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ABSTRACT

Two-dimensional caleulatiors of ionization-shockwave propagation
into a curved molecular cloud are presented. Densitv enhancement
occurs due to the combined effects of cloud curvatcre and radiation
flow. The star formation process Is expected to be enhanced near the
edges of irregularly shaped molecular clouds.

INTRODUCTION

O-B associations are groups of massive, vounR stars contalnlnR at
least one O-type star and are 50-100 pc in linear extent. Blaauw
(1964) found that stars in these associations were o~ten separated as
subgroups 10-40 pc apart and that the suhflroupsrepresent a temporal
sequence w~th the oldest at one end of the assoclat~on and the vounaest.
at the other. Ambartsumlan (lq~~) noted the occurrence of iissoclatlons
in dense interstellar clouds and Lynds (1Q80) discussed this
relationship in connection with Elmegreen and Ladn’s (1977) %equential
star formation model. Thjs model describes the formation of O-R stars
as a consequence of Ionlzat.{onand shock fr,.mt,s(T-S) orlEinnt.lnRfrom
the most recently formed O-stnrs In n nuh~roup. Th~ ionjzatlon front,
at the edge of a molecular cloud js preceded by a strong shock.
Radiative coolinR ~n th~ isothermally compressed reflfon~t?eps the dense
cloud ninteri:~lat low (~lOOoK) temperature nnrlthe cooled, post-shock
(CPS) layer evcntunlly h~cnmon gravltatjonally unstahls, fragments, and
prodllcesthe next slollar generation t,hatrepeats the process untjl the
❑oleculnr cloud is (’xlmusted. Tn addition, Hunter (1979) showed that
Jeana’ criterion 19 relaxed in the presence of a veloc~tv field.
Impor~an’ questions are left unanswered by Elmegreen and LRCIFIVS
semi-qllaf]tjitjatciv~analysjs. Thl~ paper ndrlrefl~eflour Inltjnl effort to
numerically solve the fully coupled equntlons of’radiat,ion-hydrodynam~~s
in two space dimen~ion~. These cnl(!ulationsfollow the early stngcs of
the I-S star fornritlonprocess.



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
inter~.ction of O-star clusters with dense molecular clouds.

Hydrodynamics of two-phase (uas and dust) flow is calculated in
cylindrical Eulerian coordinates using the partially implicit met>od
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
SpeCffiC monochromatic itIt(?17SitYand permits ~~rltision cf 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
~tap,es 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
specific internal energy including thermal and ionization
contributions; and ne, the electron number densltv are
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J

4nJ,,al,d, - nH+ne (1(T) (kT + hvo) , nH+ = n
( e )

1’0

and

(1)

(2)

where Jv is the mean monochromatic Intens{t,y;U, the rccomhinatjon
~ocfficient; nH(), the number dens~ty of neutral hydrogen ~toms;
n}{,, the number density of hydroRen molecule??; K, the elertrnn heat,
coiduct,jon coefficient,; 6 , t+e VISCOUS stress tensor; A , the cool{n~
rat~ for m[}lecular hydrogm; and Q ~s n cut-off funrtlon: Pqllal 1 jf
the relative fraction of hydrogen ions <11 and Cl otherwise. Th~~p
f?~l.liltjon? are closod by relating mass density to tho pnpulntiorrs.
D~t,njl:l of the ful’t numerical treatmmt., incluctln~ all cql]nt,~nns solv~d
will be given in a forthcoming papt!t’. In this work, recomblnntinn
rad~atjon is r,oti,mluclrw!.in the source term of tho tr~nsf’w’ ~q~]atlon
with consequence that temperature Ih the I-front is slightlv und~r
esi,lrmateri. Tn thjs work we tnkr? the recombination cool~n~ .:oefflc’iont
equal to the recomhjnation rate coefficient.



7NITIAL MODEL

This paper presents results for a 25 x 50 grid in ?-z cylindrical
coordinates, with AZ = Ar = 1 x 1015 cm. 0:. all vector plots of
results, the left ordinate represents the 3ymmetry axis. For
additional clarity, cer~ain variables are plotted as surl’acesover the
r-z coordinate ❑es!l, as in Fig. 1., which shows p(r,
initial conditions.

z) used for
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 Ic,liz’lngradiation from the r.cently 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 PC distlnco.

The initial cloud is neutral hydrogen at ~ = 540/cms and T =
15%, surrounded by ionized gas with ne = 0.?4/cm~ and T = 15000%
at approximately pressure equilibrium. The optical thickness of a
computing cell to ionizing ~adiation is approximately 0.5. The
thickness of the I-front for 10 km/s velocity is 0.2/n
1978),

e PC (Spitzer,
or approximately 2 cells in our calculation. The shock

thickness (1011 cm) is below the resolution of the mesh and one
therefore expects some structure to be resolved in the I-front, hut not
in the S-front. Numerical diff’~siongpread~ t},eshock over several
zones and struct~re in the S-frcnt is consequently numerical.

IONIZATION-SHOCKFRONT EVOLUTION

We pp.sent “resuitswithout Inlecular cooling ~ (T)
Radiation flux vectors et t = 4.) sho;;;so~;i;;)~i1/.86x 109s (Fig.
the cloud edge. Flux incident on the cloIwlfact? parallel to the bottom
boundary is lem dilute than that reachinR the elouclside~, and more
ionization and heatinfltakes place in the former relqion. J’hisaffect
1S shown in Fig. ?, which plots the ionization energy (in ergs)
~bsorbetidurinR 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, therefcfle, plays an import~nt role because
si~nala or~ginat.inRat diTfcrent places alcmR the curved I-front will
jnternct within the cloud.

Ionization at the cloud edge increases both temper~ture and
pnrtlt?le densjty, enhancing the pressure at the CIWXI edue. The
I-front is initially n wenk R-type (Newman and Axford, 1968). As the
front penetrates the cloud, the driving flux decreases du~ to geometric
dilution nnd ‘.oabsorption by neutrnl gas moving throuuh the ?ront into
the intercloud medium. The I-front velocity falls below that of an
R-criticnl type and a precedinR ntrong shook develops. Due to
increased shock compression, the I-frent velocity nlows mnd it becomes
R L-type. At t = 6.6 X lo~g, one not.os the appearance {FIR. U) of a
strong pressure peak in the S-front, st~ll Imhedded in the I-front



● ’ region at T = 10-13000’%. When the shock reaches 6 km/s velocitv at
Mach number, M = 15, jump conditions predict p2/pl = 280, increasonable

+$
‘F able]agreement with the numerical value 300.

* Velocities of gas particles at t =
.@ b~

1.8 x 10’Os in Fig. 5 stow
bifurcation at the cloud edges where material moves toward the cl(ufl

4
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.o X 1015, Z = 2.7 x 1016 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. Att= 1.8 x 1010s, along
the symmetry axis, the shock (p - p peak) in Fig. 6 completely detaches
from the l-front region. Defining subscripts 1 (ahead, X = (J.001)and
2 (behind, X = 0.98) the I-front ~n the usual cot]vention,we find that
Ml < 1.0, M2 > 1.0; pl > P~; PI > P2; and V2 > V1t thus
the I-front is a strong D type with average temperature T = qOOO°K.
The density ratio (P2/(’1) In the shock at 7.8 x 1010s is “4.7,
approaching the strong shock limit 4.0. The ratio in the reu;on of
flow convergence is even higher, as discus3ed above.

At later times, the flow ‘ield carries the region of interest
outside the fixed Eulerian mesh Figu~e 7 shows the densitv at t = ?.6
x 101Os before the shock leaves the mesh when the compression rat~o
near the symmetry axis is 3.7 and that in the torroic!ai r13w
convergence region is above 6.5. Solution of Poisson’s equa!.icJnfor
the gravitational potential shows that the neutral uas In the s~ock rnd
in the flow convergence region is accelerated toward the CPS layer on
the symmetry axis. This layer ia pressure bounded below by the I-front
and anove by the shock and, therefore, one Eint.~C~ptItf?9 that if t?iK)lJRh

mass accumulates and/or the Jeans’ criterion is reduced by the velocit’;
field, star formation will occur. Further calculations are required,
especially ones including dust? Eefore conclusions can be stat.erlin a
less speculative manner.

Recent high resolution observations in 12c(I and 13C0 of the
Rosette ❑olecular cloud complex Indjcat,estar formation reRlons that
cannot be explained by supernovae shock transit or by the Elmegreen-!,ada
❑echanism (Blitz and Thaddeu~, lq80). These authors suggest (pri~r to
our calculations) that stnr formation may result from T-S front
generated implosion of a cloud clump. These calculations indloate that
such an implosion results from the multidimensional nature of the T-S
front structure, which is In turn oaused by the spatial variations in
cloud density. This effect is Indeed a potentially new mechan~sm for
O-R star formation, and it oou:ld chan~e Elmegreen and Lada’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. I-S implosions that seed star formation
can explain these observations without postulating a more dista!]t
shock. Preliminary analysis of results with molecular cooling indicate,
as expected, that density compression is larger and evolutionary time
scales are longer.

SW RY

These calculations for a single 09 source star 8 pc 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
interclcud medium are 1-?0 km/s.

. Cloud geometry produces flow coalescence that increases densitv
locally. This effect can enhance the star form+.ion process near
cloud edges. Denstty compression of 7 occurs in ‘,.’OC y~”~s.

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

. Self gravity accelerates material toward the CPS layer.
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