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TWO SUBCLASSES OF PROTO-PLANETARY NEBULAE: MODEL CALCULATIONS
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ABSTRACT

We use detailed radiative transfer models to investigate the differences between the star-obvious low-level
elongated proto—planetary nebulae (SOLE PPNs) and dust-prominent longitudinally extended proto—plane-
tary nebulae (DUPLEX PPNs), which are two subclasses of PPNs suggested by Ueta, Meixner, & Bobrow-
sky. We select one SOLE PPN, HD 161796, and one DUPLEX PPN, IRAS 17150—3224, both of which are
well studied and representative of their PPN classes. Using an axisymmetric dust shell radiative transfer code,
we model these two sources in detail and constrain their mass-loss histories, inclination angles, and dust com-
position. The physical parameters derived for HD 161796 and IRAS 17150—3224 demonstrate that they are
physically quite different and that their observed differences cannot be attributed to inclination-angle effects.
Both HD 161796 and IRAS 17150—3224 are viewed nearly edge-on. However, the more intensive axisym-
metric superwind mass loss experienced by IRAS 17150—3224 (8.5x 1073 M, yr=! and an
Mequator/ Mpole = 160) has created a high optical depth dust torus (4 = 37) that obscures its central star. In
contrast, HD 161796, which underwent a lower rate superwind (M =12 x 10~* M, yr~! and an
Mequator/ Mpole = 9), has an optically thinner dust shell that allows the penetration of direct starlight. Based
on our analysis of the dust composition, which is constrained by dust optical constants derived from labora-
tory measurements, both objects contain oxygen-rich dust, mainly amorphous silicates, but with some signifi-
cant differences. IRAS 17150—3224 contains only amorphous silicates with sizes ranging from 0.001 to larger
than ~200 gm. HD 161796 contains amorphous silicates, crystalline silicates (enstatite and forsterite), and
crystalline water ice with sizes ranging from 0.2 to larger than ~10 um. If these calculations reflect a more
general truth about SOLE versus DUPLEX PPNs, then these two subclasses of PPNs are physically distinct,
with the SOLE PPNs derived from low-mass progenitors and DUPLEX PPNs derived from high-mass

progenitors.

Subject headings: planetary nebulae: general — reflection nebulae — stars: AGB and post-AGB —

stars: mass loss

1. INTRODUCTION

The expulsion of a star’s outer envelope heralds the end
for most stars in our galaxy. For stars such as our Sun, the
observed rates at which stars lose their outer envelopes can
far exceed the interior nuclear burning rates, causing these
stars to wither into white dwarfs. What physical process ini-
tiates this dramatic loss of mass? Some clues to the mass-loss
mechanism can come from the morphology of the ejected
material. However, here lies an additional puzzle. Planetary
nebulae (PNs), which are the stellar ejecta illuminated by
the stellar cores that are rapidly evolving into white dwarfs
(Iben 1995), appear to be mostly axially symmetric with sub-
classes of bipolar and elliptical morphologies (Balick 1987;
Zuckerman & Aller 1986). On the other hand, the ejected
circumstellar material of most asymptotic giant branch
(AGB) stars, which are the precursors to PNs, appear
spherically symmetric as the star sheds its envelope (Neri et
al. 1998; Habing & Blommaert 1993). The morphologies of
planetary nebulae are predominantly shaped by the AGB
mass loss and by interaction of that mass loss with a fast
wind from the evolving central star. The axisymmetry of
PNs may arise when the fast wind expands a hot-gas bubble
into previously ejected material that has an equatorial den-
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sity enhancement (Frank & Mellema 1994). Preferential
increases of density at the equator may be created by inter-
actions of the mass loss with a binary companion (Soker
1998; Mastrodemos & Morris 1998) or with stellar rotation
and a magnetic field (Garcia-Segura et al. 1999; Blackman,
Frank, & Welch 2001). Proto—planetary nebulae (PPNs),
which are objects in transition from AGB stars to PNs
(Kwok 1993), offer pristine fossil records of the mass-loss
histories because they predate the fast-wind shaping.
Observational studies of PPN morphologies have shown
that they are inherently axisymmetric (Meixner et al. 1999;
Ueta, Meixner, & Bobrowsky 2000; Trammell, Dinerstein,
& Goodrich 1994; Hrivnak & Kwok 1991; Su, Volk, &
Kwok 2000), demonstrating that the axisymmetric struc-
tures found in PNs predate the PPN phase. Axisymmetric
PN morphologies are subdivided into bipolar, elliptical,
and other categories. Based on a Hubble Space Telescope
(HST) imaging study of 27 PPNs, Ueta et al. (2000) suggest
that there are two subclasses of PPNs, star-obvious low-
level elongated (SOLE) and dust-prominent longitudinally
extended (DUPLEX), that may be precursors to the ellipti-
cal and bipolar PNs, respectively. SOLE PPNs have promi-
nent central stars surrounded by low surface brightness
nebulae with single ellipses or sometimes multilobed struc-
tures. DUPLEX PPNs have spectacular bipolar reflection
nebulae with pinched waists and no direct view or a heavily
obscured view of the central star. SOLE and DUPLEX
PPN also appear to differ in three other observational cate-
gories. First, for SOLE PPNs, mid-IR images of the thermal
dust emission reveal a toroidal structure embedded in a
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TABLE 1
OBSERVED DIFFERENCES BETWEEN SOLE AND DUPLEX PPNs

Property SOLE DUPLEX
Optical morphology........ Star + nebula Nebula dominant
Mid-IR morphology ....... Toroidal Core-elliptical
SED ..ooiiiiiiieieeeeee Optical-far-IR Far-IR dominant
Galactic height (pc)......... <2100 <520

larger elliptical envelope. For DUPLEX PPNs, the mid-IR
emission appears as a bright unresolved core surrounded by
a low surface brightness emission (Meixner et al. 1999). Sec-
ond, the spectral energy distributions (SEDs) for SOLE
PPNs have roughly equal contributions from the optical
and far-IR. On the other hand, in the SEDs for DUPLEX
nebulae, the far-IR contribution dominates over the optical
(Ueta et al. 2000; van der Veen, Habing, & Geballe 1989).
Third, the Galactic scale height of the SOLE PPN is larger
than that of the DUPLEX PPNs, which appear to be more
confined to the Galactic plane (Ueta et al. 2000). Corradi &
Schwarz (1995) have shown a similar difference for elliptical
PNs versus bipolar PNs. These differences are summarized
in Table 1.

In this work, the differences between SOLE and
DUPLEX PPNs are investigated using an axisymmetric
radiative transfer code to model the dust shells of two PPNs.
Section 2 outlines the reasoning behind our choice of
objects. In § 3, we review the model calculations and results.
In § 4, we compare and discuss the derived physical para-
meters of the two sources. Section 5 summarizes the
conclusions.

2. SELECTION OF OBJECTS

In order to solidly substantiate that SOLE and DUPLEX
PPN are physically distinct PPNs as opposed to, e.g., the

same PPN viewed at different inclination angles, detailed
model calculations of the entire sample of PPN would be
needed. However, the computation time to accomplish such
a task is substantial. The radiative transfer code that we use
takes a few to a few dozen hours to compute one model run,
and approximately 200 models are run in order to find a best
fit. Thus, we have pursued instead a more exploratory
approach of modeling one SOLE PPN and one DUPLEX
PPN. In order to have the best constrained model calcula-
tions, we have selected two well-studied PPNs from the
HSTimaging sample: HD 161796, a SOLE PPN, and IRAS
17150—3224 (hereafter IRAS 17150), a DUPLEX PPN.
These two PPNs share a number of properties of other
PPN in their class (§ 1; Ueta et al. 2000), and therefore it is
reasonable to expect that the results for these objects will be
representative of their SOLE and DUPLEX classes. These
two PPN also have some similarities. Both objects are oxy-
gen-rich and appear to contain silicate dust grains (Justta-
nont et al. 1992; Kwok, Hrivnak, & Geballe 1995). Both
HD 161796 and IRAS 17150 appear to be nearly edge-on
from their optical and mid-IR images (Ueta et al. 2000;
Meixner et al. 1999). However, their similarities end there.
HD 161796, which is also known as IRAS 17436+5003, has
a Galactic latitude of 30°9 and has most likely evolved from
a thick-disk star (Luck, Bond, & Lambert 1990). IRAS
17150, on the other hand, has a Galactic latitude of 3°0 and
is thus most certainly a population I object.

The observed properties for these two PPNs are listed in
Table 2. The effective temperatures of the central stars (7')
are based on spectral types of these stars: F3 Ib for HD
161796 (Fernie & Garrison 1984) and G2 Ia for IRAS 17150
(Hu et al. 1993). Skinner et al. (1994) derived a distance to
HD 161796 of ~1 kpc, which is consistent with the Hippar-
cos results. The distance to IRAS 17150 is not as well
known. IRAS 17150 is located in the plane of our Galaxy
with a Galactic latitude and longitude of 3°, 354°, and thus
we can assign a kinematic distance. Using its systemic veloc-
ity of ~15 km s~! (Hu et al. 1993), we find a distance of 3.6

TABLE 2

PROPERTIES OF THE TWO SELECTED PPNs FROM OBSERVATIONS AND BEST-FIT MODELS

Quantity HD 161796 IRAS 17150—3224 Reference
Ly o< d? (Le)eoeneeenieeeenieenn 2800 27200
T (K) (£10%) oo 7000 5200 1,2
Ri o d? (R5) v 34 201
A (KPC) et 1.0 3.6 3,4
ISM Ay 0.0 0.8 5
Taust at Rypin (K)o 110 220
Rinin o< d (10 ¢m) oo, 11 9.7
Vexp (KM S™1) o 12.0 15.0 2,6
F(deE) it 90 + 30 82+8
Ay atpole oooeeeeviiiiieiee 0.80 0.98
Ay atequator.......ccoccvvevevveennnnn.. 1.4 37
Shell mass o<d? (M) ..oovevevenna 2.0 14.0 7
Magp o< d?> (1074 My yr=Y) ... 1.2 53 7
tage o< d (104 yl‘) ....................... 1.7 2.0
Mgy o d? (1074 Mg yr=")........ 1.2 85 7
tsW OC A (YT) it 590 410
Tayn O d (YI) covviiiiiiiiiiieie 300 210
Mequator/ Mpole vvvvvaviaain 9 160

REFERENCES.—(1) Hrivnak et al. 1989; (2) Hu et al. 1993; (3) Skinner et al. 1994; (4)
this work; (5) Neckel et al. 1980; (6) Likkel et al. 1987; (7) assumed gas-to-dust mass

ratio of 280 from Justtanont et al. 1996.
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Fi6. 1.—Gray-scale schematics of the PPN density function used in the model calculations. The gray-scale wedges are in units of g cm—3. The central dia-
gram shows the locations of the axisymmetric superwind and spherically symmetric AGB wind with Rsw as the boundary. The inner radius, Ry, and the
outer radius, R,,, define the inner and outer boundaries of this density function. The left image shows the density function used in the model of HD 161796.

The right image shows the density function used in the model of IRAS 17150.

kpc using the rotation curve information derived from H 1
observations (Burton 1988). This kinematic distance seems
reasonable in light of the resemblance that IRAS 17150
bears to AFGL 2688 (Kwok, Su, & Hrivnak 1998), which
has an estimated distance of ~1.2 kpc (Skinner et al. 1997).
If we assume that IRAS 17150 and AFGL 2688 have com-
parable luminosities, then we estimate a distance of 3.6 kpc
for IRAS 17150 by comparing their bolometric fluxes.
Extinction due to interstellar dust was estimated from the
work of Neckel, Klare, & Sarcander (1980). The expansion
velocities, vexp, are based on CO observations. We note,
however, that for IRAS 17150, the CO observations show a
larger expansion velocity of 15 km s~! compared to the 6
km s~! of the 1665 MHz OH masers, and thus the actual
expansion velocity is uncertain as a result of velocity gra-
dients in this source (Hu et al. 1993), but the CO observa-
tions will be adequate for our comparison of the two
objects.

3. AXISYMMETRIC MODELS

For our modeling, we use a dust radiative transfer code,
called 2-Dust. The computation method is based on the
iterative scheme devised by Collison & Fix (1991) and fol-
lows the principle of long characteristic. It will be discussed
in detail by T. Ueta & M. Meixner (2002, in preparation). In
these calculations, the central star illuminates an axisym-
metric circumstellar dust shell, and the dust shell reddens
and scatters the starlight. Self-consistency is achieved
through requiring global luminosity constancy at each
radial grid point in the dust shell. The density function of
the dust shell is of central interest to this work because it is
directly related to the mass-loss history of the object. Here,
we have adopted a density function that can have a toroidal
interior, an elliptical (prolate or oblate) mid-region, and a
spherical outer shell. This function embodies the idea that
the mass-loss rate was spherically symmetric on the AGB
(Mags) and became axisymmetric during the superwind
phase (Msw). The density functions used in our calculations

are shown in Figure 1 and have the following form:

R *B{1+C sin” 0 I:e*(R/RSW)D /e,(Rmin/st)D} }
(R, 0) =prmin (K)
X {1 + A<1 — Cos Q)F |:€_(R/RSW)E/e_(Rmin/st)E] } ,

(1)

Rmin <R< Rmax 3

where p(R, 0) is the dust-grain mass density at radius R and
latitude 6, py, is the dust-grain mass density on the polar
axis at the inner edge of the envelope, R, is the inner
radius of the shell, R, is the outer radius of the shell, and
Ry, 1s the boundary between the spherical AGB wind and
the axisymmetric superwind. The first term, R/ R;lﬁl, defines
the radial profile of the spherical AGB wind. The [1 + C. . ]
term that follows B in the exponent defines the elliptical
mid-shell. The second term, [1 4+ 4 ...], defines the equato-
rial enhancement of the superwind. The user-defined con-
stants, A-F, define the density profile. The degree of
equatorial enhancement is set by 4, where 1 + A is the equa-
tor-to-pole density ratio at R;,, and C, where the density
drop with radius along the equator is steepened by a factor
of (1 + C). The inner torus can be made torus-like or disk-
like with F, while D and E define the mid-shell region oblate
or prolate.

Figure 1 also shows the two-dimensional density func-
tions used in our “best-fit”’ models of HD 161796 and
IRAS 17150. The user-defined constants for the model den-
sity functions are listed in Table 3. The pp;, is determined by
the user-specified optical depth at the equator of the dust
shell at a specific wavelength and is listed in Table 3 as 79 g um
at equator.

The properties of the dust grains are also constrained by
our modeling. For the grain-size distribution, we assume a
power law plus exponential falloff,

a’3'se’“/"°, Amin < a < 00, (2)

for which a minimum grain size ay,;, and an effective maxi-
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TABLE 3

PARAMETER VALUES FOR THE DENSITY FUNCTIONS OF
BEsT-FIT MODELS

Parameter HD 161796 IRAS 17150—3224

8 159
2 2
2 1.5
1 1
3 4
1 1.5

T9.g,m atequator........ 0.46 12.0

T9.8um atpole ............. 0.26 0.32

mum grain size ao are specified and for which the number of
grains larger than qy is diminishingly small (Kim, Martin, &
Hendry 1994). This grain-size distribution was derived for
the interstellar medium (ISM) and may or may not be
appropriate for circumstellar grains. A theoretical study by
Dominik, Sedlmayr, & Gail (1989) suggests that the grain-
size distribution created in the circumstellar environments
of AGB stars has a steeper power law (a—3); however, this
parameter has yet to be studied observationally. The
absorption and scattering cross sections are calculated for
each wavelength using Mie theory and dust optical con-
stants derived from laboratory measurements. For the radi-
ative transfer, we consider a fiducial grain that has size- and
composition-averaged cross sections at each wavelength
(Ueta et al. 2001a). Table 4 lists the dust properties for each
source. In a detailed study of HD 161796’s mineralogy,
Hoogzaad et al. (2002) have determined that amorphous sil-
icates (Mg sFeq 5Si0y, olivine; Dorschner et al. 1995), water
ice (Warren 1984; Bertie, Labbé, & Whalley 1969), crystal-
line forsterite (Scott & Duley 1996; Servoin & Piriou 1973),
and crystalline enstatite (Scott & Duley 1996; Jaeger et al.
1998) are all present in the circumstellar dust shell. Thus, we
include all four dust species in our model. For IRAS 17150,
however, we needed only amorphous  silicates
(Mg sFe 5510y, olivine; Dorschner et al. 1995).

We approached the modeling by starting simply and
increasing complexity as demanded by the observations.
The SEDs are fitted first and these constrain the dust opac-
ity (79. 4m), dust grain composition, luminosity (L«), stellar
and dust temperatures (7%, Tgqus) and inner radius of the
dust shell (Ry,,). The optical and mid-IR images constrain
Ruin, T98 um- the inclination angle (i), and density function
parameters A—F. Approximately 300 models were run for
IRAS 17150 and 150 models were run for HD 161796 before
convergence on a best-fit model. We have used earlier ver-

TABLE 4
DusT PROPERTIES FOR BEST-FIT MODELS

Quantity HD 161796 1RAS 17150—3224 Reference
Gmin (HM) oo 0.2 0.001
g (M) e 10.0 200.0
Amorphous silicate ........ 86.5% 100% 1
Crystalline enstatite ....... 6% 0% 2,3
Crystalline forsterite ...... 5% 0% 2,4
Waterice......ooovveeeeennnn. 2.5% 0% 5,6

REFERENCES.—(1) Dorschner et al. 1995; (2) Scott & Duley 1996; (3)
Jaeger et al. 1998; (4) Servoin & Piriou 1973; (5) Warren 1984; (6) Bertie et
al. 1969.
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sions of this code to model several objects (Meixner et al.
1997; Skinner et al. 1997; Ueta et al. 2001a, 2001b). We refer
the reader to Ueta et al. (2001b), Skinner et al. (1997), and
Appendix A of Meixner et al. (1997) for further details on
the modeling procedure, and to Ueta et al. (2001a) for
details on the effects of a grain-size distribution.

In the following sections, we compare the model SED
with spectra and photometry and model images with data
images for our two sources, HD 161796 and IRAS 17150.
The photometry, spectroscopy, and image data are taken
from the literature. The derived stellar and dust-shell
parameters from the models are listed in Table 2. The model
images have the same pixel scale as the observed images.
The model mid-IR images are convolved with a Gaussian
point-spread function (PSF) that has an FWHM equivalent
to the observed FWHM of the mid-IR images. The model
optical images did not require smoothing for comparison
with the HST images.

3.1. HD 161796

Previous model calculations for HD 161796 have
assumed spherical symmetry (Hrivnak, Kwok, & Volk
1989; Skinner et al. 1994; Hoogzaad et al. 2002) and have
concentrated on fits to the SED, while here we present the
first axisymmetric model for this source and make detailed
comparisons with images and the SED. We compare the
data and model results for HD 161796 with images (Fig. 2)
and SED (Fig. 3). The best-fit model has an inclination
angle of 90° (see Tables 2, 3, and 4 for other model parame-
ters). Looking at the images of HD 161796, one can see how
the SED is formed. The bright central star outshines the
low-level elliptical reflection nebula in the optical (Fig. 2).
Both the central star and reflection nebulosity contribute
significantly to the prominent optical peak in the SED (Fig.
3). The contours of 12.5 ym emission show the distribution
of thermal radiation from the dust grains and reveal a round
dust nebula with two limb-brightened peaks located on
either side of the central star, indicative of an edge-on, opti-
cally thin dust torus (Fig. 2; Skinner et al. 1994). An image
at 8.5 um from Skinner et al. (1994) shows that the central
star is located at the center of the dust nebula and is used for
registration of the V-band and 12.5 um images. The dust
shell is responsible for the far-IR peak in the SED (Fig. 3),
and the mid-IR emission shown in Figure 2 arises from the
inner edge of this dust shell.

The model images compare reasonably well with the data
images (Fig. 2). In particular, the star is visible among the
reflection nebulosity, even in this edge-on configuration.
The model mid-IR emission nebula has a separation of the
two limb-brightened peaks that matches the data exactly.
Indeed, the separation of the two peaks provides a tight con-
straint on R,;,. The model optical reflection nebula has a
comparable relative brightness to the central star, as shown
by the HST images. The model image reproduces the ellipti-
cal shape of the observed reflection nebula but extends to a
larger radius than observed and appears more rounded in
the outer radii. While HST’s Wide Field Planetary Camera
2 PSF halo could hide a faint spherical halo around the
elliptical reflection nebula, the model images are not a per-
fect match to the data. In an optically thin nebula, the mid-
IR traces the location of the warm dust, and the optical
reflection nebulosity traces the location of the dust near the
central star where densities and optical light intensities are
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Fi6. 2.—Data (left) and model (right) images for HD 161796. The contours show the thermal dust emission at 12.5 um. Contour levels are 10%, 30%, 50%,
70%, and 90% (82.5% and 90% for data) of the peak. Peak values are 0.95 Jy arcsec™2 for the data and 2.08 Jy arcsec™2 for the model. The gray-scale image
shows the scattered and direct starlight at ¥ band (0.55 um) displayed in log-scaled intensity units of mJy pixel~!, where the pixel scale is 07023 and 07046 for
data and model, respectively. The HST V-band image, which shows the diffraction spikes in its PSF, is from Ueta et al. (2000), and the 12.5 gm image is from

Skinner et al. (1994).

highest. Thus, some of the slight differences between the
model and data images suggest some slight differences
between the model and the actual dust-density distribution.
For example, the two peaks in the mid-IR nebula are
rotated approximately 25° compared to the model, and the
eastern peak is slightly brighter than the western peak,
whereas the model shows both peaks at an equal brightness.
This unevenness suggests a slight asymmetry in the axisym-
metric dust density distribution or perhaps that the central

100
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FiG. 3.—SED of HD 161796. The model calculated SED is shown in
dashed lines. The ISO mid-IR spectrum (solid line) is from Molster et al.
(2002a) and Hoogzaad et al. (2002). The photometry data (squares) are
from a compilation by Ueta et al. (2000), which includes data from
Humphreys & Ney (1974), Fernie (1983), Hrivnak et al. (1989), Skinner et
al. (1994), Meixner et al. (1999), Ueta et al. (2000), and /RAS. The inset
shows the IR peak around 40 ym.

star is off center and heating the eastern portion to a hotter
temperature. Secondly, the mid-IR nebula is more extended
than the model nebula, which may be in part due to the PSF
being non-Gaussian. However, a larger mid-IR nebula may
be produced if the density dropoff is slower than our model
assumes.

Drastically changing the inclination angle to our line of
sight only worsens the fit to the images. Figure 4 shows
model images for our best-fit model at inclination angles
from 0° to 90°. As our view of the nebula changes from
edge-on (90°) to pole-on (0°), the optical reflection nebula
changes from an elliptical shape to a circular shape, and the
two limb-brightened peaks in the mid-IR emission nebula
become broader and fade into a circular ring. While a 90°
inclination angle fits the SED and images best, we find that
an inclination angle as low as 60° would provide an
adequate fit to the data images. Thus, we include an error
bar of +30°.

The model SED is in good agreement with the photom-
etry and Infrared Space Observatory (ISO) spectrum of this
source (Fig. 3), and the SED fit is better than, e.g., that of
Skinner et al. (1994). The ISO spectrum (Molster 2002a)
and the model calculations of Hoogzaad et al. (2002) have
much better spectral resolution than our model. Conse-
quentially, our model shows only the gross dust features
such as the broad amorphous silicate bands at 10 and 18 um
and the water ice feature at 43 um. The crystalline silicate
features due to forsterite and enstatite (24 and 34 um),
which are reproduced by Hoogzaad et al. (2002), are not
reproduced by our model because of the coarse sampling of
wavelengths. The near-IR radiation is slightly overesti-
mated by our model because the model water ice absorption
features in the near-IR (3, 4.6, and 6 um) are too shallow.
Our assumed mass fraction of water ice, 2.5%, is substan-
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FiG. 4—Model images for HD 161796 shown at inclination angles 0°—
90°. The contours show the thermal dust emission at 12.5 um, and the gray-
scale shows the optical V-band images.

tially less than that of Hoogzaad et al. (2002), who found
24%. In the model of Hoogzaad et al. (2002), most of the
water ice exists as a mantle on amorphous silicate grains
that are cooler than the grains in our model, and this dust
model causes the mass fraction of water ice to be quite high.
In our model calculations, we found that the 43 um water
ice feature was too pronounced with a 24% mass fraction.
However, the near-IR flux levels were better fitted with a
24% mass fraction of water ice. The mid-IR flux (20-40 um)
is slightly overestimated, but a higher spectral resolution
may resolve this excess into the crystalline silicate features.

The differences between our model results and previous
work is in part due to our use of an axisymmetric model, but
also in part due to the differences in grain parameters. Skin-
ner et al. (1994) used the astronomical silicate (Draine &
Lee 1984) and a Mathis, Rumpl, & Nordsieck (1977) grain-
size distribution. Hrivnak et al. (1989) used the silicate opac-
ity function of Volk & Kwok (1988) in their calculations.
Hoogzaad et al. (2002) have made the most detailed analysis
of the grain mineralogy to date. They follow the radiative
transfer of each grain size and type separately, allowing a
more careful analysis of grain composition than our aver-
aged grain properties approach permits.

When rescaled appropriately for differences in assumed
distance, our derived physical parameters are comparable
to Skinner et al. (1994) but significantly different from those
of Hrivnak et al. (1989). While our luminosity
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(Lx ~ 2800 Ly) and Ry, (11 x 1015 cm) are within 30% of
Skinner et al. (1994), our mass-loss rates (1.2 x 10~% M,
yr~1) are a factor of 2 lower than those of Skinner et al.
(1994). The reason for this difference is most likely the differ-
ence in dust parameters. Our grains sizes (0.2-10.0 um) are
significantly larger than those assumed by Skinner et al.
(0.005-1.0 um). Larger grains are more efficient at emitting
far-IR radiation, and thus our models require less dust mass
to create the observed far-IR radiation. The R,;,, luminos-
ity, and mass-loss rates derived by Hrivnak et al. (1989) are
all significantly larger than our values. The predicted Ry,
value of 2.8 x 101 cm by Hrivnak et al. (1989) is not consis-
tent with the mid-IR image of Skinner et al. (1994). This
large value for R,;, probably forced the value for Ly higher
to create a high enough dust temperature to match the IR
emission. However, in order to match the optical part of the
SED, Hrivnak et al. (1989) had to include some extinction
due to the ISM (4, = 0.7), which was not needed by our
model or the model of Skinner et al. (1994) and is not sup-
ported by measurements of ISM extinction in the direction
of this object (Neckel et al. 1980). This comparison demon-
strates the importance of imaging for independent con-
straints of the R,;, parameter.

3.2. IRAS 17150—3224

We compare the data and model results for IRAS 17150
with images (Fig. 5) and SED (Fig. 6). The best-fit model
has an inclination angle of 82° (see Tables 2, 3, and 4 for
other model parameters). In contrast to HD 161796, the
central star of IRAS 17150 is completely obscured by the
optically thick dusty torus. Instead, we see a spectacular
bipolar reflection nebula in the B-band image (Fig. 5). The
bipolar reflection nebulosity is the only contributor to the
small amount of optical emission in the SED (Fig. 6). Con-
tours of 9.8 um emission show the distribution of thermal
radiation from the silicate dust grains and reveal a compact,
elliptical dust nebula associated with the optically obscured
region (Fig. 5; Meixner et al. 1999). The accuracy of this
optical and mid-IR registration is limited by the absolute
position of the mid-IR image, which is known to about 1”;
however, it is reasonable to assume that the mid-IR peak is
associated with the optically obscuring dusty disk. This
mid-IR emission traces the inner regions of the dust shell,
which extends beyond the optical reflection nebulosity. This
dust shell, particularly its inner region, absorbs almost all of
the starlight and reemits it in the infrared. Hence, the infra-
red radiation from this dust dominates the SED of IRAS
17150 (Fig. 6).

The model images reproduce the spectacular bipolar
reflection nebula and the absence of the central star (Fig. 5).
In particular, the size, basic shape, and gap between the
lobes are well reproduced, although the model image inten-
sity is higher in the central region compared to the data
image. We did not attempt to reproduce the fascinating arcs
observed in this source (Kwok et al. 1998). The model mid-
IR emission is extended but slightly smaller than that
observed, in part because a Gaussian PSF does not suffi-
ciently model the wings of the actual mid-IR PSF. The slight
discrepancies between the model and data images may indi-
cate slight differences between the assumed and actual dust-
density distribution. Our fit to the optical reflection nebulos-
ity is slightly better than the fit derived by Su et al. (2000),
which has triangular-shaped lobes as opposed to the
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Fi1G. 5.—Data (left) and model (right) images for IRAS 17150—3224. The contours show the thermal dust emission at 9.8 um. Contour levels are 20%, 30%,
50%, 70%, and 90% of the peak. Peak values are 27 Jy arcsec—2 for the data and 39.3 Jy arcsec—2 for the model. The gray-scale images show the reflection nebula
at the B band (0.45 um) displayed in log-scaled intensity units of mJy pixel~!, where the pixel scale is 07023 and 07046 for data and model, respectively. The B-
band HSTimage is from Ueta et al. (2000), and the 9.8 ym is from Meixner et al. (1999).

observed rectangular shape. The differences in our model
images are due mostly to our different adopted density dis-
tributions.

The images and SED we display here are for an inclina-
tion angle of 82°, which seems to fit the differences in reflec-
tion lobe brightnesses (Su et al. 2000). Figure 7 shows model
images for our best-fit model at inclination angles from 0°
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F1G. 6.—SED of IRAS 17150—3224. The model calculated SED is shown
in dashed lines (a9 = 200 um). The mid-IR spectra are from Kwok et al.
(1995; solid lines) from the IRAS Low Resolution Spectrometer. The
photometry data (squares) are from the compilation of several sources by
Ueta et al. (2000), which include data from van der Veen et al. (1989), Hu et
al. (1993), Kwok et al. (1996), Reddy & Parathasarathy (1996), Meixner et
al. (1999), Ueta et al. (2000), and IRAS. The inset shows a close-up of the
9.8 um silicate absorption feature. The dot-dashed line represents another
model with ¢y = 10 um, which shows the dependence of far-IR and sub-
millimeter continuum emission on larger grain sizes.

to 90°. As our view of the nebula changes from edge-on
(90°) to pole-on (0°), the optical image transforms from a
bipolar nebula with no central star (60°, 90°) to a bipolar
nebula with a central star (30°, 45°) to an elliptical or circu-
lar nebula with a central star (0°, 15°). On the other hand,
the mid-IR emission changes from a marginally resolved
elliptical nebula extended along the bipolar nebula to an
unresolved point source (<60°). Comparison of our model
images with the data suggest that inclination angles in the
range of 74°-90° could provide an adequate fit, and thus we
include an error bar of £8° for the inclination angle.

The model SED compares well with the photometry and
spectroscopy data (Fig. 6); in particular, the silicate absorp-
tion feature at 9.8 um is well fitted. The added ISM extinc-
tion of 0.8 4, which is consistent with the measurements of
Neckel et al. (1980), improves the fit to the optical photom-
etry. The model fits the highest points of the near-IR
photometry; however, we note that there is a large scatter in
these data, some of which may be due to systematic errors
because IRAS 17150 is in a crowded field. The near-IR light
is created mostly by scattered starlight, and the excess of this
light may indicate that the dust optical properties, which are
derived from lab measurements of real silicates, produce too
much scattering. While reasonable, the far-IR fit is slightly
high at 100 gm and slightly low at 1.3 mm. In our model, the
submillimeter excess of this source observed by Hu et al.
(1993) is created by warm, extremely large dust grains of
~200 um in radius in the high-density torus near the central
star. Figure 6 shows how the SED changes when one modi-
fies the number of large grains by decreasing ay from 200 to
10 um while keeping all other parameters the same. With
ap = 10 um, the submillimeter flux is significantly underesti-
mated. Because we included the large dust grains in our
model calculations, we are able to match the flux of sub-
millimeter photometry points where previous models under-
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FiG. 7.—Model images for IRAS 17150—3224 shown at inclination
angles 0°-90°. The contours show the thermal dust emission at 9.8 um, and
the gray scale shows the optical B-band images.

estimated the flux (Su et al. 2000; Hu et al. 1993). Moreover,
our match to the optical photometry is better than previous
modeling efforts. Hu et al. (1993) employed a spherically
symmetric model that does not allow any optical light to
escape in a bipolar reflection nebula and therefore severely
underestimates the optical light. The model SED of Su et al.
(2000) has a double-peaked structure with one peak at 1 um,
which is quite different than the flattened rolled structure of
the observed SED at the optical wavelengths. The grain
properties adopted by Su et al. (2000) are different from
ours, which probably explains most of the difference in our
model SEDs.

When corrected for differences in distance, our model
luminosity (Lx ~ 27,200 L) is within 10% of that derived
by Hu et al. (1993); however, the other parameters are sig-
nificantly different. Our inner radius (R, ~ 9.7 x 10'% cm)
is a factor of 2 larger than Hu et al. (1993) and our dust tem-
perature at Ruyin (Taust = 222 K) is consequentially lower.
The latter two parameters are well constrained by the mid-
IR image in combination with the SED. The mass-loss rate
derived by Hu et al. (1993; 3 x 10~* M, yr—!)is comparable
to our derived AGB mass-loss rate (5.3 x 10~% M, yr 1)
but significantly smaller than our derived superwind mass-
loss rate (8.5 x 10~3 M., yr~!). Since our model is a better fit
to the data than Hu et al. (1993), the differences in mass-loss
rates reflect the refinement of our model, especially the axi-
symmetric geometry, over their more simple model.
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4. DISCUSSION

Comparing the images and SEDs of HD 161796 and
IRAS 17150, one can see that they are quite different. The
derived parameters from the model calculations listed in
Table 2 give us some insight as to why they look different.
The basic geometry used to model both objects is the same:
the difference lies in the chosen physical parameters for the
dust shells. Interestingly, both objects have similar, nearly
edge-on inclination angles. However, they do differ in opti-
cal depth of the dust, mass-loss history, and dust-grain
composition.

4.1. Mass-Loss Histories

The apparent differences between HD 161796 and IRAS
17150 can be explained straightforwardly by differences in
their mass-loss histories derived in our model calculations
(see Table 2). Both objects ended theirs lives on the AGB
with an axisymmetric superwind. However, every quantity
related to the mass loss for IRAS 17150 is significantly
higher than for HD 161796. IRAS 17150’s superwind mass-
loss rate, Msw, is a factor of 100 larger than that of HD
161796, while its AGB wind mass-loss rate, Magg, is a fac-
tor of 5 higher than that of HD 161796. For IRAS 17150,
there is a factor of 16 increase in mass-loss rate between the
AGB wind and the superwind, but there is no essentially no
average increase for HD 161796—just a change in geome-
try. Note that the superwind mass-loss rates quoted in Table
2 are latitude-averaged and that the equatorial mass-loss
rate is much more intensive than the polar mass-loss rate.
Thus, the equatorial mass-loss rate for HD 161796 is much
higher during the superwind phase than during the AGB
wind phase. During the superwind, the equator-to-pole
mass-loss ratio is 160 for IRAS 17150 and only 9 for HD
161796. While the mass-loss rates for IRAS 17150 were
higher than for HD 161796, the durations of the superwind
and AGB winds are comparable. Thus, the higher optical
depth for IRAS 17150 compared to HD 161796 is caused by
the more intensive mass loss experienced by IRAS 17150,
particularly during the superwind phase as it ended its life
on the AGB. The absolute values for these mass-loss rates
depend on the gas-to-dust mass ratio and the distance to the
object. We adopt a gas-to-dust mass ratio of 280 derived for
the OH/IR star OH 26.5+0.6 by Justtanont et al. (1996).
However, it should be noted that gas-to-dust mass ratios
vary by several factors for O-rich AGB stars (Habing 1996).
If IRAS 17150 were actually closer than 3.6 kpc, then the
mass-loss rates would be smaller than calculated because
mass-loss rates depend on the square of the distance. How-
ever, IRAS 17150 cannot be as close as HD 161796 because
then its luminosity would be smaller than that of HD
161796, which is inconsistent with IRAS 17150 being a Pop-
ulation I object and HD 161796 being a thick-disk object. It
could also not be too close because then the mass-loss rates
for IRAS 17150 would be so low compared to HD 161796
that it would be hard to explain the silicate-absorption fea-
ture in IRAS 17150. Hence, despite uncertainties in distan-
ces, the mass-loss rates for IRAS 17150 must have been
higher than they were for HD 161796.

The total mass for the circumstellar shell of IRAS 17150,
14.0 M., is substantially higher than the mass for HD
161796, 2.0 M. This difference in circumstellar mass points
to a difference in progenitor-star mass. If we assume that the
central star masses are ~0.6 M. for HD 161796 and
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~1.0 M, for IRAS 17150 (Iben & Renzini 1983), then IRAS
17150’s progenitor star was much more massive than HD
161796’s, in agreement with their Population I versus thick-
disk classes. We note that the total mass for IRAS 17150 (15
M) is higher than typically expected for an intermediate-
mass star. Given the uncertainties in the gas-to-dust mass
ratio and distance for this source, we do not place great sig-
nificance on this high number; however, clearly IRAS 17150
must be on the high-mass end of stars that evolve into PNs
and white dwarfs.

4.2. Inclination Angle Effects

Comparison of Figures 4 and 7 shows clearly that one
cannot view the model for HD 161796 at any inclination
angle and see something like IRAS 17150. However, one
might be tempted to think that one could view the IRAS
17150 model pole-on, where the optical depth is low, and
see something like HD 161796. To test this idea, we have
redisplayed the 0° and 15° inclination angles for the IRAS
17150 model in Figure 8 to show the appearance of the
structure if the nebula were at a distance of 1 kpc. These
images provide a reasonably accurate comparison with HD
161796 because the R, of the two sources are comparable
in our models, and thus the ability to resolve R,;, would be
the same if the objects were at the same distance.

The images in Figure 8 do not look like the data images
for HD 161796 (Fig. 2) and are a considerably poorer match
than our optically thin model for HD 161796. The 0° incli-
nation angle (Fig. 8) provides a better match to the optical
data than the 15° because the central star is centrally
located, as observed; however, the reflection nebula is per-
fectly round and has none of the observed ellipticity. More-
over, the mid-IR emission for the 0° image is perfectly
round and does not show the two limb-brightened peaks.
The optical 15° image (Fig. 8) reveals more emission on the
northwest side of the star, making the central star appear
off-center. The mid-IR 15° image shows a similar asymme-
try to the optical image with one peak located to the north-
west of the central star location at (07, 0”). These
asymmetries are created by the high optical depths at optical
and 9.8 um. The peak in the mid-IR arises from the warm
dust emission on the hotter, inner edge of the optically thick
dust torus, which we observe through the northwest biconal
opening that is pointing toward us. The optical depth in the
mid-IR for this source is simply too high to see two limb-
brightened peaks.

Thus, the difference in appearance cannot be attributed to
an inclination angle effect where HD 161796 is viewed pole-
on and IRAS 17150 is viewed edge-on. Rather, we can see
the central star of HD 161796, whereas the central star of
IRAS 17150 is invisible because the dust optical depth along
the equatorial plane for HD 161796, 4, = 1.4, is substan-
tially smaller than for IRAS 17150, Ay = 37.

This discussion demonstrates the importance of images in
differentiating inclination-angle effects and dust-shell opti-
cal-depth effects. In particular, well-resolved mid-IR emis-
sion images can clearly distinguish between a nearly edge-
on optically thin model and a nearly pole-on optically thick
model where just SEDs alone cannot. Optically thin, nearly
edge-on PPNs will show two peaks symmetrically centered
on the star. Optically thick, nearly pole-on PPNs will show
one asymmetric peak or a nearly complete circle.

While inclination-angle effects do not explain the differen-
ces between HD 161796 and IRAS 17150, they are impor-
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FiG. 8.—Model images for IRAS 17150—3224 rescaled for a distance of
1 kpc for comparison with HD 161796 images. Inclination angles of 0° and
15° shown. The contours show the thermal dust emission at 9.8 xm, and the
gray scale shows the optical B-band images.

tant in modifying the apparent morphology of PPNs,
particularly the DUPLEX PPNSs. Su, Hrivnak, & Kwok
(2001) show the important effects of inclination angle on the
appearance of PPNs that we would classify as DUPLEX
PPNSs. Inclination angle effects can cause an ambiguity in
classifying a PPN as SOLE or DUPLEX if the PPN is
viewed pole-on. Comparing the 0° images of Figures 4 and
7, we find little to distinguish the two subclasses in the opti-
cal or mid-IR images.

4.3. Evolution Effects

Evolutionary effects could also change appearances
because these dust shells are expanding away from the cen-
tral star and the optical depth of the dust shell is expected to
decrease over time, changing an optically thick object like
IRAS 17150 into one like HD 161796. We compute dynami-
cal ages for each source by dividing the Ry, (Table 2)
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parameter by the expansion velocity (veyp; Table 2) for each
source. The dynamical ages for both objects, #4yn (Table 2),
are short but comparable. HD 161796 left the AGB ~300 yr
ago. IRAS 17150 left 210 yr ago. Thus, there is little time for
an object like IRAS 17150 to evolve into an object like
HD 161796.

4.4. Dust Composition

One of the unanticipated results of our modeling was the
significant difference in dust composition between HD
161796 and TIRAS 17150. HD 161796 has mostly amor-
phous silicates but also crystalline silicates and crystalline
water ice. In contrast, IRAS 17150 seems fitted adequately
with just amorphous silicate, and recent /SO spectroscopy
presented by Volk et al. (2001) shows no clear evidence for
crystalline silicates. The grain sizes are remarkably different.
IRAS 17150 has a wide range of grain sizes, with a minimum
size of 0.001 um and an effective maximum size of 200 xm.
HD 161796 has a narrower range of grain sizes, with a mini-
mum size of 0.2 ym and an effective maximum size of 10.0
um. During our modeling efforts, we started with a single
grain size, which proved to be inadequate, in particular for
IRAS 17150. We also varied the an;, and a, values and
found them to be quite sensitive (~10% level) to the mid-IR
and far-IR ends of the SED, respectively. While the exact
values for ami, and a( are uncertain because of the inexact-
ness of the dust composition, it is unlikely that this uncer-
tainty is large enough to make the possible size distributions
for these two objects the same.

The extremely large grain sizes found for IRAS 17150 are
similar to those found for the Red Rectangle, another
DUPLEX object, by Jura, Turner, & Balm (1997). Large
grains were hypothesized to form in the long-lived disk of
the Red Rectangle to explain their presence. It may be that
IRAS 17150 also has a long-lived circumstellar disk. Our
model certainly reveals an extreme equatorial density
enhancement, which is essentially a disk. However, it is not
clear if this disk is gravitationally bound to IRAS 17150 as it
is with the Red Rectangle, and kinematic evidence is needed
to establish such a fact.

Molster et al. (1999, 2000b, 2000c) have shown that PPNs
with disks have stronger crystalline silicate band strengths
than PPNs without disks, which they classify as outflow
sources. In their studies, HD 161796 is considered an out-
flow source, which is independently supported by our model
calculations. IRAS 17150 was not included in the studies by
Molster et al. (1999, 2000b, 2000c). HD 161796 has crystal-
line silicates, while IRAS 17150 does not. Possibly, IRAS
17150 is early in its evolution and may develop prominent
crystalline silicate bands as its central star evolves to hotter
temperatures and the disk has time to evolve. In this sce-
nario, large dust grains would evolve in the disk before the
crystalline silicates. Alternatively, large grains may simply
form when mass-loss rates are extraordinarily high because
the higher densities may create environments conducive to
growing large grains. In this scenario, crystalline silicates
form as the disk evolves. It is also important to keep in mind
that absence of evidence is not evidence of absence. Kemper
et al. (2001) have shown that temperature differences
between the amorphous and crystalline silicates can hide
crystalline silicates in warm shells. In our model of IRAS
17150, the optical depth at 25 um is ~7, and it is possible
that this high optical depth veils the crystalline silicate
features.
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4.5. Two Subclasses of PPNs

If our model calculations reflect a more general truth
about PPN, then there is a real physical difference between
the DUPLEX and SOLE classes of PPNs suggested by Ueta
et al. (2000). DUPLEX PPNs, such as IRAS 17150, origi-
nate from more massive progenitor stars than SOLE PPN,
such as HD 161796. DUPLEX PPN experience more inten-
sive and equatorially enhanced superwinds than SOLE
PPNs. Detailed model calculations of several other PPNs by
us and others (Meixner et al. 1997; Skinner et al. 1997; Su et
al. 1998; Dayal et al. 1998; Ueta et al. 2001a) show similar
general differences between SOLE and DUPLEX PPN, as
classified by Ueta et al. (2000). However, future detailed
modeling of other PPNs may well reveal PPNs with physical
parameters that fill in a spectrum where IRAS 17150 and
HD 161796 mark the extreme end points.

We might expect there to be subclasses of PPNs because
there are subclasses of PN morphologies, e.g., bipolar, ellip-
tical, and round (Balick 1987; Manchado et al. 1996). Bipo-
lar PNs originate from higher mass progenitors than
elliptical PNs, as suggested by their differences in Galactic
scale height (Corradi & Schwarz 1995). Higher mass star
progenitors of PNs are expected to lose mass at higher rates
because main-sequence stars initially of 0.8-8 M, become
white dwarfs, which have masses narrowly peaked at 0.6
M (Iben & Renzini 1983). Our model calculations pre-
sented here support the suggestion of Ueta et al. (2000) that
DUPLEX and SOLE PPNs are precursors to bipolar and
elliptical PNs, respectively.

The differences in mass-loss histories between DUPLEX
PPNs (bipolar PNs) and SOLE PPN (elliptical PNs) may
also suggest that there is a difference in mass-loss mecha-
nisms. Progenitor AGB stars of DUPLEX PPNs have a
much more efficient means to lose their outer envelopes than
SOLE PPN progenitors. It also appears that mass loss is
more efficient when it is axisymmetric. Whether this mass-
loss—enhancing process is interaction with a binary star
companion or magnetic fields, a sudden increase in mass-
loss rate coincident with an axisymmetric geometry must be
explained.

5. CONCLUSIONS

Our radiative transfer models of HD 161796, a SOLE
PPN, and IRAS 17150, a DUPLEX PPN, show that physi-
cal differences, not inclination angles, create their observed
differences. HD 161796 and IRAS 17150 are both viewed
nearly edge-on. However, IRAS 17150 experienced mass
loss with a higher rate and with a higher equator-to-pole
mass-loss ratio than HD 161796. This difference in mass-
loss history created a larger optical depth of dust in IRAS
17150 than in HD 161796. If these calculations reflect a
more general truth about PPNs, then they support the
hypothesis put forth by Ueta et al. (2000) that SOLE PPNs
and DUPLEX PPNs are physically distinct subclasses of
PPNs. SOLE PPNs are probably descended from lower
mass progenitor stars and are the precursors to elliptical
PNs. DUPLEX PPNs are probably descended from higher
mass progenitor stars and are the precursors to bipolar
PNs. The dust compositions of both IRAS 17150 and HD
161796 are dominated by large amorphous silicate grains;
however, the grain sizes have a much larger range for IRAS
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17150 (0.001 um < @ <200 um), and HD 161796 contains a
significant component of crystalline silicates and water ice.
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