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Abstract. The optical properties of circumstellar silicate dust grains around oxygen-rich giant stars are
investigated with close attention to infrared observations of OH/IR stars. The optical constants are deduced
from available astronomical and laboratory data. The deduced opacities at longer wavelengths (4 = 12 pm)
for OH/IR stars are higher than the one for M-type Miras possibly because of the change of optical constants
depending on temperature of dust grains. Absorption and scattering efficiencies are evaluated for various
grain size distributions and shapes. The results of detailed radiative transfer model calculations based on
our dust parameters are compared with observational data. The Planck mean values incorporating substan-
tial far-infrared absorption are also calculated.

1. Introduction

Infrared observations of M-type Miras and OH/IR stars suggest the presence of silicate
dust grains in the outer shells around them. The typically show 9.7 um and 18 um silicate
features. The M-type Miras show emitting 9.7 pm and 18 pm features, while OH/IR
stars which have thicker dust shells show absorbing features at the same wavelengths
(e.g., Engels et al., 1983). The 9.7 pm feature is interpreted as stretching vibrations of
the Si-O bond (Woolf and Ney, 1969) while the 18 pm feature is interpreted as bending
vibration of the bond angle in O-Si—-O group (Treffers and Cohen, 1974). But the
chemical composition and structure of the condensate are not well known since the two
features only refer to a special active group which is present in many different materials.

Using mainly the classical nucleation theory, dust formation processes are inves-
tigated, in a steady state (e.g., Yamamoto and Hasegawa, 1977) and in the expanding
gas flow (Deguchi, 1980; Kozasa et al., 1984; Papoular and Prégourié, 1986; Suh,
1988). Given the fundamental stellar parameters and a constant mass loss rate, the
theory yields the grain size and grain formation time-scale as well as the dust and gas
densities and velocities.

A number of authors have investigated the optical properties of silicate dust grains
(Jones and Merrill, 1976; Draine and Lee, 1984 ; Prégourié and Papoular, 1985; Bedijin,
1987; Volk and Kwok, 1988) with various assumptions on input parameters and degrees
of sophistication. The opacity pattern appears to be different for Miras and OH/IR stars
with the same other input parameters as Bedijin (1987) and Volk and Kwok (1988)
mentioned. We may have to assign different opacity pattern for each object. But there
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is a tendency which suggests that the difference is due to the different amount of cold
dust grains. In this work we have deduced the best-fitting opacity pattern and optical
constants for extreme 2 cases: M-type Miras and OH/IR stars. They are obtained from
laboratory and observational data after detailed radiative transfer model calculations.
Keeping in mind the results of stellar wind models and pulsation-shock models, we
suggest a model parameter for the structure of the dust shells.

Our work is different from recent previous work in the following aspects. The present
work is to concentrate on optical properties, so our radiative transfer calculations are
much more accurate than Bedijin’s (1987); the scattering is considered, 70 wavelength
and 125 radial grid points are used. Using finer wavelength grid points suggests the
better and more reliable comparison with observations. In comparing our models with
observations, we concentrate on some well observed objects to test the fitting in detail.

2. Optical Constants, Efficiencies

One way to find the relevant sets of optical constants for circumstellar dust grains is
to solve the radiative transfer problem for typical models and compare with observations
when we know the appropriate stellar and dust shell characteristics. After many trials,
we have found a good opacity pattern which fits better with observations, but does not
stray too far from the known characteristics of silicate materials. In this section we
discuss the optical properties based on optical constants deduced from model fitting.
We will discuss the results of model calculations in the next section.

The optical depth can be expressed as 7, = | a, dz, where the extinction coefficient
;18 o, = N, Q. s7a”, where N, is number density of dust grain; a, the radius of grain.
Q... 1s the extinction efficiency factor which has two terms: Q.,, = Qsca + Qabs» Where
Q... 1s the efficiency factor for scattering and Q,,, is the efficiency factor for absorption.
The radiation pressure efficiency factor Q,, is defined as Q,, = Q.. — GQy.., Where
G = {cos ) is the anisotropy factor and @ is the angle between the incident wave and
the scattered wave.

TABLE I

Text. 2/ Text, 9.7 um (alDedo) for astronomical silicate

A Suh Volk and Kwok Draine and Lee Jones and Merrill
(this paper) (1988) (1984) (1976)
1 2 (0.17) 1.5 0.85 (0.62) 2 (0.21)
5 0.13 0.27 0.08 0.273
7 0.1 0.2 0.08 0.22
12 0.17 0.3 0.43 0.25
18 05 [0.7]7 0.5 0.36 0.5
27.5 0.174 [0.273]2 0.21 0.16 0.466
40 0.075 [0.122]* 0.13 0.076 0.0726
100 0.01 [0.02]* 0.04 0.01 0.0034

2 For absorbing features (OH/IR stars).
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For given characteristics of the dust material, namely optical constants at given
wavelength and the size or size distribution of the grains, optical efficiency factors are
calculated by using the Mie theory. We have used a computer subroutine program which
has been developed by Bohren and Huffman (1983) and modified by us to include the
anisotropy factor (G) which is useful for calculating radiation pressure efficiency factors.

After comparing our model calculations with observations, we have made the opacity
patterns which fits observations well. The opacity pattern we find for M-type Miras
(which show emitting features) is similar to that of previous work (Jones and Merrill,
1976; Volk and Kwok, 1988); this fits observations of Miras fairly well. But for OH/IR
stars which show absorbing features we have significantly modified the opacity pattern;
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Fig. 1. Optical constants of silicate dust grains deduced for M-type Miras and OH/IR stars.

© Kluwer Academic Publishers * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1991Ap%26SS.181..237S&amp;db_key=AST

N&SS_T81; _Z37S0

rT991A

240 KYUNG-WON SUH

we need higher opacities at longer wavelengths (A = 12 pm) to reproduce the obser-
vational data. Table I lists the choices of opacity pattern. =

The optical constants (n, k) are parts of index of refraction (m = n + i- k). In the limit
of very small grains, the spectral profile of the absorption and extinction efficiencies are
independent of grain size but simply related to the imaginary index of refraction k
(Prégourié and Papoular, 1985). So we have used laboratory values of » for a typical
candidate material Mg,Si0,. Day’s (1979) values for 4 = 8-30 um and Day’s (1981)
values for A = 30—-100 um are used for », and k is deduced from fitting. For shorter
wavelengths, we adopted similar values to those of Draine and Lee (1984) smoothly
joined to our values at longer wavelengths.
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Fig. 2. Absorption and scattering efficiency factors for various spherical grain radius. The optical constants
for OH/IR stars are used.
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Figure 1 shows the optical constants we deduce for M-type Miras and for OH/IR
stars. Figure 2 shows the absorption and scattering efficiency factors for various spheri-
cal grain sizes (radii) in the case of OH/IR stars.

The reason why we had to use different opacity pattern for the objects with thicker
dust shells (that shows absorbing features) may be found from experiments. Day
(19764, b) found that extinction efficiency is dependent on temperature. The results
show that:

Temperature (K) 100 200 400
Qexe (20 pm)/ Q.. (10 pm) 0.72 0.63 0.5

Namely, when cooled down below about 200 K, the extinction efficiency at 20 pum
increases while the extinction at 10 pm remains essentially unchanged. The reason for
this change could be due to the change of optical constants depending on the tempera-
ture of dust grain. The OH/IR stars have more cold material which contribute to the
emergent spectra than Miras, and that could be the reason for having the characteristics
at cold temperature. Jones and Merrill (1976) argued that a large optical depth at 9.7 um
in dust colder than about 250 K (or 125 K) is ordinarily required to produce 9.7 um (or
18 pm) feature significantly in absorption.

Prégourié and Papoular (1986) found the need to have different opacity pattern
depending on the location of the contributing dust grains to the emergent spectra and
argued that the difference could be due to different grain materials or grain sizes for
emitting and absorbing features. But the suggestion of different grain sizes does not
appear to contribute the phenomena because different grain sizes do not change
Q. (20 pm)/Q,,, (10 pm) even though bigger grains have higher opacity at wider wave-
length range.

Figure 3 shows the efficiency factors for spherical and infinite cylindrical silicate
grains in the case of OH/IR stars. For absorption, the average values for cylindrical
grains does not stray far from that of spherical grains. Our assumption of spherical
grains in circumstellar shells is not very unrealistic when we are mainly concerned on
absorption at infrared wavelengths.

3. Model Fitting with Observations

Dust grains in the outer shell absorb and scatter the stellar radiation and re-emit it at
longer wavelengths. For given characteristics of the central star and the dust shell
around it, we may find the emergent spectra by solving the radiative transport problem
and compare the results with observation. We may check whether our modeling is
accurate or not and find ways to improve our input parameters. We have used Leung’s
radiative transfer code (Egan et al., 1987). The theory behind this code is explained in
Leung (1976). In the present calculations, a radial grid of 125 points and a frequency
grid of 70 wavelengths were used.

We have adopted the optical constants as presented in the last section. For grain size,
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Fig. 3. Absorption and scattering efficiencies for a sphere and an infinite cylinder with the same radius of
0.1 pm. The z-axis of the cylinder is parallel and perpendicular to incident beam. The optical constants for
OH/IR stars are used.

a Gaussian distribution with peak radius of 0.1 pym and mean deviation of 0.05 um has
been used. According to classical nucleation theory, the final grain size is calculated to
be about 0.1 pm and dust formation and growth time-scale is very short (about a week)
compared with other time-scales for typical OH/IR stars’ environment (e.g., Suh, 1988).
This burst-like grain formation suggests overall constant flow (i.e., the density distribu-
tion is p(r)oc r~2).

Figure 4 shows the absorption and scattering efficiency factors versus wavelength;
this has been used for all of our model calculation for M-type Miras and OH/IR stars.
We find that using Gaussian distribution does not make much differences except at
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Fig. 4. Absorption and scattering efficiencies for Gaussian size distribution (peak radius = 0.1 pm; mean
deviation = 0.05 pm). This is used for the model calculations for M-type Miras and OH/IR stars.

short wavelength (4 < 3 pm) compared with the result for single size. For dust density
distributions, we have used a simple power law (p oc r ~#) with s from 1 to 3. The dust
condensation temperature (7,) is assumed to be 1000 K ; dust condensation radius (R,)
is obtained after a few trials. The outer radius of the dust shell is always taken to be
1000 R..

Werner et al. (1980) argued that a flatter density distribution fits better for dust-thick
OHY/IR stars with their choice of opacity pattern. Their opacity which is similar to our
opacity for Miras was too low at 4 > 12 pm to reproduce 18 pm absorption feature (we
need 74 ,, = 40 to reproduce 18 um absorption feature with f = 2!), so smaller
produces more flux at A > 12 pym and the 18 pm absorption feature. But we find that
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the dust density distribution is likely to be p(r)oc r 2. With =1 to 1.5 we can
reproduce deep 18 um absorption feature even with 15 ; ,,, = 5 but unreasonably exces-
sive flux in the far infrared was unavoidable (Suh, 1988). After doing hundreds of
calculations with various fs and other parameters we find that 8 = 2, i.e., p(r) oc r~ 2 fits
observations best using properly chosen opacity pattern as discussed in the last section
and other parameters.

Either a radiation pressure model (Kwok, 1975; Kozasa et al., 1984) or a pulsation-
shock model (Bowen, 1988) for the stellar winds predicts overall constant outflow. The
results show that dust grains are accelerated relatively fast and approach and maintain
terminal velocity within 3-5 R_. Therefore, they predict overall constant outflow
velocity, namely, overall density distribution should be p(r) oc ¥~ >. Suh ez al. (1990) finds
that the change of dust density distribution for small inner portion (r < 5 R_) does not
make much differences in emergent spectra. Therefore, we assume that the density
distribution is p(r) oc r~ 2 throughout this work.

Figure 5 shows the results of model calculations for typical M-type Miras. The scale
of AF, is arbitrary. The input parameters are:

dust parameters: 7(at A =9.7pum) = 0.02, 0.25, 1;
stellar parameters: T,=3000K, L,=1x10"Lg.
E T T T T T T N ¥ T T rT:
Stellar Flux  ----- 7=0.02
---7=0.25
—T=1 1
3 :

Lol L L P S S |

5E—1 1 10 100

Wavelength (pm)

Fig. 5. The results of model calculations for M-type Miras with various optical depths at A = 9.7 pm.

The height of emission features at 9.7 ym and 18 um are compared with observations.
The value of (AF;)s7 um/(AF;)1 um 18 about 4.2 (for 75,,, = 0.02) to 3.5 (for
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To.7 um = 0.25). The typical observed values for Miras which show 9.7 um and 18 pm
emitting features range from 5.8-3.5 (e.g., Bedijin, 1987). When we use the opacity
pattern chosen for OH/IR stars, the calculated value is from 3.5 (for 7, ; ,,, = 0.02) to
2.8 (for 197 ,,,m = 0.25) which is about 17-20%, less than for the case of Miras. So we
need small value of Q. ,, (18 um)/Q.,, (9.7 pm) for Miras; it should be around 0.5 rather
than 0.7 which is for OH/IR stars.

Figure 6 shows the results of model calculations for dust thick OH/IR stars. The scale
of AF, is arbitrary. The input parameters are:

dust parameters: t(at A =9.7 um) = 15, 27, 35;
stellar parameters: T,=2200K, L ,=1x10"Lg.
% - Stellar Flux  ----- T7=15 3
r ---7=27 1
—T1=35
a
< F
[z,
f< E
1 10 100

Wavelength (um)

Fig. 6. The results of model calculations for OH/IR stars with various optical depths at A = 9.7 um.

The results show clear 18 pm absorption feature. Volk and Kwok (1988) could not
reproduce the 18 um feature reasonably because they used an unsuitable opacity
pattern. We find that our results closely resemble to typical observations (Herman et al.,
1984; Engels et al., 1983) and we will closely examine the fitting with observations for
typical OH/IR stars.

Figure 7 shows the dust temperature distribution for various optical depths
(9.7 um = 0.02 for Miras, and 74, ,,, = 8, 35 for OH/IR stars). Note that the dust
temperature drops below 200 K by 10 R, well before optical depth unity to the outer
edge of the shell is reached at 18 um for typical OH/IR stars. This suggests that an
improved fit can be obtained if the temperature dependence of the opacity is explicitly
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Fig. 7. Dust temperature distribution for various optical depths at A = 9.7 um.

taken into account, rather than setting the dust absorption coefficients the same every-
where in the shell especially for OH/IR stars.

Figure 8 shows the results of calculations for OH 39.7 + 1.5 superimposed on obser-
vational data (filled triangles: Merrill and Stein, 1976; open diamond: Herman et al.,

A T,

.
| L 1 s

1 10 100
Wavelength (um)

Fig. 8. The result of model calculation (solid line) superimposed on the observational data for
OH 39.7 + 1.5 (symbols).
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1984; filled circles: IRAS, 1986). The scale of AF, is arbitrarily chosen to be compared
with observations. The input parameters are:

dust parameters: t(at A=9.7um) =8,
stellar parameters: T,=250K, L,=1x10"Lg.

Figure 9 shows the results of the model calculations at three pulsation phases (3 lines)
superimposed on observational data (symbols) for OH 26.5+0.6. Table II lists the
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£ A ]
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\
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e
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Fig. 9. The results of model calculations for OH 26.5 + 0.6 at 3 phases of pulsation (3 lines) superimposed
on observational data at three phases (symbols).

TABLE 1I
Adopted parameters for OH 26.5 + 0.6 depending on the phase of pulsation

Parameter Pulsation cycle phase

Minimum Intermediate Maximum
L, (Ly) 1 x 10* 1.8 x 10* 3x10%
T, (K) 2000 2200 2400
R, (Ry) 846 938 1017
R. (Ry) 5100 6650 8645
7 (A =9.7 um) 22 16.3 13
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input model parameters. Observational data for minimum (open circles) and inter-
mediate (filled circles) phases are from Forrest ef al. (1978) and for maximum phase
(open triangles) from the light curves of Suh (1988) and Kleinmann et al. (1981). Our
opacity pattern deduced for OH/IR stars fits observations fairly well. Thus, a simple
change in the dust condensation radius with change in stellar luminosity is adequate to
explain the spectrum of OH 26.5 + 0.6 at all phases including the change of the 9.7 um
absorption depth. Suh et al. (1990) modeled the dust shell around OH 26.5+ 0.6 in
detail depending on the phase of pulsation incorporating the results of pulsation-shock
model calculations by Bowen for the object (see Bowen, 1988, for outline of his
pulsation-shock model). Ideally, we may use the temperature-dependent opacity pattern

10 ¢ ——— ey S — ———r

< Qabs)

1E-5 e S

10 100 1000 1E4
Temperature (K)

Fig. 10. Planck mean factors for various grain sizes. The optical constants deduced for OH/IR stars are
used.
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in model calculation which is beyond the scope of this work. That could significantly
improve the fitting especially in the far-infrared. -

4. Planck Mean Factors

The analysis of dust grains in the circumstellar envelope requires a knowledge of the

Planck mean absorption cross-section of the grians for estimating the grian temperature,

and of the Planck mean radiation pressure cross-section of the grains for estimating the

dynamical effects of the grains. The Planck mean values are important for making a new

pulsation-shock model which includes the dynamics of dust (e.g., Bowen, 1988).
Planck mean of some function X (a, 4) is given by

(X(a,T)) =15 (_hc_)“ j’OX(a A3 |:exp (ic_) - l}—l dA
’ kT ’ AT ’
0

where T is the temperature. Figure 10 shows the result for various grain sizes. Our result
is qualitatively similar to Gilman’s (1974) result, but values are significantly different at
low temperatures. At lower temperatures, our Q,,, and Q,, are larger than Gilman’s.
That is because we used the optical constants which includes the substantial absorption
in the far infrared. But at higher temperatures they are not very different.

5. Discussion

In this paper we have presented the possible opacity patterns for OH/IR stars and
Miras. We cannot judge whether the difference is due to different grain material (e.g.,
amorphous grains) or temperature effect of the same grain material confidently. If the
opacity is temperature-dependent, different opacity patterns should be used depending
on the temperature of the dust grains in the shell. So it could be meaningless to define
the opacity patterns for one object and another. If we assume that as Miras evolve up
to dust-thick OH/IR stars the same dust grain material in the outer shell is just adding
up, the grain material should show the temperature effect of opacity without changing
its basic structure. Blanco et al. (1988) have found the similar temperature effect of
opacity for hydrogenated amorphous carbon and polycyclic aromatic hydrocarbon
molecules.

The experimental data are lacking, though it gives the important clue that opacity is
dependent on temperature. Ideally we could use temperature-dependent opacity in
radiative transfer calculations. That would give an crucial clue to solve the present
problem. We expect more experiments to clarify the temperature effect of grain
properties. We plan to develop the radiative transfer calculation routine that is properly
dealing with the temperature effect of grain opacity.
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