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ABSTRACT

Two-dimensional calculations of ionization-shockwave propagation
into a curved molecular c¢loud are presented. Density enhancement
occurs due to the combined effects of cloud curvature and radiation
flow. The star formation process is expected to be enhanced near the
edges of irregularly shaped molecular clouds.,

INTRODUCTION

0-B associations are groups of massive, young stars containing at
least one O-type star and are 50-100 pc in linear extent., Blaauw
(1964) found that stars in these associations were often separated as
subgroups 10-40 pec apart and that the subgroups represent a temporal
sequence with the oldest at one end of the association and the youngest
at the other, Ambartsumian (1958) noted the occurrence of associations
in dense interstellar clouds and Lynds (1980) discussed this
relationship in connection with Elmegreen and Lada's (1977) sequential
star formation model., This model describes the formation of 0-B stars
as a consequence of ionization and shock fronts (I-S) originating from
the most recently formed O-stars in a subgroup. The ionization front
at the edge of a molecular cloud is preceded by a strong shock,
Radiative cooling in the isothermally compressed region keeps the dense
cloud material at low (<100°K) temperature and the cooled, post-shock
(CPS) layer eventually becomes gravitationally unstable, fragments, and
produces the next stellar generation that repeats the process until the
molecular cloud is exhausted. In addition, Hunter (1979) showed that
Jeans' criterion 1is relaxed in the presence of a velocity field.
Important questions are left unanswered by Elmegreen and Lada's
semi-quantitative analysis. This paper addresses our initial effort to
numerically solve the fully coupled equations of radiation-hydrodynamics
in two space dimensions., These calculations follow the early stages of
the I-S star formation process,
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FORMULATION

We have developed a new numerical code for the solution of
two-phase, radiative-transfer, Eulerian dynamies (TOP-RATED), which
includes many of the physical processes necessary to study the
interaction of O-star clusters with dense molecular clouds,

Hydrodynamics of two-phase (gas and dust) flow is calculated in
cylindriecal Eulerian coordinates using the partially implicit method
given by Rivard and Torrey (1977). The non-grey equation of transfer
is explicitly solved using the SN difference method of Lathrop and
Brinkley (1973), which solves for the angular dependence of the
specific monochromatic intensity and permits inclusion of anistopropic
scattering. Additional equations solved explicitly are rate equations
for H and He ionization and the Poisson equation for gravitational
potential. Gravitational acceleration is negligible in the early
stages and not is included in the present calculation.

This paper presents results for a cloud of atomic hydrogen devoid
of dust, More elaborate two-phase clouds will be considered in future
work, The energy and rate equations solved in this paper for I, the
specifie internal energy inecluding thermal and ionization
contributions; and n,, the electron number density are
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where J,, is the mean monochromatic intensity; «, the recombination
coefficient; npo, the number density of neutral hydrogen atoms;
ny,, the number density_ of hydrogen molecules; K, the electron heat
conduction coefficient; o, the viscous stress tensor; » , the cooling
rate for molecular hydrogen; and © is a cut-off function: equal 1 if
the relative fraction of hydrogen ions <1% and 0 otherwise, These
equations are closed by relating mass density to the populations.
Details of the full numerical treatment, including all equations solved
will be given in a forthcoming paper. In this work, recombination
radiation is not included in the source term of the transfer equation
with consequence that temperature in the I-front is slightly under
estimated. In this work we take the recombination cooling coefficient
equal to the recombination rate coefficient,
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INITIAL MODEL

This paper presents results for a 25 x 50 grid in r-z cylindrical
coordinates, with Az = Ar = 1 x 1015 em, On all vector plots of
results, the 1left ordinate represents the symmetry axis. For
additional clarity, certain variables are plotted as surfaces over the
r-z coordinate mesh, as in Fig. 1., which shows p(r, z) used for
initial conditions. This plot compresses the z coordinate by a factor
of 2, and the symmetry axis is at the left, in the vertical direction.
The incident ionizing radiation from the recently formed subgroup is
represented by imposition of diffuse flux incident at the lower
(radial) boundary., This flux is generated by geometric dilution of
blackbody radiation at T = 30000°K to a value appropriate for an 09
star at 8 pe distance,

The initial cloud is neutral hydrogen at ny = 540/cm3 and T =
15°K, surrounded by ionized gas with ng = 0.24/cm3 and T = 15000°%
at approximately pressure equilibrium, The optical thickness of a
computing cell to ionizing radiation is approximately 0.5. The
thickness of the I-front for 10 km/s velocity is 0.2/ng pc (Spitzer,
1978), or approximately 2 cells in our calculation, The shock
thickness (10'1' cm) is below the resolution of the mesh and one
therefore expects some structure to be resolved in the I-front, but not
in the S-front. Numerical diffusion spreads the shock over several
zones and structure in the S-front is consequently numerical.

TONIZATION-SHOCK FRONT EVOLUTION

We present results without molecular cooling SX(T) = 0, Eq. (1)).
Radiation flux vectors at t = 4,86 x 109s (Fig. 2) show absorption at
the cloud edge. Flux incident on the cloud face parallel to the bottom
boundary is less dilute than that reaching the cloud sides, and more
ionization and heating takes place in the former region, This effect
is shown in Fig. 3, which plots the ionization energy (in ergs)
absorbed during the timestep. The I-front velocity at this time is
approximately 6.5 km/s at the cloud's lower face and 4,7 km/s at the
side. Cloud geometry, therefore, plays an important role because
signals originating at different places along the curved I-front will
interact within the cloud.

Ionization at the cloud edge increases both temperature and
particle density, enhancing the pressure at the cloud edge. The
I-front is initially a weak R-type (Newman and Axford, 1968), As the
front penetrates the cloud, the driving flux decreases due to geometric
dilution and to absorption by neutral gas moving through the front into
the intercloud medium, The I-front velocity falls below that of an
R-critical type and a preceding strong shock develops, Due to
increased shock compression, the I-front velocity slows and it becomes
a D-type. At t = 6.6 x 1093, one notes the appearance (Fig, U4) of a
strong pressure peak in the S-front, still imbedded in the I-front
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region at T = 10-13000°K., When the shock reaches 6 km/s velocity at
Mach number, M = 15, jump conditions predict py/pq = 280, in reasonable
agreement with the numerical value 300,

Velocities of gas particles at t = 1,8 x 10104 in Fig, 5 show
bifurcation at the cloud edges where material moves toward the cloud
interior or is accelerated into the rarified intercloud medium, Also
apparent is the coalescence of flows from the side and the cloud face.
This effect of cloud geometry causes a compression of the gas at r =
8.0 x 1015, z = 2.7 x 1010 to values higher than present in other
portions of the curved shock, The material blown into the intercloud
medium exits the I-front with velocity 1-2 km/s and accelerates to
about 20 km/s when it leaves the computing mesh, This agrees with
Spitzer's qualitative treatment.

Temperature in the I-front is affected by the balance of ionization
heating, recombination cooling, and pdV work, The effects of
conduction and viscous heating are small, At t = 1,8 x 10105, along
the symmetry axis, the shock (p - p peak) in Fig. 6 completely detaches
from the I-front region, Defining subscripts 1 (ahead, X = 0,001) and
2 (behind, X = 0.98) the I-front in the usual convention, we find that
My < 1.0, M > 1.05 pg > pa; pq > pp; and vy, > vq, thus
the I-front is a strong D type with average temperature T = 9000°K.
The density ratio (pp/p¢) in the shock at 1.8 x 10105 is 3.7,
approaching the strong shock limit 4,0, The ratio in the region of
flow convergence is even higher, as discussed above,

At later times, the flow field carries the region of interest
outside the fixed Eulerian mesh, Figure 7 shows the density at t = 3.6
x 10105 pefore the shock leaves the mesh when the compression ratio
near the symmetry axis is 3.7 and that in the torroidal flow
convergence region is above 6.5, Solution of Poisson's equation for
the gravitational potential shows that the neutral gas in the shock and
in the flow convergence region is accelerated toward the CPS layer on
the symmetry axis, This layer is pressure bounded below by the I-front
and above by the shock and, therefore, one anticipates that if enough
mass accumulates and/or the Jeans' criterion is reduced by the velocity
field, star formation will occur. Further calculations are required,
especially ones ineluding dust, before conclusions can be stated in a
less speculative manner,

Recent high resolution observations in 12C0 and 13C0 of the
Rosette molecular cloud complex indicate star formation regions that
cannot be explained by supernovae shock transit or by the Elmegreen-Lada
mechanism (Blitz and Thaddeus, 1980). These authors suggest (prior to
our calculations) that star formation may result from I-S front
generated implosion of a cloud clump. These calculations indicate that
such an implosion results from the multidimensional nature of the I-S
front structure, which is in turn caused by the spatial variations in
cloud density. This effect is indeed a potentially new mechanism for
0-B star formation, and it could change Elmegreen and Lada's time
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scale, In addition, VLBI aperture synthesis observations of OH maser
sources (Reid et al., 1980) seem to require fragmentation of cloud
edges in front of the I-front, 1I-S implosions that seed star formation
can explain these observations without postulating a more distant
shock. Preliminary analysis of results with molecular cooling indicate,
as expected, that density compression is larger and evolutionary time
scales are longer,

SUMMARY

These calculations for a single 09 source star 8 pec distant from
the cloud indicate the following.

. I-S front strength and temperatures are enhanced at cloud faces,

. The weak R-type front becomes a strong D-type in less than 600
years, and a strong shock develops.

. Some cloud disruption occurs and velocities of the blow-off to the
intercloud medium are 1-20 km/s,

. Cloud geometry produces flow coalescence that increases density
locally. This effect can enhance the star formation process near
cloud edges. Density compression of 7 occurs in 1200 years,

. Cloud geometry allows the I-front characterization to vary along
curved edges.

. Self gravity accelerates material toward the CPS layer.
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DISCUSSION

WINKLER: What mass of blob forms?

KLEIN: OQur calculations do not define what mass of star forms in the
post shock layer. It must, however, fragment to give O stars or the
process dies. We want to turn over our evolved layer to you or Tohline
or somebody to do detailed hydrodynamic collapse.

WINKLER: What is the mass in the potential minimum that you can have
involved in star formation?

KLEIN: Probably significantly less than a solar mass.

COLGATE: Does Rayleigh-Taylor instability set a different scale?
KLEIN: As this post shock layer becomes dense and starts accelerat-
ing into the less dense medium there could be a great deal of Rayleigh-

Taylor instability which, in fact, starts to break up the layer. We
have carried out the calculations to only about 500-1000 years, and we
need to build that layer before answering the question.

KIRKPATRICK: There is an object in the sky called the cone nebula
with a bright point on its tip.

KLEIN: An observational consequence we would like to see 1s a bright
ionization region tailing off around the curve of the cloud. This
nebula could be evidence of a two-dimensional ionization front.
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