind the optical H 11 regions along the line
of sight. The **CO column density of the core for
directions near the edge of IC 1795 is at least 3
x 10'® cm ™2, which implies a visual extinction in
excess of 12 mag if Dickman’s (1978) conversion factor
applies. However, the observed extinction is about
4 mag (from a comparison of 50 cm continuum em-
ission and Ha emission by Dickel and Harten 1980).
Thus the W3 core must be mostly to the north of and
behind the optical H 11 regions with only a small amount
overlapping in front (see Fig. 3a). A natural expla-
nation for the more positive CO velocities seen along the

-1

border of the optical emission then follows, namely, the
expansion of IC 1795 into the adjacent part of the
molecular cloud.

The overall complex W3 main comprises the W3
core with the northern group of embedded sources, the
sourthern group of compact sources, and the optically
visible nebulae IC 1795 and NGC 896 (see Fig. 3a and
3b; refer to Table 4 in D?WW). The W3 main has not
been placed behind the W4 shock front because it has a
different velocity (~—40.5kms™') and does not
appear to be participating in the expansion of W4. This
can be seen in Figure 2, where the observed CO
antenna temperatures (7,*) have been plotted for the
gas with radial velocities between —38 and
—41 km s~ ! (vertical numbers) and the gas with radial
velocities more negative than —44 kms™' (slanted
numbers). Both velocity components are found along
the dust lane which separates the optical emission of
W3 (IC 1795) to the west from that of W4 (IC 1805) to
the east. Looking westward away from the dust lane
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toward W3, one sees that the CO emission at the more
negative velocities weakens and disappears, while the
CO emission at the more positive velocities becomes
stronger. Conversely, one sees the gas at the more
positive velocities disappearing from west to east
across the dust lane. Both the optical and radio
emission from IC 1795 drop abruptly at this dust lane,
which also suggests a physical boundary. Therefore,
we have located the W3 main at the leading edge of the
W3 molecular cloud near, but not behind, the W4
shock front as shown in Figure 3a4. The dust lane
probably continues on behind IC 1795.

An alternative possibility was presented by Lada et
al. (1978), who included the W3 core behind the shock
front; however, no explanation was given for its
deviant velocity. Their model implies either that the
shock front is moving at least 6 km s ~* slower than the
ionization front (so there is a danger of the ionization
front overtaking the shock front) or that there are very
complicated dynamics occurring in the shocked layer.

ii) Physical Conditions in the W3 Core

Radiative transfer calculations.—The initial step in
modeling the W3 molecular core was to assume a
homogeneous, spherical cloud and search for sets of
parameters which could simultaneously reproduce the
observed peak intensities of the J = 1-0 spectral lines
of 12CO and !3CO, the J = 2-1 line of CS, and the J
= 1-0, F = 2-1 line of HCN in the center of the cloud
(i.e., toward embedded H 11 region H and the 1720
MHz OH maser designated OH in Fig. 3b). In
addition, the model calculation also gave the optical
depth in each line which was compared with some
observational constraints. The radiative transfer was
calculated using a multilevel Sobolev approximation
adapted from the work of de Jong, Chu, and Dalgarno
(1975) (see also Goldreich and Kwan 1974 ; Scoville
and Solomon 1974). The collision cross sections for
CO and CS were taken from the paper by Green and
Chapman (1978) and for HCN from the paper by
Green and Thaddeus (1974). These models assumed a
velocity gradient through the cloud arising from
contraction. If the dimensions and kinetic temperature
of the cloud plus the general magnitude of the velocity
field are chosen to agree with the observed ones, then
similar solutions to the radiative transfer problems are
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obtained for either a static microturbulent or a collaps-
ing cloud model (White 1977). This was confirmed by
comparing results of the calculations in this work,
using the Sobolev approximation, with those of Lucas
(1976), Liszt and Leung (1977) and Leung (1978), who
considered turbulence-broadened lines without the
Sobolev approximation. For the same model clouds
and an equivalent velocity width, there were no
substantial deviations between the maximum line
intensities or central optical depths predicted by either
method. To distinguish between a velocity gradient
and turbulence components, a more sophisticated
analysis and comparison of predicted line shapes with
the observed ones is required (e.g., Lucas 1976 ; Leung
1978; and Kwan 1978). Some comparisons of the
observed line shapes with theoretical ones will be made
after the presentation of the basic parameters of the
cloud below.

Input parameters.—The physical parameters which
were found from the observations (D*WW) and the
range used in the calculations are listed in Table 1. The
appropriate velocity gradient dV/dr = V/R to use in
the Sobolev approximation was obtained from the
observed line widths and radius. The maximum ob-
served '3CO line width measured between the half-
intensity points, AV, is around 7 km s~ !, so that the
appropriate ¥ (whichis 4AV)is 3.5 km s ~!. The depth
through the core must be larger than the diameter of
the largest embedded H 1 region A (~0.5 pc) and is
probably no larger than the major axis (~4 pc), and so
I have taken it as equal to the length of the minor axis
(~2.5pc), or R=1.2pc.

Results for a uniform cloud.—The observations to be
matched by the model are listed in the upper panel A of
Table 2. The values of the optical depths were deter-
mined by taking into account the observed effects of
self-absorption in the '2CO profile and to a lesser
degree in the CS profile. For this effect to be evident,
their optical depths 7 must be 23, and because the
effect is less pronounced in CS, probably
7(CS) < t(*2CO). The picture is more complicated for
HCN because of the hyperfine structure, but an optical
depth of ~10 is reasonable from the analysis of
Gottlieb et al. (1975). The weakness of the CS and
HCN lines relative to the 2CO line is because CS and
HCN require optical depths of at least 10 and 100,
respectively, before a line becomes saturated, that is,

TABLE 1
INPUT PARAMETERS FOR RADIATIVE TRANSFER CALCULATIONS

Parameters Specified by the Data Range Used
Kinetic temperature .. ..., 35< T <100K Ty =10-100 K
Velocity gradient ..............coviiiieiiiiiinenn.n. dv/dr = 1—15kms ! pc~!

Molecular hydrogen density.........................
Molecular abundances..............................

dv/dr ~3kms™ ! pc!

ny, = 10>-10°cm ™
[2COJ/[H,] = 10~ 5-10~%
[12COJ/[13CO] = 20-90
[CS]/H,] = 10~ 1110~
[HCNJ/[H,] = 10~ 11-10"#
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TABLE 2
RESULTS OF RADIATIVE TRANSFER CALCULATIONS

A. OBSERVATIONS TO BE REPRODUCED

CsS 12co 13co HCN
TXK) oo 2-2.5 30-31 5-6 2.5
T e s 23 23 <1 (<107)
B. UNIFORM CLOUD SOLUTIONS
Parameters Case 1 (all data) Case 2 (without HCN)
Velocity gradient...............cooviiiiin.... dv/dr ~3kms ™! pc! dv/dr ~3kms !'pc!
Kinetic temperature ................... .. ... T ~35-40K TK ~35K

Molecular hydrogen density ....................

o~ (1-2) x 10*cm 3
Relative abundances and associated optical depths [CS]/[HZ] (2-5) x 1072, ¢(CS) ~

o ~5x10*cm™3

[CS]/[HZ] ~2% 1078, ¢(CS) ~7

[HCN]/[H,] ~ (3-8) x 10-° r(HCN)~10—15

[12COY/[H,1 23 x 1075, 1('*C0) 2 5
['2COJ/[*3CO] 2 40, 1(**CO) $0.5

[*2COY/[H,] ~ 10", (*2CO) ~ 10
[**COY/['*CO] ~ 89, 7(**C0O) 0.5

2 7(CS) < 1(*2CO).

before T,* approaches Ty. For CO this happens at
much lower optical depths because of its small dipole
moment (Leung 1978).

The results of the radiative transfer calculations are
given in the lower panel B of Table 2. The values listed
under case 1 constitute our best set of parameters for a
uniform cloud model which simultaneously reproduces
the observed line intensities. If the molecular hydrogen
densities are much higher than listed there, then to
produce the same CS intensity, the CS density must be
reduced, which causes its optical depth to become too
low. If the H, densities are much lower, then the HCN
optical depth must become enormous, requiring self-
absorption effects larger than observed. If the kinetic
temperature is above 40 K, the CO observations
become increasingly more difficult to fit because then
7(12C0O) < 3 and ©(*2CO) < 7(CS); furthermore, for
Ty > 40K one has ['2CO]J/[H,] <3 x 1073 and
[*2CO]/[*3*CO] < 30.

Unless higher optical depths can be tolerated for
HCN or excitation by electron collisions is significant,
it is not possible to lower the average density below
10*cm ™3 and fit all the data. However, if this re-
striction on the density imposed by the HCN data can
be relaxed, then the solution listed as case 2 in Table 2
is possible. Once again, solutions with higher tempera-
tures or lower densities are ruled out.

It would be possible to distinguish between the cases
where [H,]/[13CO] = 0.9 x 10° and 1.3 x 10° if ac-
curate measurements of the intensities of the J = 3-2
or J = 2-1 lines of *3CO were available. The intensity
of these lines is comparable to the J = 1-0 intensity if
[H,]/[13CO] ~ 0.9 x 10°, whereas it is about twice
that of the J = 1-0 line if [H,]/[!3CO] ~ 1.3 x 10°.

The predicted line shapes for 12CO, 13CO, and CS
emission form a uniform cloud with the above param-
eters and various forms for the velocity gradient can be
compared with our observed profiles to give some

indication of the velocity law governing the con-
traction of the W3 core. First, the quantity a defined by
Leung (1978) as the ratio of the systematic to turbulent
velocity, v,/v,, must be estimated. From our obser-
vations (D3WW) we find that 1 < v, < 3and 1.5 < o,
<3kms™!: thus 0.3 <« <2 for the W3 core. The
agreement between the calculated profiles in Figure 5a
of the paper by Leung (1978) and the observed ones,
especially toward H and IRS 5-6-7 (Fig. 5ain DZWW)
is very good for v = (constant) or v oc r; however,
v oc (1/r)}/2 can be ruled out.

The solutions given in Table 2, though not unique,
bound the range of physical parameters allowed for a
uniform cloud.

Density gradients.—The *3CO column densities as a
function of projected distance p from the center of the
W3 core along the minor axis and major axis are
plotted in Figure 1f. The rate of decrease is faster than
expected for a cloud of uniform density (which is
shown by the dot-dashed line). Outside the very center,
the column density decreases inversely with the pro-
jected distance (solid line) or possibly the square root
of the projected distance (dashed line), which means
that ny, oc (r 2 or r~1-%). Inside, however, even after
allowing for resolution effects over distances smaller
than a beamwidth (~0.6 pc), one still finds that the
density gradient must flatten toward the center. With
an abundance ratio [H,]/[!3CO] in the range (0.9~
1.3) x 10° as found in § I15[ii], the average density of
molecular hydrogen in the inner region is ~5
x 10* cm 3. This falls below ~5 x 103> cm ™2 in the
outer parts beyond the N(**CO) ~ 10'® cm =2 contour
in Figure la. These results are in agreement with the
hydrogen densities determined from the analysis of the
1 mm emission from dust by Westbrook et al. (1976).
The !3CO intensity becomes too weak to follow the
density contours past the N(**CO) ~ 10'® cm ™2 level,
but if the molecular density continues the same
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decrease out to twice the measured size, then the
amount of mass enclosed by N = 10'® cm 2 is about
807, of the total mass in this condensation.

Visual extinction.—Dickman (1978) has found that
A, (mag) = (4.0 +£2.0) x 107N, ,(LTE) for dark
clouds over a range 1.5 < A,(mag) < 10. It is of
interest to see whether the relationship extends to more
opaque clouds such as the W3 core. This will be
discussed in a later paper where the visual extinctions
inferred from published 1 mm observations, near-IR
spectra, and our radio-optical study (Dickel and
Harten 1980) will be compared with the 13CO column
densities found here.

iil) Motions in the W3 Core

Effects of the expanding H 1l regions on adjacent parts
of the molecular core.—We have previously discussed
the expansion of the W4 ionization front into the
overall W3 molecular cloud. Now we shall see that,
within W3 itself, the nebula IC 1795 and the compact
H uregions 7 and 2 (refer to Fig. 3b and to Sullivan and
Downes 1973) are expanding into the adjacent molecu-
lar core. The initial evidence for this comes from the
observation that the lines of constant velocity run
parallel to and are most positive along the optical
border (Figs. 7 and 8b in D?WW). To investigate the
interaction in more detail, I have analyzed the !3CO
column density in this direction as a function of
velocity. The amount of gas with radial velocities
within 1 kms™! intervals centered on the velocities
—41, —39, and —43 km s~ ! are shown in Figures 15
and lc. The mean velocity of the W3 core is
—41 km s~ !. As expected for typical line widths of 8-
10 km s ™%, the gas in each interval near the line center
accounts for 10-20%, of the total amount present. The
distributions of the **CO column densities for veloc-
ities displaced 2kms~! from the mean (Fig. lc)
should be identical. Indeed, both distributions have
their maxima in the direction of the 1720 OH maser
(the heavy dot) and are similar over much of the W3
core. However, while the column densities of the gas at
—43km s~ ! are symmetrical around the OH maser
and fall off sharply toward the optical border to the
east, the amount of gas at —39 km s~ ! remains very
high in this direction. A similar pattern is seen for the
optical depths of H,CO at the two velocities (Fig. 1e).
The discrepancy is enhanced when the CO data are
represented as the percentages of the gas at either
velocity versus position. In Figure 1d the percentage of
the gasat —43 km s ™! and at —39 km s~ ! is shown by
the dot-dashed and the heavy solid curves, re-
spectively. The thin dashed curve represents the edge
of the optical emission, and the thin solid curves
indicate the location of the partially obscured compact
H 1 regions 7 and 2. It is seen that the gas at
—43 km s~ ! amounts to less than 17, of the total over
much of the region where optical emission is seen,
whereas the gas at —39 km s~ ! is 20-40%, of the total
and reaches 609, near source 7. There is very little
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molecular gas at all along the line of sight through
source 7 (only 5%, of the amount along the line of sight
through the center of the W3 core), but what is there
appears to be moving with a (radial) velocity around
—39kms™1!,

From the above analysis it is concluded that (1) the
optical H 11 regions are influencing the motions of the
gas in the adjacent molecular core, but (2) this is a
minor effect in terms of the overall gas in the W3 core.
In other words, shock fronts associated with the H 11
regions are moving into the southern edge of the molecu-
lar core, but they have by no means crossed the entire
W3 core and precipitated its collapse.

Can rotation stop the collapse >—It appears that the
observed line widths, velocity gradient, and line shapes
can be adequately explained by a combination of
turbulent and collapse motions and an expansion of
the H 11 regions into the edge of the molecular core. As
an alternative, one should consider the importance of
possible rotation and whether or not it can equally well
account for the observed characteristics of the W3
core. Indeed, the plots of radial velocities in Figures 7
and 8b of the previous paper (D*WW) resemble the
rotation curves of many external galaxies. If one
measures the radial velocity along a line in the
direction of the maximum gradient, then one can
estimate the total mass of the W3 system T by the
relation My = (3/2)*"V,...2 Ryaxcsc?i/G (Brandt 1960).
For the W3 core, the exponent n 2 3 and the maximum
radial velocity V.. =2.75kms™! at a distance of
Rpax = 0.5 pe. The total mass is 1.2 x 10° M, for an
edge-on system. If the inclination i were 57° (yielding
the observed axial ratio of 0.63 for the W3 core), then
the total mass would be 2 x 10° M. This is still less
than half the minimum mass derived in § I1a[i] for the
W3 core [within the N(}*CO) ~ 10*® cm ™2 contour of
Fig. 1a].

Although the whole cloud cannot be held up by
rotation, perhaps the centrifugal and gravitational
forces balance in the inner parts. If the elliptically
shaped core (enclosed by the N =35 x 10'®cm ™2
contour) is an embedded Maclaurin spheroid with an
ellipticity of 0.8 and a major axis of 1.2 pc (2), then the
mass of this equilibrium figure (according to egs. [3-
227] and [3-234] of Lang 1974) would be 1.3
x 10° M, which is about half the minimum mass
present in the inner region. So although rotation is not
entirely ruled out and may help retard the collapse of the
core, it cannot itself prevent this collapse.

There are other serious problems with the rotating-
core model. The line connecting the extreme radial
velocities does not go through the center of the dense
core, and it is not along the major axis of the W3 core
but at a 45° angle to it. The velocity gradient is also not
parallel to the galactic plane (but at an angle of ~20°).

It is primarily because the velocity gradient is
perpendicular to the optical edge where the molecular
core and IC 1795 interact that the interpretation of an
expanding H 1 region is preferred. In this case, the
more negative velocities of the embedded sources C, D,

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1980ApJ...238..829D&amp;db_key=AST

J. 22238, 82900

DAD.

rt

838 DICKEL

and H can be explained by location of these com-
ponents in the real half of the collapsing cloud. The
relatively large optical depths of H,CO toward these
sources (Fig. 1e) support this conclusion. To clarify the
situation further, one needs observations with higher
spatial resolution as well as calculations of the transfer
of radiation through model clouds which have both
density gradients plus some rotation, as well as col-
lapse and turbulence. Such calculations should
perhaps apply the statistical Monte Carlo approach of
Bernes (1979) so that nonspherical geometries with
embedded sources could be considered. These would
not give a unique answer, but might rule out certain
configurations.

iv) Model of the W3 Core

Figure 3b is a final sketch of the model of the W3
core based upon the results of the preceding sections.
Along the line of sight, one first encounters the large
diffuse optical, H u region IC 1795 (left) and the
brighter but somewhat smaller H 11 region NGC 896
(right). These are located mostly below the plane of the
drawing. The next smaller pair of circles along the line
of sight are the compact H 11 regions 7 (left) and 2
(right) which are just below the plane. Immediately
behind them is the compressed layer of gas due to the
shock front expanding into the molecular core. Only
the column density of this layer is accurately known,
not its depth. For a thickness as large as 0.3 pc (or
0.5 pc depth along the line of sight), the average
molecular hydrogen density is ~2 x 103cm™3 but
increases to about 6 x 103cm ™3 just behind the
compact H 11 region 7. Since the radial velocities (=
—38.7 and —37.6 kms~1!) of the most intense com-
ponents of the H,O maser 3 located near this compact
H 11 region are the same as the gas behind the shock
front, I suggest that this H,O maser is located therein.
In this case, the thickness of the layer must be much
less than shown to get the high densities expected near
the maser, or else there are significant concentrations.

The rest of the molecular core is located further
along the line of sight and is represented by two
elliptical contours. Within the inner contour, {ny,
~ 5 x 10*cm™3; the outer contour represents <{ny, )
~ 5 x 10% cm ™ 3. The density falls to about 10? cm ™3
over the remainder of the W3 molecular cloud. The
solid and dashed circles approximately locate the
embedded compact H 11 regions within the W3 molec-
ular core.

The arrows in Figure 3b are velocity vectors which
schematically depict the few km s~ ! expansion of the
shock in the W3 core and the similar amount of
collapse motion within the W3 core. Although the
vectors drawn in the figure suggest contraction with
voc r, a uniform contraction at constant velocity is
within the observational errors.

The overall characteristics of the W3 core (aside
from the expanding shock front and the existence of
embedded condensations) are similar to those result-
ing from a model calculation by Gerola and Glassgold
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(1978) for a cloud of 2 x 10* M with an initially
uniform density of 150 cm~3. After one free-fall time
(~3 x 10° yr) the atomic hydrogen has been nearly
completely converted to molecular hydrogen, and, for
their “warm” case, the abundance ratio [12CO]/[H,]
hasreached ~6 x 1073. Like the W3 core, their model
has a kinetic temperature of 35 K and the density in the
inner 1 pc is fairly constant at 5 x 10 cm ™3, falling to
103 cm 3 at 2.7 pc. The collapse velocity in the inner
parts is a few km s ™! and reaches a maximum of 5-
6 km s~ ! in the outer 2-3 pc.

v) Variation in the CS Abundance

The CS emission.—All the observational features
summarized in §I have been discussed except the
anaomalous behavior of HCN and CS toward IRS 5-
6-7. Over the rest of the core, the HCN and CS lines
have comparable intensities, but toward IRS 5-6-7 the
HCN (J = 1-0, G = 2-1) line remains at T,* ~ 2.5K
and resembles the wide, self-absorbed 2CO line
whereas the CS (J = 2-1) line nearly disappears. In the
following sections, several possibilities are considered
for explaining this situation. They are (1) a constant
relative abundance of CS throughout, accompanied by
a change in the relative population of the levels; (2) a
change in the relative CS abundance due to the
presence of shocks in the vicinity of IRS 5; and (3) a
change in the average CS abundance related to ion-
molecule chemistry occurring in the different parts of
the cloud. For convenience in the discussion that
follows, the direction of IRS 5-6-7 will be shorted to
IRS 5, and the conditions in the rest of the cloud will be
exemplified by those determined for the line-of-sight
toward the embedded source H.

Possible changes in the relative population of the
levels—Perhaps the molecular hydrogen density is
locally high enough near IRS 5 to populate the higher J
levels of CS so that the J = 3-2 line becomes more
intense than the J = 2-1 line. Evidence for higher
densities includes the facts that the !*CO column
density is 1.5 times that at H, the 1 mm emission form
dust peaks on IRS 5 (Westbrook et al. 1976), the
9.7 um absorption is strongest toward IRS 5 (Hack-
well et al. 1978), and an H,O maser is present. For the
kinetic temperature and relative abundance found
toward H, the intensity of the J = 2-1 line will remain
greater than that of the J = 3-2 line until a molecular
hydrogen density of at least 10° cm ™3 is reached. At
that point, however, T,* should be 210K for both
lines! If the temperature instead of the density is
increased, then again the intensities of both lines
increase. Thus increasing the excitation to higher levels
by either increasing the density or temperature results
in a higher, not lower, intensity for the J = 2-1 line of
CS, not to mention the corresponding increase in the
intensities of the '*CO and HCN lines above those
observed at IRS 5. Thus it is concluded that it is not
possible to vary the relative populations of the levels in
the way needed to explain the variation in CS intensities.
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Decrease in CS abundance toward IRS 5.—The
observed decrease in the intensity of the CS emission
toward IRS 5 can be accounted for by decreasing the
average CS abundance by a factor of about 5 if all other
parameters remain constant and equal to those at H.
Whether one invokes shock chemistry or time-
dependent ion-molecule chemistry within a dense,
shielded region, the relative abundances of H,, 2CO,
13CO, and HCN must remain essentially unchanged
while the CS abundance decreases.

Before considering the predictions from shock and
ion-molecule chemistry, let us first investigate IRS 5.
What is so special about this region to cause a decrease
in CS abundance compared to the rest of the cloud?
The most obvious thing is the very existence of this
young protostellar cluster IRS 5 with its associated
maser emission (H,O 2) and essentially no radio
continuum emission. The conditions in the direction of
this object are slightly different from the mean values
toward the cloud center derived above, so we present
here the best values for the parameters toward IRS 5
itself. If the relative abundance of **CO is to remain
constant throughout the cloud, then it is somewhat
easier to fit the data toward both IRS S and the center
of the cloud (H) with the lower value of 0.9 x 10° for
[H,]/[*3CO] found in § IIb[ii]. A somewhat lower
kinetic temperature (7 ~ 30 K) and a doubling of the
average molecular hydrogen density can account for
the '2CO and '3CO intensities toward IRS 5. A less
steep density gradient coupled with higher internal
motions near the protostars might explain the broad,
self-absorbed HCN profile at IRS 5. To obtain the
same observed HCN intensity at double the average
H, density requires a reduction of the relative abund-
ance of HCN by a factor of ~4, and to account for the
fourfold drop in CS intensity under these circum-
stances requires a reduction in the CS abundance by a
factor of 15-20.

1. Shock chemistry.—According to the calculations
of Iglesias and Silk (1978) for a 10kms~! shock
propagating into a dense molecular cloud, the abun-
dances of CO and HCN are unperturbed by the shock
as required here, but according to the calculations of
Hartquist, Oppenheimer, and Dalgarno (1980), the CS
abundance is expected to increase—not decrease. Thus
shock chemistry appears to be ruled out for explaining
the variation in CS abundance.

2. Time-dependent ion-molecule chemistry.—In
addition to poorly known elemental abundances in
dense clouds, several other factors can affect the results
of calculations of the ion-molecule chemistry: there are
uncertainties in the reaction rates, some seemingly
unimportant constituent of the gas may have been
excluded, the average interstellar radiation field varies
from place to place, the cosmic-ray ionization rate
might be lower in dense clouds, and condensation on
dust may be important (e.g., Iglesias 1977). Despite the
pitfalls present in trying to trace the growth of a
particular molecule, I wish to point out one trend in the
results from both the time-dependent calculations of
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Henning (1979) and the steady-state calculations of
Mitchell, Ginsburg, and Kuntz (1978). For hydrogen
densities between about 103 and 10* cm ™3, the curve
for the relative abundance of HCN reaches a broader
maximum before decreasing than the corresponding
curve for CS. Thus, betweenn ~ 103cm " 3andn ~ 5
x 103 cm™3 the HCN abundance may decrease by
only a factor of 3 while the CS abundance drops by a
factor of 10-20. This is the sort of behavior inferred
earlier from the observations toward IRS 5. In sum-
mary, the ion-molecule chemistry predicts that after
initially increasing to a maximum, the relative abun-
dances of both HCN and CS decrease with increasing
density, and in some parts of the cloud the CS abundance
may fall faster. At the moment, such a situation is the
only viable explanation of the low CS intensity ob-
served towards IRS 5.

II1. SUMMARY

a) Current Physical Parameters

From an analysis of the molecular data I have found
the following parameters to characterize the physical
conditions in the core of the W3 molecular cloud: the
kinetic temperature is 35 K; the average molecular
hydrogen density within ~0.5 pc of the center is 5
x 10*cm ™3 and falls below 5 x 10% cm ™2 beyond a
distance of 1.5 pc; the decrease in density may be
described by ny, oc ¥, with —2 < x < —1.5; and the
total mass of the core is 10* M.

The W3 core is collapsing at a rate of a few km s ™!
with a velocity law v oc r*, where x > 0. Where the
foreground H 11 regions encounter the molecular core
(at its southeast edge), shock fronts precede the
ionization fronts into the molecular gas. Since the
shocked gas is found to be only a small fraction of the
gas in the molecular core, the shock is not responsible
for triggering the collapse of the entire core.

The explanation for the overall dynamics and ages
of the components in the W3-W4 complex involves a
combination of a galactic shock plus a shock as-
sociated with the ionization front on the outer edge of
W4,

The average relative abundances in the W3 cloud
are [H,]/['°CO] = 1.3 x 108, with [*2CO]/[*3CO]
=40, [CS]/[H,] in the range (2-5) x 10~7, and
[HCN]/[H,]in the range (3-8) x 10~ °. If the analysis
of the HCN data is in error, then the following
abundances become 3possible: [H,]/[*3CO] = 0.9
x 108, with [12CO]/[*3CO] = 89 and [CS]/[H,] = 2
x 1078, This would lower molecular hydrogen den-
sities and the mass for the W3 core by a factor of 1.4.

The drop in the CS intensity toward IRS 5 is
attributed to a reduction in the relative abundance of
CS by as much as a factor of 15-20. The most
promising explanation for this decrease involves ion-
molecule chemistry which produces variations in the
relative abundances of molecules with increasing hy-
drogen density.
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b) Evolution of the W3 Molecular Cloud

The following scenario summarizes the model of the
W3 region developed from a combination of our
observations and the theoretical calculations of Wood-
ward (1978), Gerola and Glassgold (1978), Yorke and
Kriigel (1977), Elmegreen and Lada (1977), and
Bodenheimer, Tenorio-Table, and Yorke (1979). (All
protostars in this discussion refer to developing O and
B stars only.) The reader is referred to Figures 3a and
3b for the locations of the features discussed below.

Roughly 4 x 10’ years ago an interstellar cloud with
amass 25 x 10* M (and radius 240 pc) entered the
density-wave shock of the Perseus spiral arm. Second,
4 x 10° years ago this cloud was squeezed and dis-
torted such that at the head of the cloud, a fragment
with a density of around 400 cm ™3 became unstable
and began to collapse. About the same time, another
fragment of lower density (~ 100 cm ~3) further to the
rear of the cloud also started to collapse. Third, 2.1

x 10° years ago the denser lump further fragmented
into about 100 protostellar clumps. These individual
clumps continued collapsing to form the currently
observed O and B stars of Ocl 352. Fourth, by 1.9 x 10°
years ago, when these stars had reached the main
sequence and began ionizing the surrounding gas, the
second concentration (W3 main) was barely two-thirds
through one free-fall time in its collapse. Fifth, 4 x 10°
years ago the stars of Ocl 352 had cleared out much of
the surrounding gas and the H 11 region (W4) began
expanding into the remaining molecular cloud. At this
time, the W3 main contained a hierarchy of clumps
from which about 30 protostars started to collapse
over a 2 x 10° year period. The star cluster IRS 5 was
the most recent group to begin the final collapse. The
protostars associated with the currently observed
sources, G133.8+ 1.4, AFGL 333, and W3(OH), had
also started to collapse (possibly triggered by the
passage of the shock front of the W4 H 11 region).
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Sixth, since the exciting star(s) of IC 1795 formed
closest to the edge of the W3 main molecular cloud,
I x 10° years ago, its developing H 11 region became
the first to reach this edge. From then to the present,
the various protostars of the W3 main have and are
still reaching the main sequence and developing H 11
regions. Seventh, by 1 x 10° years ago IC 1795 had
pretty well expanded and ionized the gas of the
molecular cloud in the direction of the observer, while
the compact H 11 region W3A was just encountering
the edge of the W3 core (which is all that remains of
the W3 main molecular fragment). Eighth, today a
small jet of optical emission (including [O m] and
Ho emission) is seen associated with W3A, indicating
that it is just breaking through the edge of the W3
molecular core (Dickel 1979; Dickel and Harten
1980). Ninth, fifty thousand years from now, the more
embedded sources such as W3C should break out of
the W3 core. Tenth, by that time the southern group of
H 11 regions should have fully emerged and compact
H 1 regions should be developing around the IRS 5
cluster. Perhaps as soon as I(0° years from now, all
the stars which formed out of the original W3 main
fragment will appear as a loose cluster with their
H 1 regions merged into one and very little remaining
of the original molecular cloud.
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