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Abstract. A simplified axi-symmetric 2.5D radiative transfer model
of a YSO envelope (HST-1, 177-341, O’Dell & Wen 1994) in the Orion
Nebula (NGC1976) is computed assuming only a spherical distribution of
gas with a powerlaw density function. The model fits recent Hubble Space
Telescope data (Bally et al. 1996) very well on 10® cm scales, suggesting
that the morphology of the ‘proplyd’ objects is due to photoionization on
this scale rather than a direct wind-wind interaction (Henney et al. 1996).
The fact that a simple spherical distribution of gas fits the ionization
observations so well also implies that somewhere between the scale of
the YSO accretion disk and the observed ionization front radius the gas
distribution has changed.

1. Introduction

Recent HST observations (O’Dell, Wen & Hu 1993; O’Dell & Wen 1994; Bally,
Devine & Sutherland 1995) have detected compact knots of emission in the Orion
Nebula. These knots show a characteristic ‘teardrop’ or ‘cometary’ morphology,
with all the tails pointing away from the brightest of the Trapezium cluster stars,
91C Ori. Some of these objects corresond to the Laques & Vidal objects (Laques
& Vidal 1979) or with the PIG objects detected in the radio by Churchwell
et al. (1987). Some objects contain low-mass stars detectable in the optical
HST observations, and McCaughrean & Stauffer (1994) have shown that indeed
virtually all these compact knots contain a central star, in infrared observations.
In addition, the densities seen in the Churchwell et al. observations of 106 cm~3
or more, would imply that the central stars would be obscured if all the gas were
in a spherical distibution right down to the star. This is taken as evidence of disk
like distributions of gas, which is further supported by IR spectral observations.
Henney et al. (1996) have argued that this means that these objects are due
to a disk wind - stellar wind interaction and have proposed that the orientation
of the disks gives rise to slight non-axisymmetic geometry seen in some objects.
Here a spherical ionization front model is chosen, however it does not make any
assumption about the density profile inside the ionization front, which must
become non-spherical at some interior point for the stars to be seen.
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The atomic physics and emission modelling in the Henny et al. work was,
necessarily, highly simplified, and the photionization hypothesis was not tested
at all. Here a more detailed atomic/dust physics model is used to test the
photionization possibility.

2. Modelling

A single model is presented. It is not intended as a final model, rather it is
a feasibilty test of the spherical photoionization hypothesis. A spherical gas
distribution was constructed with a radial density profile, p & r®, & = —2. This
a simple model with a spherical constant dM/dt. Other profiles are of course
possible and are being investigated currently.

2.1. Equilibrium Photoionization

Equilibrium photionization modelling and spectrum synthesis is carried out us-
ing MAPPINGS II (Sutherland 1993). The model includes up to 16 elements,
using multi-level ions, detailed contintuum and recombination calculations, and
dust grains. No molecules are modeled. A spherical distribution is sampled at
a series of impact parameters, with separations such that, locally, the ‘on-the-
spot’ approximation would hold, so that to a first approximation each impact
parameter integation is independent of the others. The ‘on-the-spot’ approxi-
mation is not used, rather a locally plane—parallel integration with a diffuse field
is used along each line. Each impact parameter model consists of approximately
200 sub-zones and terminates at 1% ionization levels where molecular physics
would be expected to take over.

The radiation field used here corresponds to a Kurucz (1992) LTE atmo-
phere for 40,000 K, log(g) = 4.5 and Solar abundances. This field was scaled to
match the known luminosity of #'C Ori, and then diluted to corresphond to the
observed separation of the target object (HST-1, 177-341) (= 1017 cm ) from the
radiation source. No absorption in the intervening space between #'C Ori and
HST-1 is considered here. No diffuse field from the ambient nebula is included.

Since the luminosity of #1C Ori and the separation between the ionization-
front and the star are known, the observed ionization parameter as determined
by the observed [O111]/He ratio, implies a density in the ionized region of ~ 10°
cm~3. The powerlaw was chosen to give this density at r = 10%cm.

2.2. Dust

Gas abundances were taken as solar (Anders & Grevesse 1989) and a dust/gas
mass ratio of 0.9% was used (consistent with general ISM values). This dust
was formed consistently from the initial composition gas using depletion values
suggested by Shull (1993), so that zot. = 2gas + Zdust = Solar values.

The dust properties in this model are conservative. They correspond to a
minimum of photo-electric heating and minimum additional absorption/scattering
of the radiation by dust. The dust properties are based purely on a large re-
fractory (astronomical silicate and Graphite mixture) population of grains with
an MRN (dN/da = a~"/2) size distribution(Mathis, Rumpl & Nordsiek 1977).
The absortion and scattering cross—sections are modeled as a function of energy

https://doi:org/10.1017/50252921100043207 Published online by Cambridge University Press


https://doi.org/10.1017/S0252921100043207

568 Sutherland

Dust Potential Neutral Hydrogen Electron Density Electron Temperature
10e0

[

Lot 13w Lo
2T
1 LIPS &
3

i

o
5 588
Sracsion

£

-

s

g

L% Ry w3

T®e3 afesis  oowers 201S . 4Dee13 60T 2015 4015 6leels 20els Coeets  hBwelS
> @) ¥ femy ¥ tem) ¥ fem)

Figure 1.  Center line model structures.

(Lacr & Draine 1993). The mixture was set to satisfy F(B—V)/Ay = 3.1 inline
with general ISM values. Very small grains and PAH molecules are not included
in this model, but will be included in future work.

The properties of dust in Orion may not be well modelled by these param-
eters. However, as dust physics is generally poorly understood in a quantitative
way a standard dust model is used for the purpose of providing a baseline for
comparisions with other models. It can be expected that as small grains and
organic compounds are added to the dust mixture, the effects of dust heating
and absortpion will increase. In the model here dust scattering is treated in
a simple way, the mean scattering angle as a function of frequency is used to
distribute a fraction of the direct radiation into the local diffuse field at a given
point in the model, and the diffuse field is integrated in an outward fashion.

The photo—electric current, J,, due to the UV field, ®(v), is computed here
by: J, = A, [3*Y [f]%;::(og fle V)de] Qabs(¥)Y (v)®(v)dv, where U is the grain
potential and Ay is the grain area. This current is balanced by collisional currents
due to electrons and protons (Draine & Sutton 1987) to give a grain potential
which is in turn used to iteratively solve this equation. The Yield function Y (v)
is modelled with a form Y (v) = Y(1 — hv/B) as in Drain (1978), however here
®(v) is a detailed function of the initial spectrum for the star and the result of
radiatve transfer through the model. Consequently the grain charge is solved
numerically at each point.

Radiation pressure on the dust grains is computed, but not applied, at
each point in this equilibrium static model. The acceleration due to radi-
ation pressure is estimated by dv/dt = (LQa?)/(4ecr.m) — v/t,, with t, =
0.17ap[n(kTm)*/2nA]~! for charged grains and t, = 0.70ap[(n(kT'm)!/3~! for
neutral grains (c.f. Spitzer 1978 for details). Here, a detailed calculation of A,
the Coulomb integral, absorption, @(v), and radiation field L is used. The dis-
tance of the grain from the star is r.. The resulting drift velocities in the current
model are well approximated by: vdrig = —8.5cm/s [-17—})%]'1[1—0%7]‘2[-1%5][%], for

charged grains, and varigg = ~2.54 X 10%cm/s [105]”1[1—0'1-,—]‘2[1’35][—01—] for neutral
grains. So, the dust drift velocities against the outflow could become com-
parable to the gas flow velocity (x 10° cm/s) for neutral grains if the grain
lies close enough to #'C Ori. Other grain types, such as small organic grains,
could become neutral at different radii due to their differing work functions and
photo—electric currents.
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Figure 2.  Comparison of 3D models with HST narrow band PC ob-
servations.

3. Results

Neglecting the details of the tail formation, which is a hydro-dynamical problem,
we consider only the front hemisphere of the model, on the side facing towards
the radiation source. Figure 1. shows a one dimensional slice along the line from
the star towards the centre of the model. Plotted are the dust grain potential,
the ionization fraction of hydrogen, and the electron density & temperature.
Note the dust can become neutral or negatively charged near the ionization
front.

In figure 2, multi-band PC images from the HST of the head region of HST-1
are shown. Comparison with the synthetic model images, formed by rotating the
2D models and projecting the 3D structure, are shown. The volume where the
dust can become neutral is also shown and this shows a good corresondance with
the continuum image. This may be due to the buildup of dust as it is retarded
in the outflow by the radiation pressure of the incoming radiation. The overall
agreement is quite good. The observations show a greater lateral ionization of

[O11] than the models, which may be due to additional diffuse radiation from
the ambient nebula.

4. Conclusions

It is possible to match the observations of the heads of the ‘proplyd’ structures
in the Orion nebula using an ionization front in a spherical distribution of gas at
radii of &~ 10'% cm. The continuum images may be influenced by the build up of
dust by back-pressure of radiation, but this is not conclusive. The predicted line
ratios and spatial ionization structure are consistent with a spherical distribution
so wind-wind bowshock structures, if they exist, must lie at a larger radius. The
[O1m1] arcs seen in Bally, Devine & Sutherland (1995) at a radius of ~ 10!® cm
may be the wind bowshocks.
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This result raises the question of why the gas is spherical, if the inner
regions near the star are disk like. One possibility that needs to be investigated is
whether softer UV (< 13.6 eV) can be penertrating the main ionization front and
heating the outer regions of the disks. This would be a two stage process then,
heating neutral gas off the disk with soft UV to form a slow flowing spherical
cloud and then the main ionization front stands off in the spherical distribution
and further accelerates the outward flow of gas to 10s of km/s.
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Discussion
J. Steinacker: Does your code include scattering of the radiation by the dust

particle (2D self consistently)?
R. Sutherland: Yes.
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