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Abstract. We study the hydrodynamic evolution of protostellar
disks under the influence of a central source of ionizing radiation
and its stellar wind. Here we examine the effects of an impor-
tant contribution to the diffuse radiation field — the scattering
of hydrogen-ionizing photons on dust grains (dust scattering).
We present and discuss the resulting changes in the evolution
of the system under a variety of conditions both with and with-
out dust scattering. An important consequence is the significant
increase in the photoevaporation rate. Depending on the scatter-
ing coefficient assumed, the presence of dust within the ionized
region can increase the density and flow of ionized material and
correspondingly shorten the disk’s lifetime by a factor of two
or more. In addition, the temperature of the ionized outflowing
gas is slightly higher and remains more nearly constant over the
extent of the ionized region, even in the regions shadowed from
direct stellar radiation.

We also investigate the influence of other major parameters
of the problem, wind velocity, wind mass loss rate, and stel-
lar ionizing flux, by systematically varying these parameters.
Over a large range of values of stellar ionizing flux Sy, we
find a power law dependence of the disk mass loss rate due to
photoionization My, o S53% which is comparable to analytic
estimates. Deviations from this power law occurred for moder-
ate values Sy = 10%7 s~ ! due to our finite disk size and for low
values Sy S 10% s~ due to the resulting non-steady flow pat-
tern. Because we have assumed a warm (T’ ~ 10* K) wind and
have included heating, cooling, ionization, and recombination
processes in the stellar wind, we find that the disk’s photoevapo-
ration rate depends on the assumed wind parameters in a manner
which can be explained by the loss of UV ionizing photons very
close to the central star.
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Fig. 1. Components of the 2D radiation hydrodynamics code. For more
details see Paper L. Bold printed parts have been modified when includ-
ing dust scattering.

1. Introduction

Circumstellar disks are a common byproduct of the star forma-
tion process. Their existence even in the harsh environment of
the Orion Trapezium region has been confirmed by direct HST
imaging (e.g. O’Dell et al. 1993; McCaughrean & O’Dell 1996).
Those disks close to the O7 star ©' Ori C are subject to photo-
evaporation and interaction with the O star’s wind. Their HST
images display arc-like morphologies with photoionized cusps
being aligned toward ©! Ori C. Because massive stars gener-
ally do not form in isolation, it is safe to assume that their winds
and hydrogen-ionizing radiation will often interact with young
protostellar disks — either one surrounding the ionizing source
itself or those around close companions or those in the general
vicinity. Indeed, the photoionization of an OB star’s circum-
stellar disk is a viable model for many of the ultracompact Hit
regions (UCHIISs) in the lists of Wood & Churchwell (1989a,b),
as suggested independently by Hollenbach et al. (1993) and
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Table 1. Scattering coefficient 2 /p as well as parameters for the stellar wind (mass loss rate Myina and velocity vying) and the ionizing source
(stellar photon rate S and temperature T¢r) used in the calculations. The photoevaporation rate My, is determined as described in the text.
The evaporation time scale tevp is calculated from tevap = Maisk / Mpn With Mg = 1.67 M.

case H(Sﬁlaslt/p Mying Vwind 10g10 Star Tese
cng_1 10_8M@yr_] kms™! s~ ! K
A 0 2 50 46.89 30000
B 100 2 50 46.89 30000
C 200 2 50 46.89 30000
D1 0 2 50 4491 15000
D2 0 2 50 45.29 16 000
D3 0 2 50 45.67 17500
D4 0 2 50 46.10 20000
D5 0 2 50 46.46 23000
D6 0 2 50 47.47 30000
El 200 2 50 45.67 17500
E2 200 2 50 46.10 20000
E3 200 2 50 46.46 23000
E4 200 2 50 47.47 30000
E5 200 2 50 48.07 30000
F1 200 0.02 50 46.89 30000
F2 200 0.2 50 46.89 30000
F3 200 20 50 46.89 30000
F4 200 200 50 46.89 30000
Gl 200 2 200 46.89 30000
G2 200 2 400 46.89 30000
G3 200 2 600 46.89 30000
G4 200 2 1000 46.89 30000

Yorke (1993) and calculated semi-analytically by Hollenbach
et al. (1994, hereafter HILS) and numerically by Yorke & Welz
(1993; 1996, the latter will hereafter be referred to as Paper I).

The fact that many of the UCHIIs in the original lists of
Wood & Churchwell are “cometary” in appearance (see also
the supplements to this list by Kurtz et al. 1994) has led to the
proposal by Van Buren et al. (1990) and Mac Low et al. (1991)
that bow shocks from O stars moving through dense molecular
clumps are responsible for many of the UCHIIs. However, the
long path lengths of high density material and the high velocities
required by this model make it unlikely that a significant fraction
of UCHIISs can be explained by this mechanism.

In this series of papers we wish to test the hypothesis that
most UCHIIs — even the irregular and cometary types — can
be explained by the interaction of circumstellar disks with stel-
lar winds and hydrogen-ionizing radiation. We will not restrict
ourselves to the highly symmetrical cases considered in Paper |
and HILS: i.e. a disk surrounding a central source isolated and
at rest with respect to a uniform ambient medium. Instead, we
shall consider a variety of configurations: a star and its disk mov-
ing relative to both uniform and non-uniform media and cases
whereby an O star does not have a disk of its own but one or
more of its close companions in a multiple system do. In these
cases we can expect highly complex flows to result. In order
to follow this flow a robust numerical radiation hydrodynamics
code is required.

Mph tevap
10~ Mgyr—"  10%yr
0.565 2.96
0.978 1.71
1.35 1.24
0.014 118
0.067 24.9
0.120 13.9
0.226 7.40
0.333 5.02
0.861 1.94
0.263 6.34
0.482 3.47
0.776 2.15
2.19 0.765
3.29 0.507
1.49 1.12
1.46 1.15
1.04 1.60
1.53 1.09
1.65 1.01
1.67 1.00
1.64 1.02

The necessary improvements to the code of Paper I are dis-
cussed here as well as our first results. In Sect. 2 we discuss the
numerical model in detail and in Sect. 3 we present the results of
numerical radiation hydrodynamic calculations of several spe-
cific cases. In particular, we are interested in the effects of dust
scattering. A summary of the results and our conclusions are
given in Sect. 4.

2. Dust scattering

The physical processes taken into consideration are summarized
in Fig. 1. The boxes and sub-boxes represent the components of
our 2D radiation hydrodynamics code. Most of the physical
model and numerical methods used are already described in
detail in Paper I and Yorke & Kaisig (1995). Here we concentrate
on the extensions or modifications made in order to include the
diffuse radiation field resulting from hydrogen-ionizing photons
scattered on dust grains. Several parts of the code (bold printed
in Fig. 1) are affected by this procedure.

To simplify the photoionization model we consider ioniza-
tion of hydrogen only. When calculating the degree of ionization
z in a scattering medium, additional effects due to the scattered
photons must be taken into account. The time dependent rate
equation is now given by

opx

ot + V- (pxv) =
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A and C in Table 1). The gray scale depicts the density structure
lines are contours of constant degree of ionization and given for =

Fig. 2. Early evolution of the star-
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Fig. 3. Final quasi-steady states of the simulations in Fig.2. Again, the picture on the left(right) refers to the simulation without(with) dust

scattering. In addition, white contour lines are given for the density within the disk which vary fromlog p = —11.5tolog p = —16.5 in increments
of Alogp=0.5.
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Fig. 4. Temperature of the gas for the quasi-steady states shown in Fig.3. The white contour lines correspond to Ty =
1000, 5000, 6000, 8000 and 10 000 K. Note the sharp temperature decrease at the edge of the disk.
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where p and v are the density and the velocity of the gas. The
terms on the right hand side of the equation containing the pho-
ton densities gy, Uree and ugug refer to the contributions to
the ionization by direct stellar photons, by photons originating
from recombinations of hydrogen directly into the ground state
and by scattered photons, respectively. Because we assume the
scattering coefficient 1% to be frequency independent, the scat-
tering process does not change the spectral shape of the photon
density distribution and the same mean ionization cross section
of hydrogen o, can be used for scattered photons as for direct
stellar photons. The remaining terms are the contributions from
collisional ionization and from recombination, where C'(Tgqs),
a(Ty4), and o are the collisional ionization coefficient, the total
recombination coefficient and the particle density.

The photon density of scattered photons ugyg is calculated
in the same way as the photon density of recombination pho-
tons Ug: We use the flux-limited diffusion (FLD) approxima-

tion (Levermore & Pomraning 1981, Yorke & Kaisig 1995) for
the relation between the photon flux density F and the photon
density u

A
F=- Xeft Vu 2)
where the flux-limiter )\ is defined as
1 1 . [Vul

A= S (cothS - S) with S = e 3)
We finally solve
8Udust )\C b

ot -V Xﬁﬁtst Viuges | =€— Xgusstcudust y 4)

where the source term e for photons scattered on dust grains is
calculated from

&)

_.scat
€ = Kgust CUstar
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Fig. 5. Time evolution of the photoevaporation rate for different values
of K53 /p[cm’g™"] (cases A, B and C in Table 1).

The extinction and absorption coefficients include the contribu-
tions from both gas and dust

ext __ ext
Xaust = M1 — T)0gtar + Kgugy 5

abs abs
Xdust = Tl(l - I)O—Staf + Kaust

(6)

With the grain size distribution of Mathis et al. (1977)
n(a) o< =3 for 0.005 um < a < 0.25 um many of the grains
are larger than the wavelength of Lyman continuum photons
(A £0.091 pm). Thus, a relatively high value for the isotropic
scattering coefficient per gram gas £ /p can be expected. In
our calculations we generally use 5% /p = 200cm® g~!, but
cases are calculated with both smaller and larger values for com-
parison purposes. Sublimation of dust grains takes place only
close to the central star where the dust temperature exceeds
approximately 1000 K. Other mechanisms which may play a
role in decreasing the number of very small particles are grain
coagulation in the disk and sputtering in shocks (Dwek et al.
1996). The consequence would be a decrease in k3%, /p (Laor
& Draine 1993). In order to take these locally limited processes
into account we adopt a moderate overall extinction coefficient
kS /p =300cm? g~'. The contribution of Lyman continuum
radiation to dust destruction should be unimportant since only
grains with @ < 0.001 pm are destroyed by X-rays (Voit 1991).

Lyman continuum photons scattered by dust grains also con-
tribute to the energy balance:

(8e> =n(l - m)gslarcudust[<hy>star —13.6eV] (7
ot dust

where (hv)g,r is the mean energy of the stellar photons with
hv > 13.6¢eV. In contrast to the diffuse UV radiation field .
from hydrogen recombinations the component ugys iS able to
ionize N1 and O11. Hence, we can expect cooling due to for-
bidden line radiation of NII and Or11I everywhere in the ionized
regions.

He* and He** recombination photons will also contribute to
the Uv diffuse background capable of ionizing N1and O11. We do
not follow helium ionization explicitly, however. For the stellar
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Fig. 6. Surface density ¥ and photoevaporation rate My, as a function
of radius for the quasi-steady states of case A (dashed lines) and C
(solid lines).

temperatures considered here, T¢g < 30000 K, the flux of pho-
tons with hv > 24.59 eV is extremely small. For our purposes
— estimating the source function for the diffuse Uv background
— the net effect of helium ionization by stellar photons followed
by “on the spot” recombination is to convert radially moving
stellar UV photons into nearly isotropic components within the
Hertr and Hellr ionization zones. In principle this effect can be
roughly included by appropriately modifying our dust parame-
ters. In practice, however, our ignorance of both the stellar Uv
flux and the true dust properties in this regime makes such an
exercise a purely academic one.

As in Paper I we begin our calculations with a star-disk
model resulting from a collapse simulation of a 10 M rotat-
ing cloud (Yorke et al. 1995): a 8.4 M, star surrounded by a
1.67 M disk. Then we calculate the further evolution of the
system under the influence of hydrogen-ionizing radiation and
a stellar wind.

3. Results

A summary of the cases calculated, the parameters assumed,
and some of the results is given in Table 1. First, we performed
two simulations to investigate the effects of the additional dif-
fuse radiation field. Fig. 2 shows the early evolution of the sys-
tem, i.e. the density and velocity structure at four evolutionary
times. The frames to the left(right) refer to the simulation with-
out(with) dust scattering. The simulation without dust scattering
corresponds to “case P discussed in detail in Paper I. The black
contour lines mark the position of the ionization front which sep-
arates the hot ionized gas from the cool neutral material. The
overall evolution of each simulation is similar. However, dust
scattering allows an increased number of ionizing photons to
reach the “shadow” of the disk. Furthermore, these photons tend
to be “harder” (more energetic) than the diffuse photons from
recombinations directly into the ground state. As a result, the
cone of ionized gas opens somewhat faster and the compressed
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Fig. 7. Dependence of the photoevaporation rate My, on the stellar
photon rate Sg,r. The stars(crosses) are results from simulations with-
out(with) dust scattering (cases A+D and C+E). Straight lines are the
result of a power law fit; they are labeled with the appropriate power
law index. The doted line is taken from HJLS.

material in the equatorial plane behind the disk is completely
ionized much earlier, when dust scattering is included.

The final quasi-steady state of the evolution is reached when
the ionization front completely envelopes the densest parts of the
disk (Fig. 3). Dust scattering leads to a disk which is more tightly
compressed (i.e. its external pressure is higher). The velocity in
the shadow regions close to the equatorial plane but beyond the
disk is much higher than the comparison case without dust scat-
tering. The temperature in the shadow regions (Fig. 4) differs
significantly for the two cases. The heating by scattered pho-
tons is indeed more effective than the heating by recombinations
photons alone.

In order to estimate the lifetime of the disk we measured
the photoevaporation rate Mph by calculating the mass flowing
through a cylinder enclosing the entire disk and subtracting the
mass loss rate of the star. In Fig. 5 the evolution of My, is shown
for different values of x /p. The photoevaporation rate of
the simulation which includes the effect of dust scattering and
assumes a value k5 /p = 200 cm? g~! is more than twice as
high as the one without.

Fig. 6 shows which parts of the disk are responsible for the
increase in the photoevaporation rate. Here Mph(r) through a
cylinder of radius r and height 2r is plotted together with the
surface density X(r) = j pdz. For case A (without dust scatter-
ing: dashed lines) Mph originates mainly from the inner edge of
the disk, whereas for case C (with dust scattering: solid lines) we
find a non-negligible contribution to My, over the entire surface
of the disk.
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Fig. 9. Dependence of the photoevaporation rate My, on the stellar
wind velocity vwing (cases C+G). The straight line is labeled by the
exponent of a power law fit. The dotted lines refer to the “weak wind”
and “strong wind” solutions of HJLS.

We have performed several additional calculations to test
the influence of the stellar UV-photon rate S, the wind ve-
locity vying, and the stellar mass loss rate Myinds whereby these
parameters are varied systematically.

In Fig. 7 the dependence of Mph on Sy, 1s shown. The dif-
ferent plotting symbols refer to the results without (x) and with
(+) UV dust scattering. We gained each value for Mph by starting
from the quasi-steady states shown in Fig. 3, changing S, and
then continuing the calculations until a new quasi-steady state
has been attained. In order to compare our results with the semi-
analytical, infinitely thin disk models of HJLS, we fit a power
law to the Mph distributions when possible. For median values
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Fig. 10. Density, velocity and ionization structure for simulations with stellar wind velocities of 400 and 1 000km s ™' (cases G2 and G4). Here
the white contour lines for the density vary from log p = —11.5 to log p = —21.5 in increments of Alog p = 0.5.

of Sy, between 10% s~! and 10*7 s~! we obtain a power law
exponent o ~ 0.58 for the simulations both with and without
dust scattering. This resultis in reasonably good agreement with
the weak wind solution of HILS, who deduced an exponent of
a = 0.5 (dotted line in Fig. 7). Note that numerical values for
Mph(SS[ar) from HJLS are comparable with our solutions.

The mass loss rate resulting from the lowest value for S,
could not be included in the power law expression, because only
part of the disk’s immediate environment could be kept ionized.
Additional neutral regions appeared in the flow and no quasi-
steady state was attained. For values of Sy, exceeding 1047 s~!
we obtained a power law exponent o ~ 0.3, falling well below
HILS’s predicted value. We attribute this to the finite radial
extension of our disk, whereas HJILS assumed an infinitely thin
disk which extended out to infinity.

InFig. 8 we show how Mph decreases with increasing Mying.
This effect can be attributed to the high gas densities in a stellar
wind close to the central source. For a given wind velocity vying
and stellar mass loss rate Mying, the density is given by

M ying
4712 Vgind

pwind(r) = (8)

Because the recombination rate per unit volume increases as
pz, an increased value for My leads to increased fraction of
stellar UV photons which become absorbed in the immediate
vicinity of the star. In extreme cases this can lead to complete
“squelching” of an Hi1 region (e.g. Yorke 1986), a phenomenon
evident in our calculation with Myipq = 2 x 107 Mer’1 (case
F4), where no UV photons are able to leave the central “wind
generator” region.

Finally, we investigated the dependence of Mph 0N Vyind. In
Fig. 9 the results are plotted together with the power law solu-
tion of HJLS, who distinguish between two extreme regimes.
The transition between a “weak wind” and a “strong wind” oc-
curs when the ram pressure of the wind is equal to the thermal
pressure of the photoevaporating flow. For the weak wind case
we get a weak dependence on wvying Which is comparable to
the solution of HILS. But we cannot reproduce the strong in-
crease in Mph for the strong wind regime. This is probably due
to the fact that on the one hand our disk is not infinitely thin
but has some vertical extension and a toroidal shape. Thus, our
initially spherical symmetric wind becomes hydrodynamically
focussed along the rotational axis and the effective wind pres-
sure at the disk’s surface is significantly reduced. This effect



324

can be seen for example in Fig. 10 which shows the density
and velocity structure of the system for vying = 400 km s~ and
Vwing = 1000 kms~!.

On the other hand, we included the effects of heating, cool-
ing, ionization and recombination in the wind material. The
equilibrium temperature in the freely expanding (unshocked)
part of the wind (see schematic structure discussed in Paper I,
especially Figs. 11 and 12) attained values of T =~ 10* K. Thus,
some of the available stellar UV photons were absorbed in the
wind itself. It is conceivable that a hot (7" 2 10° K) stellar wind
will remain collisionally ionized and thus transparent to the stel-
lar UV photons and a more efficient photoionization of the disk
will result.

Fig. 10 shows that we are able to produce strongly colli-
mated outflows without invoking magnetic fields. Such bipolar
structures are a frequently observed phenomenon in the case of
low mass star formation. But there are also observational indica-
tions of bipolar molecular and/or ionized outflows (e.g. Gaume
et al. 1995; Shepherd & Churchwell 1996a,b; Deharveng et
al. 1997) in regions of massive star formation associated with
UCHIIs. Observations of rotation in the ionized gas point to an
involvement of circumstellar disks in the formation process of
these outflows (De Pree et al. 1995).

Our calculated disk destruction time scales are of order
10° yr for our 1.67 Mg, disk (see Table 1). Dust scattering has
a significant effect, but the most decisive parameter turns out to
be the stellar photon rate.

4. Summary

We have presented a versatile, robust code for following the evo-
lution of circumstellar disks under the influence of hydrogen-
ionizing radiation and strong stellar winds. We have used this
code to investigate the relative importance of the key parameters
of the problem of an OB star interacting with its own disk. Our
main results are summarized in Table 1 and discussed in detail
in the previous section. The resulting quasi-steady ionized flows
would be interpreted as ultracompact Hir regions. Because of
the symmetry assumed for this first set of cases, solutions which
are both axially symmetric and symmetric with respect to the
equatorial plane were found.

Although UCHIIs which appear to have a high degree
of symmetry are found in the lists of Wood & Churchwell
(1989a,b), most observed UCHIIs display either a prominent
asymmetry (e.g. cometary-type UCHIIs) or are highly irregu-
lar. We contend that these UCHIIs could also be explained by
the photoionization of disks in a more complex environment.
O stars often have close companions, some of which may have
disks. The interaction of multiple photoevaporation flows with
each other and with (possibly multiple) stellar winds in a non-
uniform, non-stationary external medium will certainly be able
to break up the symmetry of our idealized boundary conditions
and initial configurations. This will be a subject of later inves-
tigations in this series.
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