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ABSTRACT

Two-dimensional calculatiors of 1innization-shockwave propagation
into a curved molecular cloud are presented. Density enhancement
occurs due to the comblned effects of cloud curvature and radiation
flow. The star formatlion process is expected to be enhanced near the
edges of irregularly shaped molecular clouds,

INTRODUCTION

0-B sassociations are groups of massive, voung 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-U40 pc apart and that the suhgroups represent a temporal
sequence with the oldest at one end of the association and the youngest
at the other, Ambartsumian (1958) noted the occurrenre 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 1ionization and shock fronts (I-S) originnting from
the nost recently formed O-stara 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 eventunlly becomes gravitationally unstabla, fragments, and
produces the next =atellar generation that repeata the process until the
molecular cloud js exhausted, Tn addition, Hunter (1979) showed that
Jeana' criterion i3 relaxed in the presence of a velocity fileld.
Imporuan’ questions are Jleft unansawered by Elmegreen and Lada's
semi-quantitative analysis, This paper addreases our initial effort to
numerically solve the fully coupled equationa of radiation-hydrodynamica
in two space dimenaiona, These calculations follow the early stages of
the I-S star formation proceas.



FORMULATION

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

Hydrodynamies of two-phase (gas and dust) flow is calculated in
cylindrical 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 inciusion cf anistopropic
scattering, Additional equations solved explicitly are rate equations
for H and He 1ionization and the Poisson equation for gravitational
potential, Gravitational acceleration 1is negligible in the early
stages and not 1s included in the present calculation

This paper presents results for a cloud of atomic hydrogen devoid
of dust, More elaborate two-phase c¢louds will be considered in future
work, The energy and rate equations solved in this paper for I, the
specific internal energy including thermal and ionization
coniributions; and n,, the electron number density are
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where J,, is the mean monochromatic intensity; «a, the recombination
roefficient; nyo, the number density of neutral hydrogen atoms;
ny., the number density of hydrogen molecules; x, the electron heat
cohduction coefficient; 6, the viscous stress tensor; A, the cooling
rate for molecular hydrogen; and @ is a cut-off function: equal 1 {f
the relative fraction of hydrogen ions <1% and 0 otherwise, Theae
equations are closed by relating mass densaity to the populations,
Detailn of the fulr numerical treatment, including all equationa solved
will be given in a forthcoming paper, In thia work, recomblination
radiation is rot included In the source term of the tranafer equation
with consequence that temperature in the I-front 1s salightly under
est.imated, In this work we take the recombination cooling coefficient
equal to the recombination rate coefficient,



TNITIAL MODEL

This paper presents results for a 25 x 50 grid in ==z cylindrical
coordinates, with Az = Aar = 1 x 10'5 em. O. all vector plots of
results, the 1left ordinate represents the symmetry axis, For
additional eclarity, cerctain variables are plotted as surfaces over the
r-z coordinate mesh, as in Fig. 1., which shows p(r, 2z) 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 icuizing radiation from the r._cently formed subgroup 1is
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 B pe distarce.

The initial cloud is neutrai hydrogen at ny = 540/em3 and T =
15°%, surrounded by ionized gas with ng = 0.24/em3 and T = 15000°%
at approximately pressure equilibrium, The optical thickness of a
computing cell %o 1ionizing radiation 1is 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 ecalculation, The shock
thickness (1011 cm) 1s below the resolution of the mesh and one
therefors expects some structure to be resolved in the I-front, but not
in the S-front, Numerical diffusion spreads tha shock over several
zones and structure in the S-front is consequently numerical.

TONIZATION-SHOCK FRONT EVOLUTION

We pr_sent results without 'nlecular cooling gk(T) = 0, Eq. (1)).
Radiation flux vectors st { = L.86 x 109g (Fig. 2) show ahsorption at
the cloud edge. Flux inclident on the clond face parallel to the bottom
boundary is less dilute than that reaching the ~loud sides, and more
ionization and heating tazkes place in the former region. This effect
is shown 1in Fig. 2, which plots the ionization energy (in ergs)
absorbed during the timeste;p., The I-front velocity at this time is
approximately 6.5 km/s at the cloud's lower 1'ace and U,7 km/s at the
side, Cloud geometry, therefcre, plays an importent role because
aignals originating at different places alocng the curved I-front will
interact within the cloud.

Jonization 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 ‘.o 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 shook develops. Nue to
increased shock ocompression, the I-frent velocity slows and it becomes
R D-type. At t = 6.6 x 1093, one nutes the appearance (Fig. 4) of a
strong preasure peak in the S-front, still imbedded in the I-front



region at T = 10-13000°K, When the shock reaches 6 km/s velocity at
Mach number, M = 15, jump conditions predict po/pq = 280, in(}easonable
ablé)agreement with the numerical value 300.

Velocities of gas particles at t = 1.8 x 10105 in Fig, 5 stow
bifurcation at the cloud edges where material moves toward the clcud
interior or 1is accelerated into the rarified intercloud medium, Also
apparent is the coaiescence 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 1070 to valuss 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 1s 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 1010g, along
the symmetry axis, the shock (p - p peak) in Fig., 6 completely detaches
from the 1-front region. Defining subscripts 1 (ahead, X = (,001) and
2 (behind, X = 0.98) the I-front in the usual convention, we find that
My < 1.0, My, > 1.0; py > pzi py > pp; and v, > vy, thus
the I-front is a strong D type with average temperature T = 9000 °K.
The density ratio (po/nq) 1in the shock at 1.8 x 10'0s 1s 3.7,
approaching the strong shock limit 4,0, The ratio in the region of
flow convergence is even higher, as discussed above,

Av later times, the flow “ield carries the region of interest
outside the fixed Eulerian mesh Figu~e 7 shows the densitv at t = 3,6
x 10'0g perore the shock leaves the mesh when the comprension ratio
near the symmetry axis 1is 3,7 and that in the torroidal flow
convergence region is above 6.5, Solution of Poisson's equaticn for
the gravitational potential shows that the neutral gas in the si0ck end
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 aoove 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 including dust, tefore conclusions can be stated in a
less speculative mannnr,

Recent high resolution observations in 12C0 and 13cO0 of the
Rosette molecular cloud complex indjcate star formation regions that
cannot be explained by supernovae shonk transit or by the Elmegreen-'.ada
mechanism (Blitz an¢ Thaddeus, 1980), Trese authors suggest (pri.r to
our calculations) that atar formation may resuvlt from I-S front
generated implosion of a cloud clump. These calculations indicate that
such an implosjon results from the multidimensional nature of the I1-5
front structure, which i1s in turn ocaused by the spatial variations in
cloud density, This effect is indeed a potentially new mechanism for
O0-B star formation, and it could change Elmegreen and Lgda's time



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 pc distant from
the cloud indicate the following.

. I-S front strength and temperatur2s are enhanced at cloud faces,

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

. Some c¢loud 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 form-tion process near
cloud edges, Density compression of 7 occurs in 1’00 virrs,

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

. Self gravity accelerates material toward the CPS layer,
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