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ABSTRACT 
We reconsider the structure and formation of OB associations in view of recent radio and 

infrared observations of the adjacent molecular clouds. As a result of this reexamination, we 
propose that OB subgroups are formed in a step-by-step process which involves the propagation 
of ionization (I) and shock (S) fronts through a molecular cloud complex. OB stars formed at 
the edge of a molecular cloud drive these I-S fronts into the cloud. A layer of dense neutral 
material accumulates between the I and S fronts and eventually becomes gravitationally unstable. 
This process is analyzed in detail. Several arguments concerning the temperature and mass of this 
layer suggest that a new OB subgroup will form. After approximately one-half million years, 
these stars will emerge from and disrupt the star-forming layer. A new shock will be driven into 
the remaining molecular cloud and will initiate another cycle of star formation. 

Several observed properties of OB associations are shown to follow from such a sequential 
star-forming mechanism. These include the spatial separation and systematic differences in age 
of OB subgroups in a given association, the regularity of subgroup masses, the alignment of 
subgroups along the galactic plane, and their physical expansion. Detailed observations of 
ionization fronts, masers, IR sources, and molecular clouds are also in agreement with this model. 
Finally, this mechanism provides a means of dissipating a molecular cloud and exposing less 
massive stars (e.g., T Tauri stars) which may have formed ahead of the shock as part of the 
original cloud collapsed and fragmented. 
Subject headings: clusters: associations — interstellar: molecules — nebulae: general — 

stars: formation 

I. INTRODUCTION 

The Lyman continuum radiation from a cluster of 
OB stars will drive ionization (I) fronts into nearby 
neutral material. Near dense nebulae like M42 
(Orion) or Ml7, an I front should be preceded by a 
shock (S) front as it moves into the adjacent molecular 
cloud. In this paper we investigate the gravitational 
stability of the high-density layer of neutral gas which 
accumulates between the I and S fronts in order to 
determine if star formation is likely to occur there. 
The results show that the shocked neutral layer will 
become gravitationally unstable after several million 
years for I-S fronts which propagate into molecular 
clouds of moderate density (> 103 cm-3). 

The stars which may form as the layer collapses are 
likely to be more massive than those which form in the 
unshocked, remote parts of the same molecular cloud. 
This follows from the temperature dependence of the 
protostellar mass function (e.g., Silk 1976), and from 
the fact that the shocked layer will be slightly warmer 
than gas in other parts of the cloud because of the 
enhanced heat input in the immediate vicinity of the 
H ii region (see § IV6[ii]). If, in fact, the stars which 
eventually form in the shocked layer are OB stars, 
then a new system of ionization-shock fronts will 
propagate into the remaining cloud after this second 
generation reaches the main sequence, and another 
cycle of OB star formation will be initiated. The 

formation of massive OB stars may therefore occur in 
sequential bursts during the lifetime of some large 
molecular clouds. For highly irregular clouds, the 
formation of massive stars may occur simultaneously 
at the sites of numerous I-S fronts, and a clear age 
sequence of OB stars may not develop. The birth of 
low-mass stars, however (e.g., T Tauri stars), may 
proceed independently and continuously throughout 
the cooler, more remote parts of the same molecular 
cloud. Most of these low-mass stars would probably 
remain obscured from view until they could be exposed 
during the passage of the I-S fronts (see § VI). 

The observation that some nearby OB associations 
contain distinct, spatially separate subgroups of OB 
stars (Ambartsumian 1955) which lie along the galactic 
plane in a sequence of monotonically changing age 
(Blaauw 1964) led Blaauw to suggest that star forma- 
tion did in fact occur in sequential bursts during the 
lifetimes of the corresponding primordial clouds. 
Recent millimeter and infrared observations of these 
regions suggest furthermore that the sequences of 
decreasing stellar ages may be extrapolated to cloudy 
regions where the most recent epochs of massive star 
formation are known to be occurring. In some cases, 
activity related to the formation of massive stars may 
actually be correlated with the positions of ionization 
fronts. Observations of NGC 7538, Ml7, and M8, 
for example, led to the suggestion that ionization 
fronts and their associated shock fronts may trigger 
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massive star formation (Habing, Israel, and de Jong 
1972; Lada et al 1976a), and that these shocks may, 
at the same time dissipate the primordial cloud 
(Lada 1975; Lada et al 19766). 

In § II, we review more observations which show 
why it is empirically quite plausible that I-S fronts 
may be a dynamic link between the OB subgroups 
which may form from any one complex of molecular 
clouds. In §§ III and IV, we present detailed calcula- 
tions of the growth and gravitational stability of the 
dense layer which accumulates between plane-parallel 
I and S fronts. Time scales for the formation of OB 
stars and for the subsequent breakup of the shocked 
layer are shown in § Va to be in reasonable agreement 
with requirements from observations. Several in- 
teresting aspects of this particular mechanism of star 
formation are then discussed in § V6. These include 
the relative scaling of the times, distances, and cluster 
masses with the parameters which characterize the 
shock and the shock-driving OB subgroup, the ten- 
dency for the number of stars formed in a subgroup 
to converge to a constant value, and the alignment of 
subgroups along the cloud’s magnetic field. Several 
comments are then made in § VI which pertain to star 
formation in general and how the proposed mechanism 
fits into an overall scheme. This is necessarily quite 
speculative, but it may indicate possible directions 

for future research. The results are summarized in 
§VIII. 

II. OBSERVATIONS 

The motivation for considering ionization-driven 
shock fronts as the mechanism responsible for se- 
quential subgroup formation stems from recent 
observations of molecular and infrared emission from 
the dense neutral clouds which are adjacent to OB 
associations. In this section we review three well- 
studied cloud complexes which are associated with 
massive stars, visible emission nebulae, and therefore 
very recent star formation: Ml7, M42, and IC 
1795(W3). Figure 1 shows a simplified schematic 
representation of the structure of these OB associa- 
tions. In each of these cases, an expanding H n region, 
presumably caused by the OB-star ionization of cloud 
material, is located at the edge of a massive molecular 
cloud. Infrared sources, H20 or OH masers, or 
compact continuum sources are observed in the 
cloud, indicating that star formation is under way. 
The important point, however, is that these active 
regions often occur near the interface between the 
H ii region and the cloud at the expected location of an 
ionization-driven shock front. 

Because of a favorable orientation along the line 
of sight, the relative positions of the various com- 

Fig. 1.—Schematic representation of the structure of an OB star-molecular cloud association. An OB subgroup (*) is positioned 
near the edge of a large molecular cloud {shaded). Ionizing radiation from the subgroup creates an H n region at the edge of the 
cloud, and drives an ionization-shock front into the cloud. After a certain time, the material that is swept up into a thin layer 
between the two fronts becomes gravitationally unstable and forms massive new stars. The figure shows the configuration at a 
time when the shocked layer has just formed stars. If the initial, uniform cloud density was 103 cm-3, then the shock will have 
traveled some 10-15 pc in the 2 million years needed for the layer to become unstable. Although the newly formed stars are obscured 
at this time, H20 and OH masers, infrared and/or compact continuum sources (A) provide indirect evidence for their existence. In 
about a half-million years, the new OB stars will migrate out of and begin to destroy the shocked layer in which they formed. A 
new H ii region will then be created and a new ionization-shock front will be driven into the remaining molecular cloud. The 
direction of the cloud magnetic field {B) is indicated for the ideal case. This direction is assumed to be parallel to the galactic plane 
in order to account for the observed alignment of OB subgroups (see text). 

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



19
77

A
pJ

. 
. .

21
4.

 .
72

5E
 

No. 3, 1977 SEQUENTIAL FORMATION OF OB SUBGROUPS 727 

ponents of the Ml7 star-forming complex can be 
ascertained. East and north of the intense H n region 
(Ml7) are a group of visible OB stars which belong 
to the expanded Ser OBI association (Sajn 1954). 
Embedded within the most intense part of the H n 
region is a compact, but obscured, cluster of OB stars 
recently discovered by infrared techniques (Beetz 
et al. 1976). Ionizing radiation from the most massive 
of these hidden stars is probably responsible for the 
excitation of the giant H n region. H2CO and CO 
observations (Lada and Chaisson 1975; Lada 1975) 
have shown that the bright H n region is located at 
the edge of a massive molecular cloud which extends 
for more than 80 pc southwest of the visible nebula 
(Elmegreen and Lada 1976). Two dense (~ 104 cm~3) 
fragments of the neutral material are found at the 
edge of the cloud near the boundary of the H n region 
(Lada 1975). The northern fragment contains a far- 
infrared source and a weak radio continuum source 
while the southern contains two sites of H20 maser 
emission and a 20 /¿m infrared source. These latter 
three objects are aligned along and very close to a 
strong ionization front which appears to be pene- 
trating the southern fragment (Lada et al. \916a). 
These data suggest that the site of star formation has 
moved with time from the position of the visible Ser 
OBI stars to the position of the high-density fragments 
at the edge of the molecular cloud. The most intense 
region of ongoing star formation appears to be 
directly ahead of the strong ionization front which is 
now penetrating the southern fragment. 

A similar configuration is present in the direction of 
Orion where a dense molecular cloud (Kutner et al. 
1977), an expanding H n region (M42), and a sequence 
of four OB subgroups lie in an apparent evolutionary 
progression of young to old objects (cf. Fig. 4 of 
Blaauw 1964). Optical ionization fronts (Elliot and 
Meaburn 1974) are present near the densest part of 
the molecular ridge associated with the Kleinmann- 
Low infrared nebula, while another I front, observable 
in the radio continuum (Gull and Martin 1975), is 
preceded by, and parallel to, an array of maser 
sources in the OMC-1 cloud. The four Orion OB 
subgroups suggest that massive star formation has 
occurred in bursts which were separated in both space 
and time, as indicated by Blaauw (1964), while the 
current alignment of I fronts, masers, and infrared 
sources near M42 and OMC 1 supports our con- 
tention that ionization-driven shocks are somehow 
related to the gravitational collapse and formation of 
massive stars. 

Of the three sources we consider here, the strongest 
evidence for the formation of massive stars at the 
interface between a molecular cloud and an H n 
region can be found near W3. The exciting source 
for the optical nebula (IC 1795) is probably the 08 
star BD +61°411 located near the center of optical 
emission (Wynn-Williams 1971). Along the western 
boundary separating the H n region from an obscuring 
cloud are located a number of compact continuum, 
infrared, H20, and OH maser sources (Mezger and 
Wink 1975; Harris and Wynn-Williams 1976). The 

compact continuum and maser sources near IC 1795 
seem to occupy the same relative positions to the H n 
molecular cloud interface as do maser and infrared 
sources in Orion and Ml7, but these regions of most 
recent star formation near IC 1795 seem more evolved 
than their counterparts in either Orion or Ml7 since 
the latter two regions have not yet produced detectable 
compact continuum sources. 

The compact continuum sources in W3 probably 
represent recently formed OB stars which are currently 
ionizing their surrounding embryonic cloud envelopes. 
Indeed, recent infrared observations of Beetz et al. 
(1976) have uncovered a dozen OB stars near the 
centers of these compact continuum sources. This 
number is very similar to the number of OB stars 
typically found in the individual subgroups of the 
associations studied by Blaauw (1964; see Table 3). 
Interferometric observations of IC 1795 (Harris and 
Wynn-Williams 1976) suggest furthermore that the 
strongest continuum sources in W3 are ionization 
bounded on all sides and therefore are still embedded 
in and surrounded by the neutral material from which 
they formed. Consequently, the electron densities 
measured in these compact sources may provide a 
useful diagnostic for the conditions in the immediate 
region of star formation. These densities are generally 
greater than 5000 cm-3 and, in the case of W3(OH), 
the density is as high as 105cm-3 (Wynn-Williams 
1970). This is consistent with our expectations for the 
density of the shocked gas which precedes a typically 
strong ionization front (see eq. [20] below). 

A sequence of stellar age groups is also present 
near W3. About Io southeast of IC 1795 is the star 
cluster-H n region IC 1805, and slightly farther to the 
east of IC 1805 is the center of the Cas OB6 association. 
Sajn (1954) has suggested that these three objects, and 
perhaps IC 1848, are all part of the same complex 
and are physically related. We have recently made 
CO observations with the millimeter-wave telescope 
at McDonald Observatory which show that the 
molecular cloud which partially envelops W3 extends 
south and southeast and also forms the border of the 
IC 1805 H ii region. This suggests that the two objects 
IC 1795 and IC 1805 were formed from the same 
molecular cloud complex. If these two sources are at 
the same distance from the Earth, then their separation 
is roughly 50 pc, comparable to, but slightly larger 
than, the separations of OB subgroups in the associa- 
tions listed by Blaauw (1964). The star cluster at the 
center of IC 1805 is presumably more evolved than 
the embedded cluster in IC 1795 (Mezger and Wink 
1975). As in many other associations, direction of 
evolution is parallel to the galactic plane. 

Similar evolutionary sequences (i.e., OB association- 
ionization front-protostars-molecular cloud) can be 
recognized in observations of other associations such 
as Cep OB3 (cf. Fig. 4 of Blaauw 1964) and Cep OB4 
(McConnell 1968; Church well and Felli 1970), W58 
(Israel 1976), and M8 (Lada et al. 1976/?). This suggests 
that the formation process for OB subgroups may be 
similar for all OB associations, and that it may be 
physically related to the ionization-shock front 
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systems. The observed structure of OB associations 
also seems to require that OB stars are first formed 
at the edge of a cloud and not in its center (Blaauw 
1962) and that subsequent star formation proceeds 
inward with time. If ionization-shock front systems 
are responsible for star formation in OB associations, 
then the observed sequential progression of subgroup 
age could be explained by a chain reaction in which the 
formation of the youngest subgroup is triggered by 
the ionization fronts driven into the cloud by the 
next older subgroup. Apparently, this sequence can 
be extrapolated to the most recent episodes of star 
formation in the molecular clouds which are adjacent 
to associations. 

III. MODEL 

The observed juxtaposition of (1) young OB stars, 
(2) I fronts, infrared sources, masers, and/or compact 
continuum sources, and (3) dense molecular clouds 
is interpreted to be an indication of a sequence in 
time during which some star-forming part of an I-S 
front moves through a dense molecular cloud. For the 
purposes of the present calculation, we assume that 
the primordial molecular cloud has a linear dimension 
at least as large as the typical separation between 
subgroups—i.e., some 10-20 pc—and that it has a 
density comparable to that of observed molecular 
clouds, although this density will remain a free 
parameter. We also assume that the cloud is relatively 
stable, in the sense that it does not completely collapse 
in a time less than the observed interval between the 
formation of adjacent subgroups, i.e., 2-3 million 
years. In the case of Orion, for example, OB star 
formation has been occurring in the same molecular 
cloud complex for the last 10 million years, so this 
assumed stability is probably not unreasonable. This 
is also true for other large molecular clouds as pointed 
out by Strom et al. (\915a). 

We then consider the dynamical influence of an 
extended OB subgroup which happens to be adjacent 
to this hypothetical molecular cloud. The Lyman 
continuum (LC) radiation from this OB subgroup 
will dissociate, ionize, and heat the neutral and 
molecular hydrogen in the molecular cloud via the 
propagation of ionization (1) and dissociation fronts. 
A short time after the OB subgroup first turns on, 
given approximately by (nay1 ^ 100 years, where 
n ^ 103 is the H density in the cloud and a = 3.1 x 
10~13cm3s-1 is the recombination coeificient of 
hydrogen to all but the ground state at 8000 K, the 
LC flux at the I front will diminish due to dilution and 
to absorption in the intervening H n region. A shock 
front will then move out ahead of the 1 front, com- 
pressing the neutral material before it becomes 
ionized. The various stages in the propagation of I-S 
fronts are summarized by Kahn (1954), and are 
applied to astrophysical situations similar to that 
discussed here by Oort and Spitzer (1955), Pottasch 
(1958), Lasker (1967), and Elmergreen (1976). 

We are primarily concerned here with the neutral 
layer which separates the I and S fronts. Since the 

radiative cooling of this layer will be relatively rapid 
(see Aannestad 1973), the temperature of the shocked 
gas will be low (^ 100 K) and the density will be very 
high (~105 cm-3 as shown below). Furthermore, the 
molecular hydrogen which enters and becomes heated 
by the shock front will cool before it collisionally 
dissociates (Mendis 1968), so H2 will still be present. 
We shall hereafter refer to this region between the 
I and S fronts as a cooled, postshock (CPS) layer. Its 
growth and gravitational stability will be studied in 
what follows. Although we shall use a plane-parallel 
geometry due to the extended nature of the shock- 
driving OB subgroup, the results will be qualitatively 
the same for a spherical (but thin) CPS layer which 
propagates away from a point source of LC radiation. 

The absorption of Lyman continuum radiation by 
dust in the H ii region is discussed briefly in § IVè(i). 
Although the dynamics of the propagation of the I-S 
front into the molecular cloud will be slightly in- 
fluenced (and made more complex) by interstellar 
dust, the important star-forming properties of I-S 
fronts are not changed. Of course, interstellar dust 
will be an important factor in the thermal balance of 
the shocked gas and protostars, but this will be im- 
plicit in our use of a relatively high gas temperature 
in the shocked region of 100 K. This is suggested by 
the infrared (dust) temperatures of the region ahead 
of an I front in Orion (presumably the shocked gas) 
observed by Becklin et al. 1976 (cf. §IVè[ii]). 

IV. GRAVITATIONAL INSTABILITIES IN THE 
VICINITY OF AN H I-H II INTERFACE 

a) The Development of the CPS Layer 

We first derive the velocity of a planar shock relative 
to the ambient cloud. The position of the shock is then 
determined as a function of time, and the column 
density, space density, and thickness of the CPS layer 
are written as a function of the shock position. These 
latter quantities will be used in § Wb to determine 
when the CPS layer becomes gravitationally unstable 
and to estimate the protostellar masses. 

The shock velocity depends on the thermal pressure 
in the H n region, Pn, on the rocket-like pressure, or 
kinetic pressure, at the I front (which is caused by the 
ejection of newly ionized hydrogen into the H ii 
region), and on the mass density of the molecular 
cloud, pq. Since the post-I-front gas will rapidly cool 
to the temperature of the H n region, the equation 
of state for ionized gas sufficiently far from the I front 
will be isothermal, as it is behind the S front, and the 
steady state shock velocity, vSi will equal (£Pn//>o)1/2, 
where £ varies from 1 for weak D-type fronts to 2 for 
D-critical fronts (Spitzer 19686). In the first case the 
flow behind the I front will be subsonic and the kinetic 
pressure will be insignificant compared to Pn, while 
in the second case the ionized flow will be sonic and 
the kinetic pressure will equal the thermal pressure. 

The relative importance of the thermal and kinetic 
pressures is determined by the flux of LC radiation at 
the I front and by the hydrodynamics of the flow in 
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the H ii region, which are beyond the scope of the 
present paper. We may estimate that f ~ 2, however, 
from observations of Orion (Balick, Gammon, and 
Hjellming 1974), M8 (Lada et al. \916b) and other 
dense nebulae (Meaburn 1975) since these always 
show large outflows of ionized hydrogen at near sonic 
velocities, suggesting that a kinetic pressure will be 
significant. We therefore assume for simplicity that 
£ = 2, at least for the initial stages of shock propaga- 
tion. We have also considered the hypothetical 
situation where £ jumps abruptly from 2 to 1 after the 
shock has traveled for some time. This simulates a 
change which may occur as the nebula becomes large 
and rarefied : the boundary conditions on the flow may 
change due to obstacles (e.g., other clouds) at 
moderate distances from the molecular cloud or the 
LC flux of the source may change. In any case, the 
later stages in the expansion of the H n region may be 
similar to the quasi-equilibrium expansion of a 
Strömgren sphere, for which £ 1. This change from 
f = 2to£=lata late stage in the development of 
the shock will have a slight influence on the formation 
time of protostars in the CPS layer, so we shall discuss 
this briefly in § IV6(i). 

It should be emphasized that the above expression 
for vs is valid for constant vs, i.e., for a steady state, 
but in the present problem Pu, and therefore vs, will 
decrease as the shock advances into the cloud and, 
if the momentum of the CPS layer is significant, vs 
will be slightly larger than {èPulpo)112- We therefore 
determine vs in two steps. First, the steady state value 
of the proton density in the H n region, «n, is derived 
for a given value of the distance r between the LC 
source and the I front. The time rate of change of /zn 
due to the increase of r at the shock velocity is shown 
to be small compared to the rate at which the density 
can sonically adjust, so we approximate the in- 
stantaneous value of nu by its steady state value. Thus 
Pn, which depends on «n, may be written simply as a 
function of r. The second step then determines vs by 
equating the total pressure on the I front, £Pn, to the 
time rate of change of the momentum per unit area 
of the CPS layer. This will apply to the plane-parallel 
case considered here since the area of the shock is 
invariant, but for a spherical shock around a point 
LC source the total force and total momentum of the 
CPS layer must be considered. 

The boundary conditions at the I front and far 
from the molecular cloud determine the run of nu 
with distance r. In the present model, an extended LC 
source (the OB subgroup) is relatively near to an ex- 
tended molecular cloud, so the LC photon flux and 
the flow of ionized hydrogen in the H n region will 
be approximately plane-parallel and nu will be rela- 
tively uniform throughout the small distance r. The 
velocity of flow away from the I front, will also 
be approximately uniform in this region, although 
it will vary for larger distances from the I front. The 
proton flux at the I front, nuVexi will then equal the 
stellar LC flux, F*, diminished by the number of 
absorptions in a column of unit area and length r. 
In the absence of dust (see § IV7>[i]), this absorption 

rate will equal the recombination rate in the same 
volume, so we have 

«Ilí’ex = - «II2«'- • (1) 
For the assumed plane parallel geometry, F* will be 
independent of r. The solution for nu is 

where nQ is the number density of hydrogen in the 
molecular cloud and r0 = FJ(an0

2) is the thickness 
of a hypothetical layer of ionized hydrogen at a 
density n0 which can be maintained by the stellar 
flux F*. The second term in parentheses in equation 
(2) is the ratio of the recombination time of hydrogen 
at the density nu (to all but the ground state) to the 
time for the flow to travel the distance r. This ratio 
will be very small (<1%) for typical values of nu 
and r. 

Thus nu must decrease with time at the relative 
rate of d In nn/dt = —ivjr as the shock advances into 
the molecular cloud. The rate at which nu is able to 
change, however, is approximately equal to the 
isothermal sound crossing rate in the H n region, 
or c/r, where c = (Pii/pn)1/2 = v^po/iSpu)]112 ^ 
rs(3/8)1/2(r/r0)1/4 using equations (2) and (6) below 
with £ = 2. Thus cjr » \vs¡r if rlr0 » 0.4. Since the 
shock begins approximately when r = r0, this in- 
equality is always satisfied and the density can always 
adjust so that it approximates that given by equation 
(2). The thermal pressure in the H n region is therefore 

Pu = 2.ln0(^y2kTu (3) 

for an H ii temperature Tn and for 107o helium by 
number. 

The shock velocity in the nonsteady case may now 
be determined by equating the total pressure which 
acts on the I front (fPn) to the time rate of change 
of the momentum per unit area of the CPS layer. The 
mass per unit area of the CPS gas changes at a rate 
equal to the difference between the mass flux at the 
S front and the mass flux at the I front. As shown below 
(eq. [11]), the first will be much larger than the second 
when r » r0, so we may use p0r as an approximation 
for the mass column density of the CPS gas, which 
will be valid in the limit of large r. The velocity of the 
center of mass of the CPS layer, used to determine the 
CPS momentum, is so close to vs for strong isothermal 
shocks that we may effectively set it equal to vs. Then 
the momentum per unit area of the CPS layer will 
equal p0rvs for r » r0 and 

tfu = jt (porvs) = p0vs
2 + Por vs (4) 

since vs = drjdt. However, Pn varies as a power of r, 
so v2 will vary with the same power of r (from eq. [4], 
ignoring slow changes in 0, and, using equation (3), 
we obtain 
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Combining equations (3), (4), and (5), we conclude 
that 

Vs = (s^PnlPo)112 • (6) 

The shock velocity will actually vary between 
(£Pn/po)112 and that given by equation (6) as r/r0 
increases and the momentum of the CPS layer 
approaches p0rvs, but this variation will not sig- 
nificantly influence the results so we simply use 
equation (6) for all r. (This has been verified by a 
numerical integration.) 

Thus vs may be evaluated from equations (3) and 
(6). It is convenient to set = 1.0 x 1011 A0 photons 
cm-2 s-1, where N0 is the effective number of main- 
sequence O stars per 10 pc2 in the OB subgroup whose 
radiation drives the shock. The LC luminosity of a 
typical main-sequence O star has been taken to be 
1 x 1049 photons s_1 from Cruz-Gonzales et al 
(1974), and an O star column density of 10 per 100 pc2 

has been estimated from the compilation of Blaauw 
(1964). We expect therefore that N0 will be of order 
unity. The results will be fairly insensitive to N0 in any 
case. We also define «3 = 10"3«o = 10~3/>o/l-4wH 
for hydrogen atomic weight wH, so that «3 is also of 
order unity or larger for dense molecular clouds. 
Finally, we take f = 2 for the present discussion, 
rn = 8000 K, and the corresponding value of a = 
3.1 x 10-13 cm3 s-1 so that, for r in parsecs, 

vs{r) = 9.4r _1/4Ao1/4h3
-1/2 km s_1. (7) 

Since vs = drldt, equation (7) may be integrated to 
obtain the shock position as a function of the time 
/6 in millions of years : 

r{tQ) = (r0
5/4 + 12.1Ao1/4fl3-

1/2¿6)4/5 pc , (8) 
where 

r0 = 0.10Ao«3“
2 pc (9) 

used to derive vs is beginning to be reasonable. For 
weak-D I fronts at the same r, the CPS layer will have 
a larger column density than that given by equation 
(11) since the proton flux at the I front will be less. 
This is discussed in § IV6(i). 

Since the shock decelerates, the density in the CPS 
layer will not be uniform but will increase toward 
the front of the layer as if there were an effective 
gravity with acceleration —vs in the direction of 
propagation of the shock. If the layer is not strongly 
self-gravitating, the scale height will be c2/(—vs) for 
isothermal sound speed c = (kT/¡jLc)

112 in the CPS 
layer, and the density at the leading edge of the layer 
will be (8/3)Pn/c2 (for £ = 2). Here T is the tempera- 
ture in the layer which we set equal to 100 K times a 
constant T2, which is of order unity, and /xc = 2.36 raH 
for molecular hydrogen with a 10% helium-to-proton 
ratio. It may be easily shown that the sound crossing 
time in the CPS layer is much smaller than the time 
scale for changes in Pn, so the CPS density distribution 
will be close to this hydrostatic solution except for 
possible changes due to turbulence in the Rayleigh- 
Taylor instability mentioned below. Using equations 
(3), (5), (7), and (9), we see that the hydrogen density 
will vary with position z in the CPS layer as 

nc{z) = 2.4 x 105r _1/2Ao1/27T2“1 

x exp { —bO^zr-3^^1^^“1^“1} cm~3 , 

(12) 

where z (in parsecs) equals zero at the front of the 
CPS layer (close to the shock) and increases to z = L 
at the I front. This CPS thickness L is determined by 
the total column density of the CPS gas, since the 
integral of wCPS over z from z = 0 to z = L must 
equal N in equation (11). It follows that the thickness 
of the CPS layer is given by 

from equation (2). For r much larger than r0 or for 
times much greater than 8 x 104 years since the 
formation of the shock-driving OB subgroup, we 
may approximate this as 

r £; 7.3Ao1/5h3~2/5¿6
4/5 pc . (10) 

The column density N of hydrogen (protons) in the 
CPS layer is the integral over time of the total rate 
of proton accumulation, nQVo — nuVex. For D-critical 
I fronts we may set i’ex equal to the isothermal sound 
speed in the H n region; it then follows from equations 
(2), (7), and (8) that 

N = 3.09 x 1021™3 cm"2, 

(11) 

where again r is in parsecs. The last two terms in the 
brackets, when added to (r0/r), correspond to the CPS 
material which has become ionized. For r/r0 > 8.3, 
less than half the hydrogen which enters the shock will 
have gone through the I front, so the approximation 

L £ 4.8 x 10-3r3/2Ao-1/2«3r2pc (13) 

for r » r0 in equation (11), when the layer is not 
strongly self-gravitating. 

Another consequence of the deceleration of the 
CPS layer is that it will be Rayleigh-Taylor unstable 
with a growth rate equal to ( —£i)s)

1/2 for wavenumber 
k. For k greater than or equal to 2tt/L, the growth 
time is much shorter than any of the temporal scales 
for the shock propagation, and the instability will be 
present. Unstable blobs will not be ejected from the 
front of the layer, however, because if they were they 
would decelerate even faster than the rest of the shock 
as they accumulate material. The most likely result is 
that the CPS layer will become turbulent. We may 
estimate the turbulent velocity by using the “free-fall” 
velocity of a blob which accelerates over a length 
equal to L/2. This velocity is ( — vsL)112, so we have that 

*Wb ^ 0.37V/2 km s-1. (14) 

Note that this is independent of all the parameters 
which characterize the shock (N0, n3, etc.), and it 
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depends only on the temperature in the CPS layer. 
This value of the turbulent velocity is equal to 
(In 4/3)1/2, or about one-half, times the sound velocity 
of CPS gas. Such turbulence may be accounted for in 
the derivation of the gravitational instability by using 
a slightly larger value of the temperature in the CPS 
layer to correspond to a larger rms velocity (cf. 
§ IV6[ii]), but there is enough uncertainty in this 
temperature anyway that such a change is unwarranted. 

Evidently the CPS layer will be very thin and dense. 
After a sufficient amount of material has accumulated, 
its self-gravitation will become important. This will 
cause the density inside the layer to increase above 
the value given by equation (12), and the thickness 
of the layer will decrease accordingly. These changes 
are discussed in detail in the Appendix, as is the 
criterion for the onset of gravitational instability of the 
CPS layer. We use the results in what follows. 

b) The Onset of Gravitational Instability in the CPS 
Layer 

i) The Point of Instability for D-critical I Fronts 
« = 2) 

It is shown in the Appendix that the pressure which 
confines the CPS layer will stabilize it against gravita- 
tional collapse until the mass column density of the 
CPS gas, <t, reaches a critical value, o-m, given by 
equation (A17), in the case where y = (1 + vM2)-1 = 
4/3; that is, where vs is proportional to r-1/4. Using 
equations (3) and (11) which assume that the dust in 
the H ii region does not significantly absorb the LC 
radiation, and using the fact that a equals 1.4mH 
times the hydrogen (proton) column density given in 
equation (11), it follows that the CPS layer will begin 
to gravitationally collapse when the shock has 
traveled a distance rI? given by the solution to the 
equation 

, 5/4 1 - 0.18 0.82 
(?)' 

= 28.1 (15) 

which, for A0 = «3 = 1 in equation (9), is r1 = 17.7 
pc. For N0n3~2 « 1 in equation (9), 

rj ^ 14.4Ao1/5w3“
4/5 pc (^ » r0) . (16) 

The time at which this instability occurs is 

r 5/4 _ r 5/4 
?I ~ T2iDvV^rTr2 million years (I7) 

from equation (8), which equals 3.0 million years 
when N0 = n3 = 1. It follows that when N0n3~2 « 1, 

t1 ^ 2.3n3~
112 million years (r: » r0). (18) 

We note that, in the case of Orion, NQn3~2 is 
probably less than 10"2 since > 10 (i.e., the 
hydrogen [proton] density in the Orion molecular 
cloud is greater than 104 cm-3 [Gottlieb et al 1975]) 
and N0 ^ 1 from Blaauw (1964); thus equations 

(16) and (18) are applicable for the current epoch 
of star formation in Orion (if dust can be ignored). 
Dust in the H n region may absorb some of the LC 
radiation and will thereby lower the electron density 
(«n) and the pressure which drives the shock. The 
result is that the position of the shock at the time of 
instability (rx) will be less than that given by equation 
(15) or (16), but the unstable time (^ is virtually 
unchanged (cf. § VZ>). We find from a numerical 
calculation with N0 = n3 = \ and f = 2 that (with 
dust) /*! = 11.6 pc and tl = 2.6 million years. (These 
parameters are not solutions to the instability criterion 
given by eq. [A 17], which uses a constant y equal to 
4/3, but they use the instantaneous value of y = 
[1 + vjIvs2]-1 from the numerical solution to derive 
an instantaneous instability criterion.) 

If the I-front is always weak D (f = 1) or if it 
changes from D-critical (f = 2) to weak D during the 
course of its propagation into the molecular cloud, 
then the unstable distance and time will also be less 
than that given by equation (16) and (18). The results 
indicate that ^ will decrease by about 20% and will 
decrease by a factor of 2370 to 3370, depending on 
the point at which the 1 front changes from D-critical 
to weak D. This depends on the geometry of the cloud 
and on the details of the flow in the H n region which 
are not considered here. 

ii) The Development of Protostars 

Evidently, the CPS layer will become unstable to 
gravitational collapse after a time of some 2 to 3 
million years for a hydrogen density in the molecular 
cloud of 103cm-3, decreasing for larger densities 
approximately as n3~112. The shock will have traveled 
a distance of 10-20 pc in this time, scaling roughly 
as A0

1/5«3
_4/5 for this plane-parallel model. Of 

course, the exact times and distances will depend on 
the geometry and homogeneity of the cloud, on the 
details of the flow in the H n region, and on the 
contribution to the absorption of LC radiation by 
dust. 

In general, shorter unstable distances and times are 
possible if the I front becomes weak D before the 
CPS layer collapses or if dust absorption is included. 
We therefore assume for the present discussion that 
reasonable values for the unstable distances and times 
are given by 

rj = 13Ao1/5«3
_4/5 pc , (19a) 

and 
f = 2.6n3~112 million years , (19b) 

in comparison to equations (15) and (17). Values 
similar to this may be obtained from either a numerical 
solution with dust absorption for N0 = 1 and n3 = 
1-10, or from the dust-free case with a change in £ 
from 2 to 1 at rjr^ = 0.5, or for r0 « rl (cf. eqs. [16] 
and [18]). Any combination of these three conditions 
will lower /'ï and f somewhat more. On the other 
hand, the criterion for gravitational instability in 
the CPS layer (eq. [A 17]), used to obtain r1 and 
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only determines when the layer will become unstable 
to very large perturbations (v = 0); protostars will 
actually form at a slightly later time, when smaller 
lengths become unstable. In any case, we may use 
equations (19a) and (19b) and Ç x \ at r = ^ to 
illustrate the sequence of events which occurs after 
the instability begins. 

For typical values of N0 and nQ, the density in the 
CPS layer will be very large at the onset of gravita- 
tional instability, and the ensuing collapse will be 
relatively rapid. Using the hydrostatic distribution of 
density which was derived in the Appendix, we obtain 
a maximum density in the layer of 

p(0) = 3.8Pn/c2 

= 2.1 x 10 - 19N0
2l5n3

2l5T2 -
1 g cm - 3 , (20) 

from equation (A8) with P1 = Pn evaluated at 
r = rl9 using a temperature of 100 K (i.e., T2 = 1) 
and a mean molecular weight of 2.36mH. This corre- 
sponds to a hydrogen (proton) density of 1.0 x 105 

cm-3. The growth time of a Jeans instability given by 
[47tG/>(0)]-1/2 is a good measure of the protostellar 
collapse time, and is 

Tj = 7.5 x 104Ao~1/5W3“1/5r2
1/2 years . (21) 

After this relatively short collapse time, the proto- 
stars will become sufficiently compact to be independ- 
ent of the pressure forces exerted by the surrounding 
gas and they will drift into the cloud at a constant 
velocity, approximately equal to the shock velocity 
at r1 given by equation (6) with f = 1 : 

^i) = 3.5Ao1/5fl3~3/10 km s_1 . (22) 

(It is interesting that observations indicate that the 
Trapezium cluster is approaching the nearby Orion 
molecular cloud at about this velocity, i.e., 3 km s~1 

[Zuckerman 1973]). The shock continues to slow down 
according to equation (7), however, so the relative 
velocity between the shock and the stars increases 
at a rate equal to —vs. After a time, Tem, approxi- 
mately equal to (-L/vs)

112 for CPS layer thickness 
L the stars will emerge from the front of the layer. 
Using equations (5) and (6) with £ = 1 and a layer 
thickness L from equation (A22), we obtain 

Tem = 5.6 x 105Ao“
1/5W3'"1/57,21/2 years . (23) 

Comparing equations (21) and (23), we see that the 
free-fall time is much less than the emergence time, 
so the initial stages in the collapse of a protostar will 
be relatively complete before the protostar emerges 
from the front of the layer. Of course, when the 
protostar becomes optically thick to cooling radiation, 
it will contract to the main sequence on a Kelvin- 
Helmholtz time scale, which is less than 4 x 104 years 
for O stars (Herbig 1960). Thus an O star may emerge 
on the main sequence for typical N0 and n3. This is 
assumed in § Va. 

The total mass of the CPS layer scales with the area 
of the star-forming part of the shock. Using an esti- 

mated dimension of 3 pc by 3 pc for the region of 
most intense star formation (see the discussion in 
§ Vb [iii] on the magnetic alignment of subgroups), 
this becomes 

MCPS = 3100Ao
1/5«31/5 Mq . (24) 

The fraction of this CPS mass which actually forms 
stars is uncertain, as are the dimensions used to calcu- 
late it. It is probably significant that this CPS mass is 
several times the average mass of a subgroup (103 M© 
from Blaauw 1964), so there is adequate protostellar 
material available even if the efficiency is low. 

The protostellar masses depend on the details of 
the fragmentation of the CPS layer and on the final 
stages of gravitational collapse. There are several 
reasons why star formation between I and S fronts 
may lead to more massive stars than in the case of a 
fragmenting cloud. One follows from the fact that the 
temperature in the CPS gas will be higher than that 
far ahead of the shock due to the heat input by the 
warm, radiating dust in the nearby H n region. 
Observations of an edge-on I-S front in Orion support 
this (Becklin et al. 1976): dust temperatures are 
observed to be in the range of 60-300 K. A simple 
calculation shows that gas at a density of 105 cm-3 

can in fact be heated to about 100 K by the warmer 
dust component of Becklin et al. The mass of a frag- 
ment which has just become optically thick (and 
therefore stops further fragmentation) depends sensi- 
tively on its temperature: for graphite and ice-mantel 
grains, this threshold mass scales roughly with T3 

while for other grain compositions the power of T is 
even larger (Silk 1976). Thus protostellar masses will 
be much larger in the warm CPS layer than they will 
be in the distant, cooler parts of the molecular cloud. 
For the same reason, the mild Rayleigh-Taylor 
instability in the CPS layer may increase the proto- 
stellar mass by making the gas subsonically turbulent, 
thereby increasing the rms velocity of the CPS gas 
and simulating a larger temperature. 

Another reason we might expect larger masses 
in the CPS gas may involve the coalescence of the 
optically thick fragments. If the increase in T alone 
is not sufficient to make 20 M© stars, for example, 
then such stars may be the result of collisions between 
the critical mass fragments. These collisions may be 
more frequent in a plane-parallel geometry than in a 
sphere. The extent to which this can influence the 
mass function is unknown. 

A possible indication of the protostellar mass may 
be the mass, Mcyl, in a cylinder through the CPS 
layer, the base of which has a diameter equal to the 
layer thickness. Using L = zx + z2 for this thickness 
from equation (A22), we find that 

Mcn = iniz, + z2)
2<7m = 6.7A0-

1/5«3-1/5T2
2M© . 

(25) 

Initially the transverse scale of the instability will be 
much larger than Zi + z2 (since v < 1), so we may 
expect that the final mass of a protostar may be 
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more like Mcyl/v
2. This could be quite large, depending 

on the manner in which the CPS layer collapses. 
Our conclusion cannot be definite until a proper 

analysis of the mass function is made. There is reason 
to believe, however, that CPS star formation may lead 
to more massive stars than will the fragmentation of a 
cool molecular cloud. Thus we postulate that OB 
stars (and possibly less massive stars as well) will be 
made as the CPS layer collapses. This will then 
complete the cycle of periodic OB subgroup formation. 

v. DISCUSSION 

The propagation of the ionization-shock front which 
is driven into a molecular cloud by the LC radiation 
of a nearby OB subgroup has been followed until the 
cool layer of gas which accumulates between the I 
and S fronts became gravitationally unstable. The 
density of this self-gravitating layer was then shown 
to be so high that the collapse of the protostars will 
be relatively rapid, and a new star cluster will almost 
immediately form. A rough estimate of the proto- 
stellar masses indicated that this new cluster may also 
contain OB stars and that the total mass of the 
unstable gas was sufficient to form a new OB subgroup. 
We expect, therefore, that a new I-S front, similar 
to the first, will be driven by the LC radiation of the 
new OB cluster, and that this will advance further into 
the cloud, causing the entire sequence of star formation 
to be repeated provided sufficient cloudy material 
remains. The same LC radiation may also be expected 
to cause the breakup of the remainder of the CPS 
layer, thus exposing the new stars. We discuss this 
breakup here in § Va. 

The observed sequence of OB subgroups may thus 
be readily explained. The spatial separation and age 
difference between subgroups would then be caused 
by the delay in the propagation of the shock before 
the CPS layer becomes gravitationally unstable. 
Several other aspects of OB associations also follow 
from this analysis. These concern the degree of 
regularity of subgroup separations, ages, and total 
masses, their observed (approximate) alignment along 
the galactic plane, and their expansion. We discuss 
these topics in § Yb. 

a) The Breakup of the CPS Layer 

The results of § IVè(ii) indicate that the stars which 
form in the CPS layer will drift out of the front of the 
layer in about one-half million years as the shock 
continues to slow down. Their LC radiation will 
therefore drive a new I-S front into the ambient 
molecular cloud and the new, high-pressure H n 
region which forms between the molecular cloud and 
the old CPS layer will drive a shock back into the old 
CPS layer. The pressure P which drives this shock 
back is of order 2.1 riokTu because the H n gas will not 
expand much until the CPS layer breaks apart and the 
H ii density will still be that of the primordial cloud; 
the preshock density will be the density in the CPS 
layer, which is approximately the mass column density 
in the layer am divided by the thickness L of the layer. 

The time scale for the propagation of the shock 
rD is thus L divided by the shock velocity, or approxi- 
mately (Lc7m/P)1/2. Using equations (2), (3), and (23), 
we obtain 

td = Tem0)1/2(^)1/4 = 0.17TemN0
ll5n3~

3,10 . 

(26) 

The newly shocked CPS layer will begin to disperse 
after the time rD as a result of a Rayleigh-Taylor 
instability. The low-density fluid is the new H n 
region, and this pushes on a high-density fluid, the 
twice-shocked CPS gas, causing it to accelerate. The 
rate of growth of the instability is the square root of 
the product of the unstable wavenumber and the 
acceleration. Since the acceleration is of order P/crm 
and the layer thickness is roughly Lnuln0 for proton 
density nu in the old H n region, we obtain a Rayleigh- 
Taylor unstable time of roughly («n/«o)1/2 = 
(rn/ro)1/4 £! 0.3 times rD, using the inverse of the 
layer thickness as the unstable wavenumber (and 
N0 = n3= 1). 

Evidently the old CPS layer will be pushed aside 
and broken apart as soon as the stars emerge from 
the front of the layer and begin to ionize the ambient 
cloud. Thus there is no problem in exposing the newly 
formed stars. The fate of the old CPS layer is uncertain. 
Of course, more of it will become ionized by the old 
and new OB subgroups, but it is possible that dense 
neutral globules will form from its un-ionized frag- 
ments, like those observed in the Orion Nebula (Sim 
1968; Bok, Cordwell, and Cromwell 1971; Dyson 
1973). 

A sequence of progressive evolution of CPS layers 
can actually be identified in such sources as M8, Ml7, 
M42, IC 1795, and IC 1805. We may characterize this 
evolution by four observable stages: (1) the formation 
of protostars in the CPS layer, which may be re- 
presented by maser sources and/or infrared sources 
(e.g., W3 IRS-5, the Kleinmann-Low region of M42, 
and Ml7 SW); (2) the formation of dense (n ^ 104 

cm-3) compact H n regions within the CPS layer 
(e.g., W3, main component); (3) the emergence of 
stars from the CPS layer and the appearance of a 
lower density (n ^ 103cm-3) H n region which 
expands away from the molecular cloud, and which 
may obscure the new cluster (e.g., Ml7 and Herschel 
36 in M8), and (4) the final disruption and dissipation 
of the CPS layer which results in the exposure of a 
visible cluster (e.g., Trapezium, IC 1805, NGC 
6530). 

b) A Comparison between the CPS Cluster and 
Observed OB Subgroups 

Several observed properties of OB associations 
naturally follow from this model. We first review the 
way in which the derived scales of time, distance, and 
mass depend on the molecular cloud density and LC 
luminosity of the shock-driving OB subgroup. Then 
the influence of a (small) magnetic field is analyzed 
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in order to explain the observed alignment of OB 
subgroups along the galactic plane, and finally, we 
suggest several possibilities for the origin of the ob- 
served cluster expansion. 

i) Scaling Laws and Observations 

One of the more interesting properties of the 
derived gravitational instability in the CPS layer is 
that the time scale for the instability to occur, ^ in 
the notation of § IV, is very nearly independent of the 
LC luminosity of the shock-driving OB subgroup, 
characterized by the dimensionless quantity V0, which 
is the number of O stars in a column of area 10 pc2. 
This is evident from the similar way in which the 
CPS layer thickness and the CPS Jeans length scale 
with the post shock pressure (recall eqs. [A18] and 
[A20]). The CPS layer thickness varies roughly with 
time t, in proportion to tvsn0kT/P, which is pro- 
portional to n0

ll2Tt/P112 (from eq. [6]) for CPS 
pressure P, temperature T, and preshock density n0. 
The Jeans length of the CPS gas scales with (T/ri)112 

for CPS density n, and this is proportional to T/P112. 
Thus the CPS layer thickness will equal a constant 
times the CPS Jeans length (eq. [A21]) at a time which 
is independent of the CPS temperature and pressure, 
and which depends only on the preshock density. 
There will be a multiplicative constant, however, 
which depends on the power of r in the expression for 
vs(r)- 

It is interesting that the instability time, tj, happens 
to be less than the main-sequence lifetime of an OB 
star for observed molecular cloud densities. If this 
were not the case, the ionization-shock front would 
probably disappear due to a lack of LC radiation 
before a new cluster could form. It is also noteworthy 
that tj is slightly larger than the growth time of a 
Jeans instability in the primordial molecular cloud 
(47tGpo)~112. This may be a serious problem with the 
model if the unshocked molecular cloud is actually 
collapsing at the free-fall rate, but several observations 
support the idea that such free-fall collapse is not 
generally occurring for the molecular cloud as a whole 
(Zuckerman and Evans 1974; Lada 1975; Milman 
1975). The fact that star formation occurs over a 
period of some 107 years in individual cloud complexes 
also argues against uninhibited collapse. This certainly 
warrants further research. (We return to this problem 
in § VI.) 

The distance scale, rI? of 10-20 pc is well suited to 
the observations of OB subgroups (Blaauw 1964). It 
depends weakly on the LC luminosity of the shock- 
driving OB subgroup (~V0

1/5) and scales roughly 
as /?o“4/5 for molecular cloud density n0. Unfortunately, 
only a few associations have enough well-defined 
subgroups to be able to trace the variation of ^ from 
burst to burst. The Orion association is one good 
case, however. We see from Figure 4 of Blaauw 
(1964) that the separation between subgroups has 
decreased with time, that is, the oldest pair of sub- 
groups (Ori Ic and Id) have the greatest separation, 
while the youngest pair (Ori la and lb) have the least. 

This may be the result of either an increase with time 
of the density of the primordial cloud (due to slow 
contraction of the original cloud) or a spatial increase 
in the cloud density in the direction of old to young 
subgroups. 

Another interesting characteristic of this model is 
the possible rapid convergence of the mass of the 
subgroups to a constant value. This results from the 
weak dependence of MCPS on N0 in equation (24). If 
the stellar luminosity function or mass function is 
the same for each subgroup, and if the fraction of the 
CPS gas which froms stars is also constant, then the 
total LC luminosity of a subgroup, measured here 
by the variable N0, should be linearly proportional 
to the CPS mass, or N0 = ßMCps for MCPS in solar 
masses. The total mass of a new subgroup will then 
scale with a small power (y) of the total mass of the 
previous subgroup from equation (24). The sequence 
of subgroups will therefore converge after only a 
few steps to a constant total mass, MCPSf0, given by 

MCpS,o = (3100)5/4ß1/4«31/4 Mq . (27) 

This agrees with the observed regularity of the stellar 
populations from subgroup to subgroup (Blaauw 1964), 
and suggests furthermore that the energy or type of 
event which initially triggered a particular sequence 
of OB subgroups cannot easily be ascertained from 
characteristics of the present association (cf. § VI). 

ii) Magnetic Alignment 

One especially favorable aspect of this method of 
star formation concerns the magnetic inhibition to 
gravitational collapse. The magnetic energy per gram 
will be greater in the molecular cloud than it will be 
in that part of the compressed CPS layer which 
propagates nearly parallel to the magnetic field, 2?0, 
in the cloud. This is because the gas density increases 
relative to the magnetic energy density during a 
compression parallel to the magnetic field. The 
gravitational energy per gram will be the same for the 
critically unstable elements, however, if their tempera- 
tures are the same, from simple Jeans-length argu- 
ments. Thus the magnetic energy density in the 
unshocked cloud is larger relative to the gravitational 
energy density of a critically unstable element than it 
will be in that part of the CPS layer which propagates 
nearly parallel to B0. This implies that postshock star 
formation may alleviate some of the usual problems 
with magnetic inhibition to gravitational collapse. 

The opposite will be true for that part of the CPS 
layer which propagates perpendicular to B0. We 
estimate here the maximum angle between the direc- 
tion of propagation of the star-forming part of the 
CPS layer and the magnetic field in the unshocked 
molecular cloud. 

The angle between the direction of propagation 
of the shock and the magnetic field in the cloud will 
be denoted by #¿(0 < ^ < 77/2), where the subscript 
i equals 1 and 2 for preshock and postshock sides, 
respectively. We assume for simplicity that the mag- 
netic field in the cloud is relatively small so that the 
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gas and kinetic pressures behind the shock dominate 
the magnetic pressure there. This is not essential to 
the argument, but it is compatible with our lack of 
consideration for magnetic field in the rest of this 
analysis. Then the component of B0 which is per- 
pendicular to vs will increase in strength in proportion 
to the compressed gas density in order to preserve 
magnetic flux. The component of B0 parallel to vs 
remains unchanged. Then if e denotes the ratio of the 
CPS density to the unshocked cloud density, 

tan 0<2 € —  — 5 
tan 61 

(28) 

and the total magnetic field strengths on each side of 
the shock have the ratio 

<29> 

where the approximation is valid for the small angles 
91 that we shall be considering (i.e., cos 61 ^ 1). 

Simple virial-theorem arguments may be used to 
show that the minimum mass, Mc, for gravitational 
instability in a magnetic field varies as the cube of the 
field strength, B, and as the inverse square of the gas 
density (Mestel 1971). Thus the ratio of the critical 
mass for collapse in the CPS layer to that in the 
molecular cloud ahead of the shock is 

. (30) 
MC1 e2 

Since e £: l00No
2l5n3~

3l5T2~
1 from equation (20), we 

have that 

If the magnetic field in the molecular cloud is indeed 
significant, then generally Mc2 < Mcl ; that is, smaller 
masses will be unstable in the CPS layer than in the 
undisturbed cloud and, for Aq ~ /73 ~ 1, 

9X < 12°. (32) 

Evidently the sequence of OB stars will naturally 
follow the gross alignment of the magnetic field in the 
primordial cloud and will therefore tend to lie along 
the galactic plane, as observed. 

iii) Cluster Expansion 

One other aspect of OB subgroups is their physical 
expansion, which is often difficult to separate from an 
apparent (but artificial) expansion due to the relative 
motion between the cluster and the observer. Never- 
theless, physical expansion velocities have been 
extracted for several OB associations, the most notable 
being II Per (Blaauw 1964), where OB stars have an 
average space velocity of 9kms~1 relative to the 

centroid, not including the runaway star f Per. Another 
cluster near o Per is expanding with a velocity of only 
2 km s"1 (Frederick 1956; Blaauw 1964), so the total 
cluster energies may vary by quite a bit in the same 
association. 

Several attempts have previously been made to 
explain this expansion, some of which involve the 
motion of shock fronts (Oort 1954; Öpik 1953). It is 
almost certain (Spitzer 1968a) that a cluster which 
forms by the collapse and fragmentation of a single, 
bound cloud will not become completely unbound 
after the stars turn on, as proposed by Zwicky (1953) 
and McCrea (1955). This would require the ionization 
and disruption of a large fraction of the cloud’s mass 
in only a few million years; in addition, the observed 
stellar velocities would have had to be present before 
the disruption of the cloud (Oort 1954), requiring 
unreasonably large densities. Star formation in shock 
fronts seems to be a better way to form expanding 
associations. 

Unfortunately, the present one-dimensional analysis 
with a homogeneous molecular cloud cannot account 
for any relative velocity between the protostars. Actual 
shock fronts may diverge somewhat, although stars 
will tend to form within the angular limits set by the 
magnetic field (see above). Furthermore, cloud in- 
homogeneities will cause different parts of the shock to 
evolve separately with different velocities, so the 
resulting protostars will have an average relative 
velocity which is proportional to the fluctuations in 
the molecular cloud density: |Ai;s|/ys = An0/2n0, from 
equation (6). Large-scale turbulence in the primordial 
molecular cloud will similarly introduce a spread in 
protostellar velocities, since vs is measured relative 
to the gas immediately ahead of the shock. The 
nonzero extent of the shock-driving OB subgroup, 
parallel to the direction of propagation of the shock, 
may also cause a spread in shock velocities since 
different parts of the shock will be at different distances 
from the nearest star. Then |Ads|/ds ~ Ar/4r. These 
and other possible contributions to the relative 
fluctuation of the protostellar velocities may or may 
not add up to be significant. The dynamical relaxation 
of the CPS protocluster may also introduce some 
dispersion, but the process of star-ejection during 
dynamical relaxation is not likely to account for the 
expansion of the cluster as a whole unless a tightly 
bound core of stars (i.e., a subcluster) remains to 
absorb the energy of the ejected stars (Lynden-Bell 
1967; Gott 1973). In any case, it is evident that post- 
shock formation of stars may more readily lead to 
expanding clusters than will the simple collapse and 
fragmentation of a large cloud. However, the exact 
nature of the expansion may depend on inhomo- 
geneities in the clouds and in the shock-driving clusters 
or upon the spherical expansion of the shock, which 
are not considered in the present paper. 

VI. STAR FORMATION IN THE GALAXY 

The agreement between the proposed mechanism 
of postshock star formation and the observations of 
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OB associations should not be interpreted as an 
indication that all stars may be formed in this manner. 
On the contrary, observations of stars with relatively 
low mass (M ^ 9 M0) and late spectral type (roughly 
B3 or later), such as T Tauri stars, seem to require 
other formation mechanisms. As pointed out by 
Herbig (1962, 1970), the proximity of T Tauri stars 
to the Taurus dark clouds strongly suggests that the 
formation of these stars took place without the aid 
of H ii regions and I fronts, since there is no observa- 
tional evidence for the presence of massive stars in 
these regions. Recent observations of molecular clouds 
which are not associated with detectable H n regions or 
massive stars also indicate that T Tauri stars can form 
without the aid of massive stars or I fronts (e.g., 
Loren, Vanden Bout, and Davis 1973; Lada et al 
1974; Loren 1976). 

Perhaps it is in connection with the formation of 
these later-type stars that the Hoyle (1953) picture 
of gravitational collapse and fragmentation is im- 
portant. There is some observational evidence for this 
since T Tauri stars and H-H objects are often asso- 
ciated with high-density fragments in molecular 
clouds (Lada et al. 1974; Strom, Strom, and Grasdalen 
1975); these fragments appear to be very similar in 
size (1-2 pc) and density (104cm-3) from cloud to 
cloud. Examples are found in Mon R2 (Kutner and 
Tucker 1975), p Oph (Encrenaz 1974; Gottlieb et al. 
1977), and near NGC 1333, M78 (Lada et al. 1974), 
NGC 2071 (Gottlieb et al. 1977; Strom et al. 1975a), 
and CrA (Strom et al. 19756; Loren, Peters, and 
Vanden Bout 1974). Since the recent theoretical 
studies of cloud fragmentation by Gaustad (1963), 
Lynden-Bell (1973), and Silk (1976) generally derive 
small protostellar masses, it may be that the smaller- 
mass T Tauri stars are formed as a result of undisturbed 
cloud fragmentation and that the more massive OB 
stars tend to form in high-density shocked gas. The 
reason for this difference is unknown, but it may be 
related to the high temperatures and densities which 
are likely to occur in the CPS gas at the onset of 
instability, as mentioned in § lV6(ii). 

Unfortunately, observations may not provide a 
clear distinction between star formation which occurs 
in large cloud fragments and in CPS layers. This 
results from a strong observational selection effect 
which may be derived from the results of § IV. Recall 
from equation (18) that the delay time, t^ for gravita- 
tional instability to occur in the CPS layer scales as 
n0~112 for molecular cloud density nQ. This means 
that a shock which propagates into a cloud composed 
of high-density fragments and a lower-density inter- 
fragment gas will first cause stars to form in that part 
of the CPS layer which penetrates the fragments. 
Thus OB stars as well as T Tauri stars may correlate 
spacially with cloud fragments. In Ml7, for example, 
the present site of OB star formation is at the edge of a 
cloud fragment (see Fig. 1) as expected from the 
present theory. The perspective is not as favorable 
in Orion, however, and the observed region of high 
molecular density at the edge of the nebula may be 
either a cloud fragment, part of a CPS layer, or both. 

There is, however, a strong observational advantage 
to having different mechanisms for different mass 
ranges, and this concerns the exposure of the newly 
formed stars. If the unshocked part of the molecular 
cloud forms low-mass stars by internal fragmentation, 
then these stars must eventually be brought into view. 
For a large, optically thick molecular cloud, this 
exposure must be related to the dissipation of the 
cloud. Thus we return to I-S fronts as a means of 
cloud disruption: in addition to their direct role in 
star formation, ionization-driven shocks may also 
play an indirect role in the creation of visible star 
clusters by clearing away the molecular cloud which 
surrounds the cluster. Observations may support this 
idea. OB associations have long been known to 
contain T associations within their boundaries. 
Unfortunately, not enough is known about T Tauri 
stars to properly determine their place in the evolution 
of an OB association; members of a given T associa- 
tion may span a wide range of ages (105-107 yr; 
Strom et al. 1975a), so it is not even clear if T Tauri 
stars formed at the same time as the OB stars. Since 
molecular clouds seem to form T Tauri stars whether 
or not H n regions are present, it is possible that 
many T Tauri stars will form in a molecular cloud 
before the onset of OB star formation. If OB stars 
never form, then large populations of T Tauri stars 
will remain embedded in the clouds, and will be 
obscured from view for long periods of time (~ 108 yr; 
see Strom et al. 1975b). However, with the onset of 
sequential OB subgroup formation, I fronts and shock 
fronts will clear and dissipate cloud material from the 
neighborhood of existing stars. The presence of 
visible T associations within OB associations may thus 
be a consequence of effective cloud dissipation by the 
ionization-shock front system. It is not necessary, 
from an observational point of view, that T Tauri 
stars be formed in the CPS layer along with the more 
massive OB stars, but it is necessary that they become 
exposed. 

Finally we note that the requirement that this 
sequential formation model must be initiated means 
that massive stars may also be formed by other 
mechanisms. Supernova shocks, cloud-cloud collisions 
density-wave shocks, or even normal cloud collapse 
may provide alternative mechanisms for OB star 
formation. In the case of supernovae, there has been 
only one observation where a supernova may have 
initiated some type of star formation. This is the 
Origem Loop, studied by Berkhuijsen (1974). The 
problem with the detection of correlations between 
supernova remnants and young stars is that the 
remnants are generally short lived compared to the 
free-fall or turn-on time of protostars. The Origem 
Loop was reported to be 106 years old, however, 
and the associated young stars were given half that 
age. This is probably older than any other known 
supernova remnant (see however, Berkhuijsen 1971), 
so it may be an exceptionally favorable case for the 
observation of this effect. 

The possibility that stars can form during the 
collision between two molecular clouds may be 
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illustrated by the case of NGC 1333 (Loren 1976). The 
observed stars are not massive OB stars, and the 
cloud-cloud collision frequency is generally believed 
to be low (i.e., <10_7yr'1; see Spitzer 19686), 
suggesting that this may not be an important means of 
initiating the sequence of OB subgroups. The en- 
vironment of a spiral density wave may modify the 
collision rate, however, so this possibility should not 
be immediately ruled out. Clouds which stream past a 
spiral density wave and into the shocked intercloud 
medium may experience a ram pressure which tends 
to oppose their tangential motion in the galactic disk 
(Mouschovias, Shu, and Woodward 1974). They may 
thus collide with other clouds which have already 
slowed down, or they may simply become shocked 
at their leading edges as in the calculations by Wood- 
ward (1975). The formation or growth of clouds in a 
spiral density wave may lead quite naturally to 
protostellar collapse (Mouschovias, Shu, and Wood- 
ward 1974) so that a complete theory of star formation 
or, in particular, of the initiation of a sequence of 
OB subgroups, may be possible only after the process 
of cloud formation is understood. 

One interesting possibility is that the molecular 
cloud may grow continuously at one end by the 
accretion of interstellar gas, and may dissipate con- 
tinuously at the other end with star-forming I-S fronts. 
The accumulation of new cloud material at the one 
end may be the result of the funneling of lower-density 
interstellar material by a process associated with the 
spiral density wave. Several calculations (Field and 
Saslaw 1965; Mouschovias, Shu, and Woodward 
1974) show that clouds may be formed in a related 
manner, and observations of other spiral galaxies 
show the alignment of dark clouds and OB associa- 
tions along the spiral structure (and perpendicular to 
it) in a manner which supports this directivity (e.g., 
Lynds 1970). There is no obvious reason why there 
should be a steady state, but an estimate for the 
average emergent particle flux at the dispersing end 
of the cloud, «c/iAi ^ 5 x 108Ao1/5/î37/10 hydrogen 
atoms cm“2 s-1 from equations (16) and (18) com- 
pares favorably with an influx of unit density material 
(i.e., a mix of diffuse clouds and intercloud material) 
at a velocity of, say, lOkms“1 (roughly one-third 
of the component of the velocity of a local spiral 
density wave which is perpendicular to the spiral) 
through a funnel which compresses one square scale 
height (i.e., 1502pc2) to the cross-sectional area of a 
typical molecular cloud (50 pc2). This may not be 
more than a numerical coincidence, but it emphasizes 
the need to understand cloud formation along with 
star formation. 

VII. CONCLUSIONS 

The formation of massive stars in OB associations 
seems to occur in a sequential manner, in the sense 
that star formation moves along the galactic plane 
from what was presumably one edge of a primordial 

cloud to its center or the other edge of the cloud. The 
evidence for such a progression is available from 
observations of the associations themselves, but it is 
also apparent from detailed maps of molecular clouds, 
I-S fronts, IR sources, and masers. We have shown 
that such a sequence may occur quite naturally as an 
I-S front moves through the cloud : the material that 
accumulates between the I and S fronts becomes 
unstable to gravitational collapse when it reaches a 
threshold column density. The new stars that form 
in the compressed layer migrate toward the front of 
the layer as the shock slows down. Within about 
one-half million years, their high-pressure H n 
regions can break up the remains of the cool shocked 
gas from which they formed and initiate a new I-S 
front and, therefore, a new generation of stars. The 
observed similarity of OB subgroup populations, 
subgroup expansion, and the alignment of the 
association along the galactic plane are also natural 
consequences of such a theory. 

Several important differences appear between the 
usual picture of spherical collapse and fragmentation 
of a primordial cloud and the plane-parallel com- 
pression of the same cloud (into a cooled postshock 
layer). One is that the magnetic inhibition to gravita- 
tional collapse is not as severe in the latter case if the 
shock compression is roughly parallel to the magnetic 
field in the cloud. Furthermore, the temperature of 
CPS gas will be higher than that in a fragmenting 
cloud because warm grains in the nearby H n region 
and the OB stars themselves can heat the grains in the 
CPS layer. Since the unstable masses depend sensi- 
tively on the temperatures, this CPS layer may 
eventually form larger protostars than will a cooler, 
remote part of the same cloud. Thus we believe that 
the proposed mechanism is ideal for the creation of 
massive stars, in addition to providing an explanation 
for the observed physical structure of OB associa- 
tions. 

Finally it must be emphasized that any theory of 
star formation will be incomplete without a corre- 
sponding theory of cloud formation. Galactic spiral 
structure not only delineates regions of intense star 
formation, but also delineates systems of dense clouds. 
The results of the present paper suggest that a dense 
molecular cloud (n0 ^ 103 cm-3) will be somewhat 
volatile to star formation; and, once triggered, it will 
virtually self-destruct as OB subgroups generate 
other OB subgroups until the cloud is exhausted. The 
most fundamental observational problem may 
eventually be in the detection of the early stages of 
cloud formation. Apparently, this must be approached 
with a firm understanding of spiral density waves, and 
of their influence on dense molecular clouds. 

We are grateful to Drs. G. B. Field, W. G. Mathews, 
and L. L. Cowie for useful comments. One of us 
(B. G. E.) acknowledges support by a Junior Fellow- 
ship from the Society of Fellows at Harvard Univer- 
sity. 
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APPENDIX 

Vol. 214 

THE STABILITY OF AN ISOTHERMAL, PLANE-PARALLEL MEDIUM 
WITH AN EXTERNAL PRESSURE 

A very thin, plane-parallel layer of self-gravitating gas will be unstable to collapse in a transverse direction 
(i.e., parallel to the plane) for any value of the midplane density as shown by Ledoux (1951) and Simon (1965). The 
present problem is slightly different from that considered by these authors, because in this case there is an external 
pressure which acts on each side of the finite layer. Unlike the situation with no external pressure, a pressurized 
layer will not be unstable to transverse perturbations for any value of the density at midplane. It will be unstable 
only for sufficiently large accumulations of gas, where the internal density is greater than some critical value. 

We determine here the distribution of pressure and density inside an isothermal, plane-parallel layer (the CPS 
layer) which is subject to known pressures Pi and P2 on the two planar boundaries. The pressure on one boundary, 
Px, will be the pressure at the I front, £Pn in the notation of § IVa, while the pressure at the other boundary, P2, 
will be the pressure at the S front, and it will be greater than P1 if the shock decelerates. In general, we write 

= yP\ , (Al) 

where y = 4/3 in the present case. 
We choose a coordinate system which is comoving with the CPS layer. Then the deceleration of this layer in an 

inertial coordinate system, denoted here by g (but equal to — vs in the notation of § I Va), will enter the equations 
for the hydrostatic equilibrium of the layer as an effective gravity. If a is the mass column density in the CPS layer, 
then this deceleration is related to the pressure difference between the two planar boundaries by the equation 

g = ^Zl = (y- 1)^. (A2) 

This follows from Newton’s force law and is implicit in the derivation of vs in § IVa. 
The density distribution of the self-gravitating layer may then be determined in the usual way (Spitzer 1942) 

from the hydrostatic force equation, Poisson’s equation, and the isothermal equation of state: 

VP = - /oV<£ - gp , V2<£ = ArrGp , P = c2
P. (A3) 

The solution is 

p(z) = p(0) cosh “2 = p(0)( 1 - w2) (A4a) 

V</>(z) = 4nGp(0)H tanh - g (A4b) 

where 
Q 

H= [2t7Gp(0)]1/2 ‘ (A5) 

The internal pressure follows the same hyperbolic secant behavior with z from equation (A3c), so the boundary 
conditions define the extent of the layer above and below the plane z = 0. If P = P! for z = Zx and P = P2 = yPx 
for z = — z2, then 

sech2(Ä)’1-“’‘, = ^?' 

secha (l) “ 1 - ^ ' 

(A7a) 

(A7b) 

We determine p(0) from the requirement that the total mass in a column of unit area, a, be equal to the integral 
of p(z) over z from — z2 to zl9 i.e., g = p(0)H(w1 + w2), so that 

p(0)c2 = IttGg2 + (y im2 + (y + 1)^1 
SttGg2 (A8) 

Thus the thickness of the layer (z1 + z2) and the values of wx and w2, for use in what follows, may be determined 
from the external pressure Pi and yPi and from the total accumulated mass column density g using equations (A7) 
and (A8). 
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We note that for large a, the layer will have the maximum density p(0) in its interior, as opposed to having a 
(relative) maximum density at the leading face as in equation (12). For large a, the density distribution in a de- 
celerating layer which extends from Zi to — z2 (given by eqs. [A4]) is the same as the density distribution in the same 
part of a layer at rest, which is symmetric about z = 0 and which extends all the way from Zi to — Z!. The ad- 
ditional layer from — z2 to — Zx in the second case gravitationally accelerates the rest of the layer (from Zi to — z2) 
by exactly the amount g, used as an eifective gravity in equations (A3). For small a (as in § YVa) the density distri- 
bution given by equation (A4a) should approach that in equation (12) where self-gravitation was not included. In 
this case, the physical layer extends from +z2 (rather than — z2) to +z1} and it experiences a deceleration g 
which is exactly equal to that produced by the part of a layer at rest, symmetric around z = 0, which extends from 
+ z2 to — Zi. Thus p(0)c2 cosh~2(z/i/) goes to Pi exp [—g(z — z2)/c

2] as a goes to zero, as required by the Boltzmann 
distribution in equation (12). 

We now investigate the marginal stability of the CPS layer in the manner outlined by Spitzer (19686). That is, 
we apply to equations (A3) an infinitestimal perturbation of the density in two dimensions, Bp(w, x)9 around the 
equilibrium value p(w) in equation (A4a), and we determine the critical wavenumber kc which satisfies 

S/o(w, x) = p(w) exp (ikcx)6(w) . (A9) 

A general solution for 6(w) in terms of the quantity 

v = kcH (A10) 

has been given by Spitzer (19686), but we impose different boundary conditions which are more appropriate for 
this problem, namely, 

0(u>i) = 0 , 0(-w2) = 0 . (All) 

These conditions reflect the fact that the pressures on the perturbed outer surfaces are always equal to the un- 
perturbed values Pi and yPl9 respectively. If v = 1, these two boundary conditions degenerate to a single equation 
which requires that = 1 and that the layer be infinite in extent. For v < 1, we may use equation (A7) and (A11) 
to determine v as a function of wx or w2, which are known from P1 and a, as shown above. Thus 

w2 = (yu^2 - y + 1)1/2 (A12) 
and 

V2 + v(w1 + w2) + H'xWa = 0 , (A 13) 

where 

(A14) 

Not all values of the pair (wl9 w2) which satisfy equation (A12) result in a positive (and therefore physically 
realistic) value of v9 however. The limiting form of equation (A13) as v -> 0 is 

w1w2 _ — 2 
w± + w2 ln B (A 15) 

which may be solved using equations (A12) and (A14) to give the minimum values of and w2, denoted by wlm 
and w2m, respectively. For y = 4/3 (eq. [Al]) we have 

wlm = 0.85878 , (A16a) 

w2m = 0.80622 . (A 16b) 

The corresponding lower limit to a, denoted by crm, is p0H(wlrn + w2m); or for y = 4/3 and using equation (A8), 

am = l.lMiPJirGy12 . (A17) 

We conclude that the CPS layer will become gravitationally unstable to transverse perturbations when its mass 
column density a and external pressures, P^ and fPl9 satisfy equation (A 17). 

It is illustrative to write the instability criterion in equation (A 17) as a comparison between two lengths. One is 
an effective thickness of the plane parallel layer, Le, defined here as the ratio of the mass column density of the 
layer, a, to an effective mass density given by 

P (A 18) 
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for mean molecular weight /x and temperature T. Thus, 

Vol. 214 

Le = ajp. (A 19) 

The second length is the Jeans length of a uniform, infinitely extended gas at the same mass density and mean 
molecular weight (Spitzer 1968è): 

It follows from equation (A17) that when 

Le > 1.46Lj, 

(A20) 

(A21) 

the layer becomes gravitationally unstable to large transverse perturbations. The true thickness L of the layer is 
Zi + z2, or 

L = 2AH = 
2.0c2 

TrOfTm 
= 0.38Le (a = orm) (A22) 

at the onset of gravitational instability, from equations (A5), (A7), (A8), (A17), (A18), and (A19). 
The fact that there is any stability at all for a self-gravitating stratified layer with an external pressure is an 

interesting result since Ledoux (1951) obtained a finite unstable length for any value of the midplane density when 
there was no external pressure. The stability found here corresponds to the physical fact that the rms velocity at 
the midplane is increased by an external pressure, so it can be larger than the ratio of an unstable length to the 
free-fall time of that perturbation. Such perturbations will simply propagate as waves, and there will be no 
instability. This is possible for a plane-parallel layer because the free-fall time increases without limit as the extent 
of the perturbation parallel to the plane becomes infinite (see Simon 1965). Thus the average velocity of the freely 
falling material (equal to the perturbation length divided by this free-fall time) approaches a constant for infinite 
perturbations, and it can be less than the rms velocity if the total mass in the layer is small. It is evident from 
equations (A7)-(A14) that the pressureless case {P1 = 0) is a singularity of equation (A 15) where B becomes zero 
and v becomes equal to Wi, which equals w2 and 1. Thus only an (infinitesimally) small external pressure is necessary 
to give the observed stability (as manifested by a fixed lower limit to which is independent of Pj) 
for (infinitesimally) small values of a satisfying a < Gm. 

For the sake of completeness, we also give the stability criterion in the case where y = 1, that is, where the 
pressures on each side of the layer are the same (Pi = P2). A similar analysis shows that 

om = I.USÍPJttG)112 (y = 1) • (A23) 

The coefficient in equation (A21) then changes from 1.46 to 1.36. 
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