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ABSTRACT
We have modeled the dust envelopes around OH/IR stars with the changes in the dust density dis-

tribution that are expected from a superwind phase. We explore the e†ect of a superwind due to a
helium shell Ñash by adding a density-enhanced region that proceeds outward. Depending on the posi-
tion and the degree of the enhancement, the emergent model spectral energy distributions can be signiÐ-
cantly di†erent from the ones with the conventional power-law density distributions. The time evolution
of the spectral energy distribution of a superwind can, at certain times, explain some observations of
OH/IR stars. However, at other times in the evolution of a superwind, spectral energy distributions and
optical depths that are not observed often result.
Subject headings : circumstellar matter È infrared : stars È stars : AGB and post-AGB È stars : mass loss

1. INTRODUCTION

The OH/IR stars are generally considered to be the Ðnal
phase of an oxygen-rich asymptotic giant branch (AGB)
star before leaving the red giant branch and rapidly evolv-
ing into a planetary nebula (e.g., & HabingHerman 1985).
This phase is characterized by the relatively rapid onset of
greatly enhanced mass loss, commonly referred to as the
superwind phase As AGB stars evolve,(Renzini 1981).
thermal pulses due to internal helium shell Ñashes have
been hypothesized as a major cause of these episodes of
greatly enhanced mass loss Planetary nebulae(Wood 1990).
often show two, and sometimes three, shell-like structures
around them (e.g., et al. These may be due toBalick 1992).
abrupt changes in the mass-loss rate back when the star was
a dusty AGB (possibly an OH/IR) star, each corresponding
to a thermal pulse in the helium-burning shell.

The presence of distinct shells of material around planet-
ary nebulae suggests that these thermal pulse episodes
strongly modulate the mass-loss rate from the star. In order
to explain the very thick dust shells and high mass-loss rates
seen in the more extreme OH/IR stars, the mass-loss rate
from an AGB star must increase by at least factor of 10 for
the duration of the superwind. We expect one thermal pulse
about every 104È105 yr that endures for a few hundred years

& Wood Although the super-(Iben 1975 ; Vassiladis 1993).
wind is not expected to be exactly in phase with the thermal
pulse, the duration is predicted to be comparable

& Wood(Vassiladis 1993).
In this paper, we investigate the inÑuence of a superwind

on the emergent spectral energy distribution (SED) of
OH/IR stars and similar dusty red giants. We modify the
dust density distribution by adding dust to form a region of
enhanced density. We then compare our model results with
previous model results and the observed SEDs of several
OH/IR stars. This is a very di†erent approach than pre-
vious modeling of dusty red giants that limited the descrip-
tion of the radial density distribution to power laws with a
rather unphysical range in exponents or a simple detached
shell.

2. MODEL CALCULATIONS

For this paper, we have used the radiative transfer code
of Leung Leung, & Spagna In the present(Egan, 1988).
calculations, a radial grid of 125 points and a frequency grid
of 70 wavelengths were used. A Ðxed model parameter for
the dust envelope is the wavelength dependence of the dust
opacity. The dust condensation temperature is assumed(T

c
)

to be 1000 K, and the dust condensation radius is(R
c
)

obtained after a few trials. The outer radius of the dust shell
is always taken to be The radii of spherical dust1000R

c
.

grains have been assumed to be 0.1 km uniformly. The
adjustable input parameters are the dust optical depth at
9.7 km and the radial dust density distribution. First-(q9.7)order anisotropic scattering is considered for all the models
except for a few models with exceptionally high optical
depths For these models, the scattering is not(q9.7[ 60).
considered because pure absorption is an adequate descrip-
tion for such thick dust shells.

For the central star, the luminosity is taken to be 1 ] 104
and a stellar black body temperature of 2000È3000 K isL

_
,

used. A change in the luminosity does not a†ect the shape of
the output spectra ; it only a†ects the overall energy output.
A signiÐcant change in the blackbody temperature of the
central star does a†ect the output spectra, especially for the
models with optically thin dust shells. This is due to the fact
that in optically thin dust shells the underlying energy dis-
tribution of the star strongly inÑuences the emergent near-
infrared continuum.

2.1. Dust Opacity
We have obtained a set of optical constants adapting

both experimental data and model Ðtting with observations
described in our previous work Jones, & Bowen(Suh, 1990 ;
Suh 1991). For given characteristics of the dust material (the
optical constants, the size, and the shape) the absorption
and scattering efficiency factors can be calculated at any
given wavelength (e.g., & Hu†man As notedBohren 1983).
by many authors (e.g., & KwokBedijin 1987 ; Volk 1988 ;

the wavelength-dependent opacity that Ðts theSuh 1991),
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observations best is di†erent for OH/IR stars with optically
thin dust shells compared with more dusty stars. The
deduced opacities at around 12 km for optically thick
OH/IR dust shells are higher than for optically thin OH/IR
dust shells. This may be due to a change in the optical
constants as a function of the temperature of the dust grains

For the optically thick OH/IR stars, the major(Suh 1991).
fraction of the dust grains that contribute to the SED are at
cooler temperatures. We have chosen a shell optical depth
of to be the dividing line between use of the twoq9.7 \ 3
opacity laws. shows the absorption and scatteringFigure 1
efficiency factors versus wavelength for spherical dust grains
with a radius of 0.1 km. This opacity pattern closely resem-
bles the opacity pattern used by many authors for modeling
OH/IR stars with continuous radial density distribution
(e.g., & KwokBedijin 1987 ; Volk 1988 ; Groenewegen
1994).

2.2. Dust Density Distribution
Radiative transfer models for AGB stars have been devel-

oped by a number of authors with various assumptions on
input parameters and di†ering degrees of sophistication
(e.g., & Merrill & HarrisJones 1976 ; Rowan-Robinson

& Kwok These1983 ; Bedijin 1987 ; Volk 1988 ; Suh 1991).
models all assumed a smoothly distributed spherically sym-
metric dust shell with a power-law description of the radial
density distribution. The dust density distribution was most
often taken to be inversely proportional to the square of the
distance, as would be expected for the constant velocity
winds found in OH/IR stars. et al. andWerner (1980) van
der Veen et al. argued that a Ñatter or steeper density(1995)

FIG. 1.ÈAbsorption and scattering efficiency factors for the model dust
grains.

distribution (i.e., o P r~1 or o P r~3) Ðts better for many
dust-thick OH/IR stars (with their choice of opacities). Both
simple radiation pressure models (e.g., Kwok 1975 ; Kozasa,
Hasegawa, & Seki or models that add pulsation and1984)
shocks et al. predict r~2 density(Bowen 1988 ; Suh 1990)
laws. These models show that dust grains are accelerated
relatively fast and approach and maintain terminal velocity
within Dust formation and growth timescales are3È5R

c
.

very short (about a week) compared with other timescales
typical in OH/IR star winds (e.g., et al. ThisSuh 1990).
burstlike grain formation implies a constant outÑow veloc-
ity for most of the dust shell. The modest departures from
constant velocity near found by et al. haveR

c
Suh (1990)

only minor e†ects on the emergent spectrum.
The dust condensation radius is about 2] 1014 cm(R

c
)

for typical OH/IR stars. At a typical expansion velocity of
10È20 km s~1, the lifetime of the thermal pulse (D500 yr)
corresponds to about 2 ] 1016 cm, or about Thus,100R

c
.

the region of enhanced mass-loss should be about 100R
cthick and travel out from the star with time. Given the

expected time between thermal pulses, at most only one
region of enhanced density should be within of the1000R

cstar at any one time. The dust distribution in OH/IR stars
beyond does not contribute signiÐcantly to the1000R

cinfrared spectral energy distribution and therefore has little
observable e†ect until the transition to a planetary nebula.
In planetary nebulae, optical images often reveal shells of
material far beyond van der Veen, & Balick1000R

c
. Frank,

Ðnd that multiple shells are typically separated by(1994)
approximately (2È30) ] 1017 cm, which corresponds to
dynamic timescales of (1È15)] 104 yr, comparable to the
theoretical thermal pulse interval (104È105 yr). The travel
time for dust to reach the outer edge of the shell at is1000R

cabout 5000 yr, which is comparable to the interval between
thermal pulses on the AGB. Thus, on average, there should
at most be only one discontinuity or density enhancement
in any OH/IR star shell, but we may expect that a signiÐ-
cant fraction of OH/IR stars have a discontinuity in their
dust shells if a thermal pulse is the cause of their high mass-
loss rates.

If a thermal pulse strongly e†ects the mass-loss rate from
the star, the dust density distribution will be di†erent from a
smooth radial distribution. illustrates a descriptionFigure 2
of the hypothesized density discontinuity that we will use in
the models. The radial density distribution is still an r~2
power law, except for an abrupt elevation of the density in
the region of the superwind. The controlling parameters for
this enhancement are its inner and outer radii, andR1 R2,and the factor by which the density is enhanced over the
distribution for the rest of the shell (i.e., 10], 20], etc.).
Initially, a 10] enhancement of the mass-loss rate will
produce a narrow region of enhanced density at the inner
boundary of the shell. The leading edge of this enhancement

will travel out into the shell with time. The radial thick-(R2)ness of the region of enhanced dust shell density will con-
tinue to grow until it is thick, at which time the100R

csuperwind stops and the inner edge begins to move out(R1)in radius as well. The total mass ejected by a thermal pulse
is to be conserved ; hence, the density falls as r~2 as it moves
outward. The controlling parameter for any speciÐc shell
model, the optical depth at 9.7 km, is the total line-of-sight
optical depth through all portions of the shell.

The actual density law within the enhancement itself may
be more complicated than the r~2 law in our model (Fig. 2).
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FIG. 2.ÈThe radial form of the dust density enhancement

The boundary may not be sharp, and the density within the
enhancement may reÑect some of the variations seen in
hydrodynamic models (e.g., & Wood WeVassiladis 1993).
Ðnd that our model results are primarily sensitive to the
optical depth through the density enhancement and the
radial location of the boundaries of the enhancement. Our
model spectral energy distributions are largely insensitive to
the details of the boundary of the density enhancement or
Ñuctuations in the density law between these boundaries.
The density distribution in the superwind enhancement
could be predicted with far more detail using sophisticated
hydrodynamic models, including shocks, formation and
destruction of molecules and dust, etc. But this is beyond
the scope of this work.

When such steep density gradients are imposed, there
need to be enough radial grid points to achieve rapid con-
vergence for the model and accuracy in Ñux conservation. If
the grid point spacing in the interior of the shell is uniform
in log r (as is typical in these models), then the density
discontinuity takes place between two adjacent grid points.
This produces a temporary departure from constant Ñux
(which must be preserved) at the boundaries of the enhance-
ment. By adding several more grid points between the two
original grid points and slightly smoothing the discontin-
uity, a much smoother average Ñux distribution can be
obtained. That is, the density contrast still takes place over
the same physical distance as the simple grid point distribu-
tion but can be described in much Ðner detail at the two
discontinuity boundaries. We have tested many di†erent
radial grid point distributions and compared the results.
Perhaps surprisingly, the di†erent models with the same
density enhancement in physical radius give almost the
identical outgoing energy spectra, regardless of the detail
imposed on the grid point distribution at the discontinuity
boundaries. This lends conÐdence that our models with the
sharp discontinuity are physically realistic.

2.3. General Model Characteristics
shows the results for a series of models with theFigure 3

same optical depth The conventional model cor-q9.7 \ 15.
responds to a continuous r~2 density distribution. For each

FIG. 3.ÈSuperwind model results with di†erent locations for the dis-
continuity.

superwind model, the density enhancement spans a thick-
ness of (or less if the superwind phase has just started)100R

cand has the same density contrast of a factor of 10 at the
boundaries of the enhancement. The four superwind models
di†er only in the radial location of the enhancement in the
shell. Note that since all of these models have the same
optical depth, the presence of a density enhancement
reduces the amount of dust outside the enhancement rela-
tive to the continuous model.

If the dust density enhancements begin at and end at1R
c(very early in a superwind phase), the model10È100R

cSEDs show less Ñux at far-infrared wavelengths than con-
tinuous models. If the density enhancement begins at large
radii, the models predict more far-infrared Ñux than the
conventional model. The farther is from the star, the lessR1the e†ect of the enhancement on the SED. This is due to the
fact that the fraction of the total optical depth to the star
contributed by the enhanced density region is progressively
smaller as the enhancement approaches the outer edge of
the model shell at Note that this is a very di†erent1000R

c
.

model than a detached shell used to model stars making the
transition from red giant to planetary nebula (e.g., &Volk
Kwok 1989).

The most dramatic departure from continuous models
takes place when the inner edge of the density enhancement

is placed close to the condensation radius within about(R1) The timescale for to be in this radial regime is10È30R
c
. R1only a few percent of the time between thermal pulses. Con-

sequently, the fraction of OH/IR stars with a superwind
region in their dust shell that is very close to the inner edge
of the shell will be very small, perhaps one in 100. If the
hypothesis of a superwind driven by a thermal pulse is
correct, the majority of OH/IR stars with density enhance-
ments in their dust shells will have an enhancement that
begins at radial distances of or more.100R

ccompares the results of three simple power-lawFigure 4
models (o P r~b) with b \ 1.5, 2 (the conventional model),
and three with our superwind models. Placement of the
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FIG. 4.ÈComparison of our superwind models with power-law models

density enhancement at small distances (R1\ 1R
c
, R2\

from the star has an e†ect similar to using a steep r~310R
c
)

density law. Movement of the density enhancement farther
from the star has an e†ect similar(R1\ 20R

c
, R2\ 120R

c
)

to using a more shallow r~1.5 density law. Steeper or Ñatter
power-law density distributions are in general not physi-
cally plausible. These density laws were explored by pre-
vious authors mainly because they Ðtted the observations
better than the r~2 law.

3. SPECTRAL ENERGY DISTRIBUTION COMPARISON

For modeling, we have selected Ðve OH/IR stars covering
a wide range in optical thickness for the dust shell as repre-
sentative of our results. These stars are IK Tau, which has a
relatively thin dust shell, NV Aur, with a moderately thick
dust shell, OH 26.5]0.6 and OH 32.8[0.3, with a very
thick dust shell, and OH 21.5]0.5, with an extremely thick
dust shell. In all cases the possibility of interstellar absorp-
tion has been ignored (but see & GehrzJones 1990).

Results of the model calculations (lines) superposed on
observational data (symbols) for IK Tau and NV(q9.7 \ 1)
Aur are shown in Figures and respectively.(q9.7 \ 3) 5 6,
Both are well Ðtted by a conventional r~2 power law for the
shell density distribution. Although these stars are consider-
ably dustier than the optically discovered classical Mira
variables, they do not have mass-loss rates as high as the
very dusty OH/IR stars, such as the radio-luminous OH/IR
(RLOH/IR) stars It is probable they have not(Jones 1987).
yet had a superwind episode ; consequently, they show no
evidence of a density enhancement in their SEDs. This does
not preclude other OH/IR stars with modest dust shells
from having a density enhancement in their shells.

The results of the model calculations (lines) superposed
on observational data (symbols) for the next three stars, OH
26.5]0.6 OH 32.8[0.3 and OH(q9.7 \ 15), (q9.7\ 15),
21.5]0.5 are shown in Figures and(q9.7 \ 30), 7, 8, 9,
respectively. These three stars are examples of the very
dusty RLOH/IR stars. Note that the 100 km Ñuxes for all

FIG. 5.ÈConventional model results compared with observations of IK
Tau.

three stars and the 60 km Ñux for OH 32.8[0.3 are upper
limits. These stars have very thick dust shells and will lose a
signiÐcant fraction of their total mass in the approximately
104 yr they spend as RLOH/IR stars. The concept of the
superwind was originally developed to explain this class of
star, and they are the most likely candidates to have had a
superwind phase driven by a thermal pulse. Conventional
models provide a reasonable Ðt to the observations from the
near-infrared through the 9.7 km silicate absorption feature.
They do less well at longer wavelengths, and for OH
21.5]0.5 the conventional model does not reproduce the

FIG. 6.ÈConventional model results compared with observations of
NV Aur.
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FIG. 7.ÈSuperwind model results compared with observations of OH
26.5]0.6.

depth of the second silicate feature at 18 km very well.
Superwind models with an density enhancement starting at

do a better job of Ðtting the longer wavelength100R
cportion of the SED and do equally well in the near-infrared

and at 9.7 km.

4. COLOR-COLOR DIAGRAMS

Only a relatively small number of OH/IR stars have com-
plete or nearly complete SEDs. IRAS four-color photo-
metric data Point Source Catalog are available(IRAS 1986)
for 758 OH/IR stars Squeren et al.(Le 1992 ; Blommaert,
van der Veen, & Habing et al.1993 ; Chengalur 1993 ;

FIG. 8.ÈSuperwind model results compared with observations of OH
32.8[0.3.

FIG. 9.ÈSuperwind model results compared with observations of OH
21.5]0.5.

Chen, & Gao Ortiz, & EpchteinXiong, 1994 ; Lepine, 1995).
plots 475 OH/IR stars in an IRAS two-colorFigure 10 jFjdiagram using [60][ [25] versus [25][ [12]. Stars with

only upper limits at any wavelength were not used. The
small triangles are the observational data, and the lines with
large symbols are the model calculations for a range in dust
shell optical depth of In this diagram, di†er-q9.7 \ 0.01È40.
ences between the conventional model and the superwind
models are more pronounced. By placing a density
enhancement at various locations in the dust shell, portions
of the diagram that are inaccessible to the conventional
models can be covered.

Conventional models cannot extend much beyond the
central portions of the diagram, even with very high optical

FIG. 10.ÈLoci of superwind models in the IRAS two-color diagram
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depths Superwind models with a distant density(q9.7 \ 40).
enhancement produce redder (cooler) [60][ [25] colors
than can be achieved by the conventional model. Even at
optical depths as low as the superwind modelq9.7 \ 0.1,
with a 10] density increase beginning at produces100R

credder [60][ [25] IRAS colors. Superwind models with
within produce colors redder at bothR1 10È20R

c[60][ [25] and [25][ [12] for a given optical depth. In
general, our superwind models cover a larger portion of the
IRAS two-color diagram than conventional models alone.

Not all of our superwind models in are consis-Figure 10
tent with observed near-infrared continua and silicate
absorption features. This is true primarily for the model
with which produces a deeper silicate absorp-R1\ 10R

c
,

tion feature than usually observed. Also note that the super-
wind models with distant density enhancements that
reproduce very red colors have signiÐcant optical depths for
the inner portions of the shell. As mentioned in when the° 2,
density enhancement is well away from the condensation
radius, most of the optical depth for the shell is at the inner
radii. This will have implications for the model evolution of
a superwind event if time is wound back until the density
enhancement is in the inner positions of the dust shell.

5. TIME EVOLUTION OF THE SPECTRAL ENERGY

DISTRIBUTION

If a thermal pulse is the sole cause of the very high mass-
loss rates seen in the RLOH/IR phase of the evolution of an
AGB star, then the mass-loss rate should return to a lower
value when the superwind phase is over. As the superwind
enhancement moves out, its density will drop as r~2. Once
the superwind stops and the inner edge of the enhancement
moves out from the star, the contribution of the enhance-
ment to the total shell optical depth will drop very quickly.
The evolution of the optical depth of a dust shell with a
superwind is shown in as a function of the posi-Figure 11
tion of The superwind phase has a mass-loss rate 10R2.

FIG. 11.ÈEvolution of the total shell optical depth from the(q9.7)beginning of a superwind phase until the density enhancement(R2\R
c
)

reaches 1000R
c
.

times the quiescent phase and lasts long enough (about 500
yr) to produce an enhancement that is thick.100R

cImmediately apparent in is the fact that theFigure 11
transient superwind model cannot produce high shell
optical depths when the outer edge of the density enhance-
ment has moved much beyond In other words,100R

c
.

OH/IR stars with large shell optical depths must presently
be losing mass at high mass-loss rates. Any distant enhance-
ment from a previous superwind phase will change the far-
infrared colors, but the major fraction of the optical depth
must still be due to dust in the inner portions of the shell.
Either the star is currently in a second superwind phase
because of a thermal pulse, or the overall high mass-loss
rate is more ubiquitous and a product of some other mecha-
nism. In this view, the distant enhancement may still be due
to a past thermal pulse, but it would be on top of an already
high mass-loss wind.

shows the evolution of three superwind modelsFigure 12
in the IRAS two-color diagram. lists the change inTable 1
several physical parameters with time for these models. In
each case, the superwind was set to produce a tenfold
increase in the mass-loss rate for a time long enough to
produce an enhancement thick. The mass-loss rate100R

cthen returned to the preceding level as the enhancement
moved steadily farther from the star at the terminal wind
velocity. The three models are distinguished by a quiescent
phase optical depth of 3, or 15. Note that theq9.7 \ 0.1,
timescale along the model loci is not linear. Evolution in
IRAS colors is very rapid early in the superwind phase (Fig.
11).

The third model starts with a thick dust shell (q9.7\ 15)
already characteristic of a superwind phase and then adds
in a 10] superwind. Although this model seems to cover a
large portion of the IRAS two-color diagram as it evolves,
most of the early history of this model produces dust shells
with other characteristics that are not observed. Soon after
the superwind phase starts, the shell optical depth rapidly
approaches a value of and produces a silicateq9.7\ 150

FIG. 12.ÈEvolution of the colors for three superwind models in the
IRAS two-color diagram. The arrows point to the IRAS colors at the start
of the superwind phase. The models extend to approximately 5000 yr after
the onset of the superwind.
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TABLE 1

TIME EVOLUTION OF OPTICAL DEPTHS AND IRAS COLORS

q [25][ [12] [60][ [25]

TIMEa REGIONb q0\ 0.1 q0\ 3 q0\ 15 q0\ 0.1 q0\ 3 q0\ 15 q0\ 0.1 q0\ 3 q0\ 15

0 . . . . . . . . . . . . . 0.1 3 15 [0.43 [0.28 [0.057 [1.1 [0.98 [0.72
100 . . . . . . . 1È20 0.91 29 140 [0.41 [0.10 0.13 [1.3 [0.82 [0.31
500 . . . . . . . 1È100 0.99 30 150 [0.33 0.045 0.33 [1.2 [0.64 0.078
600 . . . . . . . 20È120 0.14 4.1 21 [0.24 0.22 0.32 [1.0 [0.83 [0.29
1000 . . . . . . 100È200 0.1 3.1 16 [0.47 [0.09 [0.017 [0.90 [0.83 [0.44
3000 . . . . . . 500È600 0.1 3 15 [0.54 [0.27 [0.064 [1.0 [0.90 [0.66

a The time (yr) after superwind enters into the inner edge of the dust shell.
b The region of the 10] dust density enhancement ; R1[ R2 (R

c
).

absorption feature far deeper than observed for any OH/IR
star.

6. DISCUSSION

Our dust shell models incorporating a past superwind
event Ðtted the SEDs of some OH/IR stars better than a
conventional r~2 density distribution. This is particularly
the case for the very dusty RLOH/IR stars with excess
30È100 km emission and deeper 18 km absorption com-
pared with the conventional model. For these stars, a super-
wind model with a density enhancement at large distances
from the star, 100 or more times the condensation radius,
will produce the extra far-infrared emission. It will also
improve the model Ðt in the vicinity of the 18 km silicate
absorption feature. Di†erences between superwind models
and the conventional model are often not very great. In
most stars, the best-Ðt superwind model was nearly identi-
cal to the conventional model at most wavelengths.

If we take the superwind model in its simplest form, some
problems in interpretation arise. If OH/IR stars have rela-
tively low mass-loss rates between thermal pulses (\10~5

yr~1), then mass-loss rates a factor of 10 or more higherM
_([10~5 yr~1) will take place only during the super-M

_wind phase. In the early stages of the superwind, in which
the density enhancement is just beginning to travel into the
dust shell, the model SEDs do not resemble the SEDs of
typical OH/IR stars. This is a very short period of time
(D100 yr) and may be too rare to be observed in a signiÐ-
cant number of sources. Well into the superwind phase, but
before the superwind stops, the models closely resemble
conventional models. This is expected, since the superwind
density enhancement is thick, and if it extends from100R

cit closely mimics a conventional model.1È100R
c
,

For the very dusty OH/IR stars that are well Ðtted by a
superwind model with a distant density enhancement, their
large optical depths are indicative of an ongoing superwind.
In other words, the density enhancement would have to be
on top of what already amounts to a very high mass-loss
wind. This would make the e†ects of a thermal pulse some-
thing of a ““ super superwind ÏÏ and suggests some other
underlying mechanism for the formation of the very thick
OH/IR star dust shells. Unfortunately, the evolution of the
SED of a star with a superwind phase on top of a very high
quiescent mass-loss rate passes through several phases that
are not observed in any known OH/IR star. For example, if
the quiescent optical depth is then as the super-q9.7\ 10,
wind phase progresses, the optical depth increases to a
value of approximately 100 within a few hundred years.
These extreme optical depths are not observed. Soon there-
after, the superwind stops and the optical depth of the dust

shell very rapidly returns to the quiescent optical depth, but
now with density enhancement well out into the shell.

This later phase, which lasts for several thousand years,
best represents the superwind models that match the SEDs
of the RLOH/IR stars. This phase lasts for about 90% of
the duration of the superwind event (i.e., out to It is1000R

c
).

possible that we have missed the RLOH/IR stars that are in
the Ðrst few hundred years of a superwind event, when the
shell structure is so peculiar. First, not all RLOH/IR stars
would necessarily have a superwind event located within

Second, less than one in 10 of those that do would1000R
c
.

be in the early phase with a very peculiar density distribu-
tion. Moreover, if optical depths of or more areq9.7\ 100
actually achieved, then the star may be completely invisible
at all but far-infrared wavelengths for much of this early
phase.

In addition to theoretical predictions of transient high
mass-loss winds as a result of a thermal pulse, the obser-
vations of shells around planetary nebulae were another
major motivation for developing our superwind models.
According to our results, the e†ect of the superwind are
probably more prominent in the planetary nebula stage, in
which past enhancements to the mass-loss rate are shocked
from the inside by the fast wind or well illuminated by the
planetary nebula nucleus. The optical image of multiple
shells may unveil the past history of the superwinds better
than the SED of the star when it is a dusty AGB star.
Nonetheless, these shells must have had their root in the
AGB phase.

7. CONCLUSIONS

1. We have successfully modeled the dust shells around
oxygen-rich AGB stars with the inclusion of a strong
density enhancement in the radial density distribution. This
density enhancement is intended to represent the e†ects of a
superwind phase in the mass loss caused by a thermal pulse
in the helium-burning shell of the star.

2. The SEDs of two dusty stars with low to moderate
optical depths in their shells in general did not(q9.7\ 3)
beneÐt from a superwind model. A conventional r~2 density
distribution Ðtted the SEDs of these two stars just as well as
our superwind models.

3. The SEDs of three very dusty RLOH/IR stars (q9.7[
3) are better Ðtted by our superwind models. The superwind
models that best Ðtted these optically thick dust shells have
the density enhancement well out from the star. These
models produce more far-infrared emission and deeper 18
km absorption than conventional models. These models
also cover a much wider range in observed IRAS 12, 25, and
60 km colors than is possible with conventional models.
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4. Optically thick superwind models with a distant
density enhancement present a difficult conceptual
problem. Because the density enhancement from a past
superwind event has moved well away from the star, its
contribution to the total optical depth of the shell is very
small. This means that the very dusty OH/IR stars must
have very high mass-loss rates independent of a superwind
phase that was caused by a thermal pulse.

5. If this past superwind is extrapolated back to times
just after the onset of the superwind, extremely high optical

depths and very peculiar SEDs are predicted by the models.
This early phase for a superwind that begins on top of an
already very high mass-loss wind is not observed. It is pos-
sible that the combination of the relatively short timescales
and high optical depths characteristic of this phase makes
stars in the phase difficult to detect.

This study was supported by the Korean Ministry of
Education through the Research Fund.
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