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ABSTRACT 
We have modeled the infrared emission of a sample of 24 OH/IR stars deriving the properties of circumstel- 

lar dust and mass-loss rate of the central star. Our results show that for some sources the observations of the 
far-infrared emission is well fitted with a 2-1 law, while some have a steeper index of 1.5. At 60 jum, this 
corresponds to k60 of 240 and 160 cm2 g_1 for the former and latter, respectively. For a few sources, detailed 
studies of the observed 10 jum feature suggest the presence of circumstellar ice grains. Dust mass-loss rates 
have been determined from detailed studies for all the stars in this sample. They range from 6.0 x 10“10 M0 
yr“1 for an optically visible Mira to 2.2 x 10“6 M0 yr“1 for a heavily obscured OH/IR star. These dust 
mass-loss rates are then compared to those calculated from IRAS photometry using 12, 25, and 60 jum fluxes. 
The dust mass-loss rates are also compared to gas mass-loss rates determined from OH and CO observations. 
For stars with tenuous shells, a dust-to-gas ratio of 0.001 is obtained. For heavily obscured stars, however, 
both OH and CO seem to underestimate the mass-loss rate considerably. This may be due to a recent (<102 

yr) enhancement in mass-loss rates. 
Subject headings: dust, extinction — radiation mechanisms: thermal — stars: giant — stars: mass-loss 

1. INTRODUCTION 

The last stages of evolution of low-mass (<8 M0) stars is 
governed by mass loss (de Jong 1983; Iben & Renzini 1983, 
and references therein). Observations with the Infrared Astro- 
nomical Satellite (IRAS) have revealed a great deal on stellar 
mass loss during these phases. Thousands of stars were 
observed to have infrared excess, due to circumstellar dust 
which forms in the outflow of the stars on the Asymptotic 
Giant Branch (AGB). Circumstellar dust can be used to class 
stars into two groups according to the relative abundances of 
carbon and oxygen. For carbon-rich stars, the low-resolution 
spectrometer (LRS) spectra show a feature at 11.3 jum due to 
SiC, while oxygen-rich stars have signatures of silicate at 9.7 
and 18 ¡um. 

Wilson & Barrett (1968) reported the first detection of OH 
masers toward many infrared sources which were identified as 
long-period variables. The OH maser is pumped by infrared 
emission from the circumstellar dust shell (Elitzur, Goldreich, 
& Seo ville 1976). Systematic surveys have revealed that OH 
maser emission is a common phenomenon for AGB stars (e.g., 
Bowers 1978; Baud et al. 1979; te Lintel Hekkert et al. 1989) 
These OH/IR stars are in the last stage of stellar evolution 
when mass is being lost at a very high rate. The central stars of 
many of these objects cannot be seen due to the thick circum- 
stellar envelopes. However, studies of the infrared emission of 
these dust shells are valuable in understanding the nature and 
evolution of these sources. In particular, the mass-loss rates 
and the properties of the circumstellar dust can be determined 
this way (e.g., Rowan-Robinson & Harris 1983; Bedijn 1987; 
Kwok 1988). 

Here we report the results of an analysis of the infrared 
emission from a sample of OH/IR sources associated with 
AGB stars, which span a wide range in properties of the cir- 

1 NASA Ames Research Center, MS 245-3, Moffett Field, CA 94035. 
2 University College London, Department of Physics and Astronomy, 

Gower Street, London WC1E 6BT, England, UK. 

cumstellar shell. The details of the method are presented in § 2. 
The results of detailed model fits to the observed infrared emis- 
sion are presented in § 3. The derived dust mass-loss rates are 
compared to those determined from other methods, as well as 
gas mass-loss rates in § 4. Finally, the conclusions are sum- 
marized in § 5. 

2. PROCEDURE 

2.1. Radiative Transfer Code 
The program used to calculate the emergent flux from a star 

is described in full by Haisch (1979). It solves radiative transfer 
through a spherically symmetric dust shell using a generalized 
two-stream Eddington approximation. The code can accom- 
modate multiple grain sizes and multiple grain components. In 
this scheme, a circumstellar envelope is divided into many thin 
shells, and the emergent flux is calculated through each radius, 
taking into account the effects of nonisotropic scattering, 
absorption, and thermal reemission. The code solves for the 
radiation field by an iterative method, with each iteration 
leading to a new temperature distribution for each grain size 
throughout the shell which is consistent with the radiation 
field. Such a calculation for a two-grain model has been done 
for the carbon-rich star, IRC +10216 (Griffin 1990) where the 
two components are silicon carbide and amorphous carbon. 
For the oxygen-rich stars modeled in this paper, the grains 
used are silicate and silicate core-ice mantle grains. The 
numerical calculations included 20 grain sizes ranging from 
0.005 to 0.25 /mi, 80 frequency points, and up to 400 radial grid 
points for a very optically thick dust shell. 

2.2. Grain Parameters 
Optical constants for silicate grains have been given by 

Draine & Lee (1984). However, we have replaced the 10 jum 
feature using the results from Kratschmer & Huffman (1979) 
because it provides a better fit to the observed spectra. Mie 
theory was used to calculate the extinction coefficient, ß(ext), 
at each wavelength, together with the albedo and phase func- 
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MASS LOSS FROM OH/IR STARS 401 

Fig. 1.—Adopted extinction coefficients for silicate grains for three sets of models with the index for far-infrared efficiency, p = 1. (a) For OH 26.5 + 0.6; (b) for 
AFGL 230; (c) for the rest of the stars. Peak strength of 20 :10 pm is 0.8 for (a) and (b) and 0.5 for (c). 

tion (van de Hulst 1981). The 10 fim feature was scaled to a 
ratio of 20:10 fim peak extinction of 1:2 (see Bedijn 1987). In 
two cases, AFGL 230 and OH 26.5 + 0.6, the shape of the 10 
jum feature required further modification. This was done by a 
trial-and-error procedure. The extinction efficiencies for differ- 
ent models are shown in Figure 1. The adopted 10 //m peak 
absorption strength is 2200 cm2 g1. 

We have adopted the interstellar grain size distribution 
(Mathis, Rumple, & Norsieck 1977, hereafter MRN) 

n(a)da = Aia~<zda , (1) 

where A, = 10-2511 cm2,5 H~1 for silicate grains (Draine & 
Lee 1984), a is the radius of dust grains, and a = 3.5 for 
0.005 > a > 0.25 fim. Biermann & Harwit (1980) suggested 
that the same grain size distribution law also applied in the 
case of circumstellar grains. Griffin (1990) showed that varying 
grain size mainly affects the near-infrared fluxes but has little 
effect on the emergent fluxes in the mid- and far-infrared. Thus, 
we assume that the index of the grain size distribution remains 
constant. 

Anticipating that the far-infrared observations are not well 
fitted by Draine & Lee’s optical constants, we have assumed 
that the extinction efficiency follows a power law 

g(ext) oc À~p , (2) 

where p = 2 for crystalline material and p = 1 for amorphous 
layer-lattice material (Tielens & Allamandola 1987). 

2.3. Silicate Core-Ice Mantle Grains 
Some late-type giants show a prominent absorption feature 

around 3 pm, attributed to the OH stretching mode in water- 
ice (Gillett & Forrest 1973; Merrill & Soifer 1974; Roche & 
Aitken 1984; Forveille et al. 1987). These objects also show 
structure in their 10 pm silicate feature due to the H20 libra- 
tion mode. Close inspection of IRAS LRS spectra revealed that 

some stars in our sample also exhibit a broad 10 pm feature, 
possibly due to the presence of water-ice. This ice is expected to 
condense onto silicate cores, forming a grain mantle when the 
latter has cooled to a temperature of about 150 K. Aannestad 
(1975) has studied the optical properties of silicate core-ice 
mantle grains which showed a very prominent absorption at 
3.1 pm. However, the optical constants used were of crystalline 
material. Here, the calculation is made using the previously 
described silicate properties (§ 2.2) and amorphous ice optical 
constants (Leger et al. 1983). The radius of the coated grain, am, 
is given by 

am = ac + Aa , (3) 

where ac is radius of the silicate core and Aa is the thickness of 
the ice mantle. In this case, the core size follows the MRN grain 
size distribution. For a grain mantle grown by accretion, the 
mantle thickness will be independent of the core size 
(Pendleton 1987), and we adopted Aa = 0.007 pm. This corre- 
sponds to all the elemental oxygen that is not in the form of 
silicates or CO. The calculation of Q(ext) for a coated sphere is 
given by Bohren & Huffman (1983). The far-infrared emissivity 
is assumed to follow a /l-3 law for 2 > 80 pm (Aannestad 
1975). The adopted extinction curves for silicate core-ice 
mantle grains are shown in Figure 2. 

2.4. Free Parameters 
The following are parameters required as inputs in the radi- 

ative transfer calculations. The adopted values are listed in 
Table 1. 

2.4.1. Stellar Parameters 
Stellar parameters include stellar radius, effective tem- 

perature, and distance which are related to the stellar lumi- 
nosity. Most of the stars are unresolved, and their actual sizes 
are not known. However, for stars with optically thin circum- 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
 9

2A
pJ

. 
. .

38
9.

 .
40

0J
 

JUSTTANONT & TIELENS Vol. 389 402 

Fig. 2.—Extinction coefficients for silicate core-ice mantle grains for different core radius but with the same mantle thickness. For smaller ac, ice features 
dominate (i.e., at 3,12, and 46 /zm), but for larger ac, silicate features can clearly be seen. 

stellar shells (i.e., 10 jum feature is in emission) it is assumed 
that the observed IRAS LRS flux at 8 /im is the stellar contin- 
uum. Therefore, fitting the energy distribution to this point 
yields the stellar radius. This also applies for stars with a self- 
reversed 10 jam feature. For optically thick shells, the 8 /mi flux 
is dominated by dust emission, and we have reverted to the 

normal assumption of a constant luminosity of 104 L0, using 
the appropriate effective temperature and distance (see below). 

The effective temperature can be determined from optical 
spectra for optically thin stars. In most cases, it was obtained 
from near-infrared photometry (e.g., Hyland et al. 1972). For 
optically thick stars, however, the effective temperature is 

TABLE 1 
Input Parameters for Radiative Transfer Calculations 

Sources 
D 

(kpc) 
T* 

(K) 
R* 

(cm) 
Md 

(M0 yr"1) (km s A) 
ro 

(cm) 
AFGL 1822   
AFGL2199   
AFGL 230   
AFGL 2362   
GX Mon   
IRAS 16105-4205 
IRC +10322   
IRC +10523   
IRC -20197   
IRC +40004   
IRC +50137   
IRC +70066   
OH 1.1-0.8  
OH 26.5 + 0.6   
OH 32.8-0.3   
OH 343.4+1.3   
OH 39.9-0.0   
OH 44.8-2.3   
OH 65.4+1.3   
RCas  
RHor  
VXSgr   
WX Ser  
ZCyg  

1.80 
1.60 
2.80 
2.05 
0.50 
0.80 
0.60 
1.10 
0.78 
1.10 
0.82 
0.80 
1.20 
0.98 
4.30 
3.50 
5.50 
2.41 
6.00 
0.216 
0.265 
1.70 
0.72 
0.718 

2000 
1800 
2000 
2000 
2500 
2000 
2000 
2300 
2250 
2000 
1850 
2200 
2000 
2200 
2000 
2000 
2000 
2000 
2000 
2100 
2500 
2500 
1900 
2500 

5.7E+13 
9.0E + 13 
1.4E+14 
5.5E+13 
4.0E+13 
6.6E + 13 
4.8E+13 
4.3E + 13 
4.2E + 13 
8.6E+13 
3.9E+13 
7.0E + 13 
6.5E + 13 
5.0E+13 
7.6E + 13 
6.1E+13 
5.5E+13 
6.9E + 13 
6.4E+13 
4.0E+13 
3.5E + 13 
2.5E+14 
3.6E+13 
2.0E+13 

2.6E-07 
1.8E-07 
2.0E-06 
2. IE—07 
7.2E-09 
4.6E-07 
1.4E-08 
4.0E-09 
3.8E-08 
9.0E-08 
7.4E-08 
2.8E-08 
2.5E-07 
1.2E-06 
2.2E-06 
8.0E-07 
3.0E-07 
2.8E-07 
3.1E-07 
1.9E-09 
6.2E-10 
8.8E-08 
9.0E-09 
6.0E-10 

12.9 
15.0 
12.7 
17.9 
17.5 
15.0 
15.0 
10.4 
12.0 
24.2 
14.7 
21.1 
19.5 
15.4 
17.7 
21.5 
14.6 
16.5 
17.0 
11.0 
7.0 

19.7 
7.4 
2.3 

2.5E+14 
2.9E + 14 
7.8E+14 
2.2E + 14 
2.5E+14 
2.9E+14 
1.9E + 14 
2.3E+14 
2.1E+14 
3.1E+14 
1.3E+14 
3.4E+14 
2.6E+14 
3.1E + 14 
4.2E+14 
3.0E+14 
2.3E + 14 
2.8E + 14 
2.6E + 14 
1.8E+14 
2.2E+14 
1.5E + 15 
1.3E+14 
1.3E + 14 

6.29 
3.24 

16.0 
4.20 
0.13 
5.68 
0.39 
0.13 
1.18 
0.96 
2.97 
0.31 
3.88 

19.6 
19.0 
9.71 
7.02 
4.85 
5.61 
0.08 
0.03 
0.24 
0.74 
0.17 

1.0 
1.0 
1.5 
1.5 
1.0 
1.0 
1.5 
1.0 
1.5 
1.0 
1.0 
1.5 
1.0 
1.0 
1.0 
1.0 
1.0 
1.5 
1.0 
1.0 
1.0 
1.0 
1.5 
1.0 

a The far-infrared extinction efficiency is assumed to be given by 6(ext) oc a~p. 
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somewhat arbitrarily assumed to be 2000 K, characteristic for 
the tip of the AGB. However, the emergent spectrum is now 
dominated by cool dust which is heated by the reradiated emis- 
sion of warm dust closer in. As a result, the emergent spectrum 
is not very sensitive to the stellar temperature (Schutte & 
Tielens 1989). 

The value adopted for the stellar luminosity (or equivalently, 
the distance) has no influence on the emergent spectrum as 
long as the total dust column density is kept constant (Jones & 
Merrill 1976; Bedijn 1977). However, it does set the size scale 
of the envelope. The uncertainties in the distance actually 
forms the main source of error in the determination of the 
envelope parameters (i.e., Md, R*). This will be discussed in 
some detail in § 3.3. 

Distances to many stars have been obtained from the 
published literature. Each author used different methods, but 
the most reliable one to date is “ phase lag ” (e.g., Herman & 
Habing 1985; Herman, Burger, & Pennix 1986). Others can be 
obtained from the period-OH luminosity relation (e.g., 
Nguyen-Q-Rieu et al. 1979) or from kinematic distance calcu- 
lations. Some stars have their distances calculated by assuming 
luminosity of 104 L0 (e.g., Knapp & Morris 1985). 

2.4.2. Wind Terminal Velocity 

The terminal velocities are obtained from OH maser obser- 
vations of OH/IR stars (Baud & Habing 1983; Bowers, John- 
ston, & Spencer 1983; Gehrz et al. 1985) and from CO outflow 
velocity (Knapp & Morris 1985). There is a slight difference 
between the velocity obtained from OH and CO observations 
on the order of 2 km s-1 (Heske et al. 1990). Here we assume 
that outflow velocity is the same as the terminal velocity of the 
dust and is constant throughout the shell. 

2.4.3. Radius of Dust Shell 

The inner radius of the dust shell, rh is taken to be where a 
grain first condenses out. For silicates, the condensation tem- 
perature, Tc9 is 1000 K, that is, rt oc T-4. 

In the presence of dust, temperature is assumed to follow 
r2 ccT~ 5. Hence the outer radius of the shell is determined by 

/ j1 f-0-4\ 
log (r0) = - 2.5 log (^-j • (4) 

For this calculation, the temperature at the outer boundary, 
Tout, is taken to be 30 K. From the radiative transfer calcu- 
lation, however, it is found that the temperature at this radius 
falls to 10 K for an optically thin envelope which is close to 
values for the interstellar medium. The exact location of the 
outer boundary has no influence on the emergent flux between 
2 and 100 jum. 

2.4.4. Density Law 

We assumed a constant mass-loss rate and a constant 
outflow velocity. This results in a r~2 dust density dependence. 
Other dust density distributions, that is, taking the acceler- 
ation near the inner radius into account, have been investi- 
gated by Schutte & Tielens (1989). However, this has little 
influence on the dust column density, as long as the dust 
column density is kept constant. 

3. MODELS FOR INFRARED EMISSION 

Detailed models for the infrared emission from circumstellar 
shells as a function of various free parameters have been pro- 
duced by Jones & Merrill (1976), Bedijn (1977, 1987) and 

Schutte & Tielens (1989). Here we concentrate on observed 
flux distribution of samples of AGB stars and deriving inter- 
esting physical parameters of the flow (i.e., the dust mass-loss 
rate). 

The majority of stars in our sample was chosen from a list of 
OH/IR stars with known distances, OH outflow velocities and 
near-infrared photometry fluxes. Many of the stars have been 
observed in CO and therefore have their mass-loss rates esti- 
mated. However, the near-infrared fluxes were not obtained at 
the same epoch as the IRAS data, hence these will introduce 
uncertainty in mass-loss rate determined from detailed model 
fits. The variations in the near-infrared fluxes can be up to a 
factor of 2 (see, e.g., Evans & Beckwith 1977; Werner et al. 
1980). 

All the model fits are shown in Figure 3, and the derived 
parameters are listed in Table 1. Essentially, these fits yield the 
total 10 jLtm optical depth, t(10), which can be translated into 
dust mass-loss rate using the derived inner radius of the dust 
shell, ri9 the outflow velocity, ve9 and the intrinsic strength of 
the 10 jum feature (Schutte & Tielens 1989) 

Md oc Vi ve 

t(10 jum) 
^(lO fim) 

The derived dust mass-loss rates are listed in Table 1. 

(5) 

3.1. Individual Sources 
A few sources required special treatment in the modeling 

procedure. 
3.1.1. AFGL2199 

This source was classified as a carbon star by Knapp et al. 
(1982). However, we found this source to exhibit a self-reversed 
silicate feature at 10 /mi and silicate emission at 18 /mi. 

3.1.2. OH 26.5+ 0.6 

A further study has been made for OH 26.5 + 0.6 because of 
its optically thick nature. Evans & Beckwith (1977) observed 
the flux of this source which varied by almost 40% over a 
period of 1 yr. The observed 10 and 20 /mi feature cannot be 
fitted by assuming the intrinsic 20:10 /mi ratio to be 0.5 as in 
other cases. Also, the near-infrared opacity is much lower than 
in other stars. Clearly, a new set of optical constants is needed. 
This was done by scaling the 20:10 /mi ratio to 0.8 and 
reducing the near-infrared extinction (Fig. 1). The overall fit to 
the infrared spectrum of this source is in Figure 3/. Figure 
shows a detailed comparison with the LRS spectra of OH 
26.5 + 0.6. The set of silicate dust properties used here produces 
a good fit to the detailed spectrum. 

3.1.3. AFGL230 = OH 127.8—0.0 

This source has an extremely thick circumstellar shell. Heske 
et al. (1990) reported its distance of 2.8 kpc; hence this makes it 
a very luminous source (L* ~ 5 x 104 L0). Again, the intrinsic 
20:10 /mri ratio for this source is found to be 0.8. A close 
inspection of Figure 3g reveals that AFGL 230 may have ice 
present since the 10 //m feature appears too broad to be 
explained by silicate absorption alone. 

3.1.4. IRAS 16105 -4205 and OH 32.8-0.3 

These two sources show evidence for ice grains (de Muizon, 
d’Hendecourt, & Perrier 1986, Roche & Aitken 1984). Both 
were modeled with silicate core-ice mantle grains as described 
in § 2. The result is a much broader 10 /mi feature (Fig. 3g). 
Also seen are a deep absorption feature at 3 /mi and an emis- 
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Fig. 3.—Detailed model fits (solid lines) of observed (crosses) infrared energy distributions of 24 stars. Parameters for each model are summarized in Table 1. Figs. 
3a-3g show overall fit from 2 < 1 to 100/mi. The solid line for WX Ser in Fig. 3a is the best fit with ß(ext) oc A-1-5, and the dashed line corresponds to ô(ext) oc 10. 
Fig. 3/shows a detailed fit of IRAS LRS spectra of four stars discussed in the text. NIR data have been taken from Lockwood (1970); Simon et al. (1972); Wilson et al. 
(1972); Dyck & Lockwood (1974); Strecker & Ney (1974); Lebofsky et al. (1976); Merrill & Stein (1976); Thomas et al. (1976); Evans & Beckwith (1977); Werner et al. 
(1980); Jones et al. (1983); Fix & Mutel (1984); and Baud et al. (1985). 

sion feature at 50 ¿im (Fig. 3/). The model slightly underesti- 
mated the depth of the 3 jum feature. However, LRS spectra 
and 3 jam spectra of OH 32.8—0.3 (T. R. Geballe 1990, private 
communication) were not obtained at the same epoch, so slight 
variation in strengths of the two features might be expected. 
Unfortunately, there is no photometric information on IRAS 
16105 — 4205 which can be used to scale the published 3 //m 
data by de Muizon et al. (1986) to the LRS spectra. The long- 
wavelength lattice vibrations of water-ice (~46 /mi) are not 
very apparent in the calculated spectra of these sources. Much 
larger mass-loss rates are required to get appreciable optical 
depth in these modes. 

3.2. Dust Properties 
From modeling 24 sources, the index of the far-infrared 

emissivity, p, is found to be between 1 and 1.5. This implies that 
grains formed in the circumstellar environment are.amorphous 
rather than crystalline and have a layer-lattice structure 
(Tielens & Allamandola 1987). Sources with p = 1.0 have dust 
opacity at 60 pm of 240 cm2 g-1, as assumed by Herman et al. 
(1986), and sources with p = 1.5 have dust opacity of 160 cm2 

g"1, as assumed by Jura (1987). 
For most sources with silicate emission, the 20:10 pm ratio is 

fairly constant, that is, ~0.5. This ratio also holds for sources 
with self-reversed 10 pm features. However, for very optically 

thick stars where 10 pm is now in total absorption, this ratio 
increases to about 0.8 (see §§3.1.1 and 3.1.2). Possibly, this is a 
consequence of the temperature dependence of the optical 
properties of circumstellar silicate grains (Bedijn 1987). Some 
laboratory studies have shown that the 20:10 pm ratio 
increases with decreasing temperature (Day 1976). Thus, the 
cool dust prominent in heavily obscured sources may have, on 
average, an intrinsically higher 20:10pm ratio than the warmer 
dust observed in optically thin sources. 

3.3. Uncertainties in the Derived Parameters 

As can be seen from equation (5), the uncertainty in the dust 
mass-loss rate is most affected by uncertainty in the size scale 
of the envelope (i.e., the inner radius, r¿) since the outflow veloc- 
ity for these sources are known from the CO or OH observa- 
tions and the optical depth can be deduced from the IRAS 
LRS spectra. The inner radius is calculated by assuming that 
the grains form where the temperature equals the condensation 
temperature of silicates. Apart from the actual condensation 
temperature selected, this will be affected by the radiation field 
of the star which, in turn, depends on the assumed stellar lumi- 
nosity, L, and the chosen value of the condensation tem- 
perature. 
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However, as noted by Schutte & Tielens (1989), variations in 
the adopted value for Tc are partially compensated for by 
variations in rt required to fit the observed spectrum. The 
uncertainty in the derived mass-loss rate from Tc alone is there- 
fore small (15%). For optically thin shells, the stellar radiation 
field is directly determined from the observed near-infrared 
and 8 jum fluxes, using the estimated distance, D. That is, rt 
scales with L0*5, and L depends only on D. The main uncer- 
tainty in the derived mass-loss rate, inner radius, and stellar 
radius results then from the adopted distance. For optically 
thick shells, the dust at the inner radius is heated by reradiated 
infrared emission from the dust shell itself, and the stellar 
parameters are of little importance. Consequently, they are not 
well constrained. The dust radiation field at the inner bound- 
ary is well determined from the fitting procedure. Thus, again, 
the main uncertainty in the derived mass-loss rate results from 
the uncertainty in the adopted distance. The most accurate 
distance determinations come from OH maser measurements 
(the phase lag method; Herman et al. 1986). This method is 
good to within a factor of 2, implying a similar uncertainty in 
and hence Md. 

4. COMPARISONS OF MASS-LOSS RATES 

There are various methods for the determination of mass- 
loss rates which have been widely accepted. However, each has 
a certain degree of uncertainty. In this section, these will be 
compared to the dust mass-loss rates obtained from the 
detailed model fits (see Table 2). 

4.1. Dust Mass-Loss Rates 
Van der Veen & Habing (1988) derived a relationship 

between the ratio of 25 and 12 jam IRAS photometry fluxes 
and the observed mass-loss rate (from CO and OH 
observation) 

M 25/12 (6) 

where M25/12 in Yr 1 j ^ is in 104 E0, and v15 is in unit 
of 15 km s-1 A = 1 x 10“6, and a = 3. Essentially, this rela- 
tion equates the momentum in the outflow with the momen- 
tum of the absorbed photons (Salpeter 1974), 

Mv = TdL/c , (7) 

and replaces the dust optical depth in the above equation with 
the F 25/F ±2 ratio. This relationship is compared in Figure 4, 
with mass-loss rates derived from our detailed model fits, 
assuming a dust-to-gas ratio of 4 x 10 “3. 

In order to theoretically underpin this relationship, a set of 
models was constructed with the same input parameters, but 
increasing mass-loss rate. The results are shown in Figure 4 as 
the solid curve. The calculated relation shows a concave curva- 
ture reflecting the shift of the peak of the Planck function 
through the IRAS 12 and 25 /im filters with increasing mass- 
loss rate, that is, cooler dust temperatures. Nevertheless, except 
for an offset in the dust-to-gas ratio, equation (6) gives a rea- 
sonable estimate of the mass-loss rate. The best fit to our 
results for dust mass-loss rates is given by A = 1.8 x 10"7, 
a = 4.96 for F25/F12 < 0.85, and A = 1.2 x 10“7, a = 2.37 for 
F 25/F h > 0.85. The corresponding relation for the gas mass- 
loss rate will depend on the assumed dust-to-gas ratio. 

TABLE 2 
Mass-Loss Estimates from Various Methods 

AC AC 

Sources AC AC AT F25/F12 60/im 
AFGL1822   
AFGL2199   
AFGL230   
AFGL2362   
GX Mon   
IRAS 16105-4205 
IRC +10322   
IRC +10523   
IRC -20197   
IRC +40004   
IRC +50137   
IRC +70066   
OH 1.1-0.8  
OH 26.5 + 0.6   
OH 32.8-0.3   
OH 343.4+1.3   
OH 39.9-0.0   
OH 44.8-2.3   
OH 65.4+1.3   
RCas  
R Hor  
VXSgr   
WX Ser  
ZCyg  

1.3E-05 
LIE —05 
2.5E-05 
1.5E-06 
8.1E-06 
3.4E-06 

1.8E-06 
3.2E-05 
6.5E-06 
9.0E-06 

4.6E-05 
2.8E-05 

2.2E-05 

7.0E-07 

2.2E-07 

1.5E-05 

2.9E-05 
8.0E-06 
3.3E-06 

5.1E-07 
8.2E-07 
4.3E-06 

5.8E-06 

2.2E-05 
4.8E-05 
6.7E-05 
3.9E-05 
4.5E-05 
2.0E-05 
3.5E-05 
7.5E-07 
7.2E-07 
3.8E-05 
1.4E-06 
4.2E-07 

5.9E-07 
2.1E-07 
2.2E-06 
1.4E-07 
1.3E-08 
2.7E-07 
1.8E-08 
1.4E-08 
7. IE—08 
2.8E-08 
6. IE—08 
9.9E-09 
1.5E-07 
4.7E-07 
1.9E-06 
2.5E-07 
4.8E-07 
2.4E-07 
3.5E-07 
1.8E-09 
5.4E—09c 

2. IE—07 
1.3E-08 
1.4E—07c 

3.0E-07 
1.9E-07 
1.2E-06 
3.0E-07 
3.7E-08 
2.7E—07a 

3. IE-08 
1.2E-08 
6.5E-08 
1.0E-07 
1.0E-07 
5.5E-08 
2.2E-07 
3.8E-07 
LOE—05a 

4.9E-07 
5.6E-07 
4.3E-07 
2.6E-07 
5.3E—09b 

2.1E—09b 

2.0E-07 
1.3E-08 
2.1E-09 

2.6E-07 
1.8E-07 
2.0E-06 
2. IE—07 
7.2E-09 
4.6E-07 
1.4E-08 
4.0E-09 
3.8E-08 
9.0E-08 
7.4E-08 
2.8E-08 
2.5E-07 
1.2E-06 
2.2E-06 
8.0E-07 
3.0E-07 
2.8E-07 
3.1E-07 
1.9E-09 
6.2E-10 
8.8E-O8 
9.0E-09 
6.0E-10 

a 60 /an flux is dominated by ice emission. Dust mass-loss rate determined from 60 /im flux is unreliable. 
b 60 /im flux is dominated by the star. Dust mass-loss rate determined from the 60 /un flux is unreliable. 
c Dust and gas are not well coupled in these objects. Dust mass-loss rate determined from this method is 

unreliable. 
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Fig. 4.—Dust mass-loss rates obtained from modeling, corrected for velocity and luminosity, as a function of ratio effluxes at 25 and 12 /an. Solid line is from the 
same size stars with increasing mass-loss rates. Dashed line is calculated from eq. (6). 

The source Z Cyg and, to a lesser extent, R Hor form an 
exception to the general relationship displayed in Figure 4, 
reflecting their extremely low outflow velocity (Table 1). 
Apparently, this results from a breakdown in equation (7) for 
these objects, as illustrated in Figure 5. Possibly, the dust and 
gas do not couple well with each other in objects with such low 

outflow velocities as Z Cyg and R Hor (i.e., large dust drift 
velocity). In view of the general low outflow velocity (<4 km 
s “ 9 of “ short ” period Miras (P < 400 days ; Sivagnanam et al. 
1989), this may form a common problem for such objects, and 
the use of equation (6) in deriving their mass-loss rate should 
be discouraged. 

Fig. 5.—A plot of mass-loss rate, corrected for velocity and luminosity, as a function of 9.7 /mi optical depth. The solid line is from the running models with 
increasing mass-loss rates. The relationship is expected to follow a straight line with a slope of 1/e for radiatively driven wind. 
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Fig. 6.—Comparison of dust mass-loss rates obtained from infrared model- 
ing, corrected for expansion velocity, dust opacity, and luminosity, as a func- 
tion of 60 ¡im luminosity. The solid line is for models of the same stars but with 
increasing mass-loss rates. 

IRAS 60 jum photometry values have also been used to esti- 
mate mass-loss rates. Assuming the circumstellar shell is opti- 
cally thin at long wavelengths, Herman et al. (1986) derived the 
relationship between the 60 jum flux and the dust mass-loss rate 
as 

M60(tm = r,60 F60 D2L~0 *61ve ^ , (8) 

where M60^m is in M0 yr-1, »/60 = 4.397 x 10“f60 is the 
IRAS 60 //m flux in Jy using a power-law color correction 
(IRAS Explanatory Supplement 1988), D is the distance in kpc, 
L is the luminosity in 104 L0, and ve is the expansion velocity 
in km s“1, and k is the dust opacity at 60 //m. 

Figure 6 compares the mass-loss rates determined from our 
detailed model fits with the 60 jum luminosity. These mass-loss 
rates have been scaled by the appropriate outflow velocity, 
stellar luminosity, and 60 //m dust opacity. For the latter, recall 
that all stars with a far-infrared index, p, of 1.0 and 1.5 have 
60 pm opacity of 240 and 160 cm2 g- x, respectively. In general, 
there is a tight relationship between dust mass-loss rate and 
60 pm luminosity. However, this relationship is somewhat 
steeper than indicated by equation (8). Essentially, this reflects 
the breakdown of the optically thin approximation, which 
forms the basis of the above equation. The solid line in Figure 
6 represents the results of a series of models in which the total 
dust column density was varied. It follows the mass-loss rate 
determined by our detailed model fits very well. The scatter 
represents the accuracy of those model fits to the observed 
60 pm flux. A better representation of the relation is 

M6o = r,60,neyl(F60^ , (9) 

where r¡60 ncw = 1.0 x 10"10. The derived dust mass-loss rates 
from detailed model fits and those directly derived from the 
IRAS 60 pm fluxes using a new constant are in good agreement 
when the appropriate 60 pm dust opacity is taken into account. 
Figure 6 shows a turnover point for the very low dust mass- 

loss rates. By extrapolation of the model (solid) curve, it is 
found that 60 pm luminosity becomes a constant, which is 
expected since this is the stellar contribution, unattenuated by 
dust. 

4.2. Gas Mass-Loss Rates 
The mass-loss rate can also be determined from OH maser 

observations. These have shown that the OH maser is saturat- 
ed and radiatively pumped (Harvey et al. 1974). Pumping is 
done by 35 pm photons emitted by dust in the outflow (Elitzur 
et al. 1976). The OH maser luminosity is proportional to the 
pump rate, that is the 35 pm luminosity. Since the latter 
depends mainly on the dust mass-loss rate, the OH luminosity 
should be well correlated with the dust mass-loss rate. Such 
correlation is well supported by airborne and space-based 
observations (Werner et al. 1980; Herman & Habing 1985; 
Herman et al. 1986; Sivagnanam et al. 1989). The relation to 
the mass-loss rate, however, is less well established. 

The observed OH luminosity and the 35 pm luminosity, 
derived from our model fits to the IRAS observations (F35 D2) 
are compared to the dust mass-loss rate in Figure 7. There is 
clearly a good correlation over three orders of magnitude. The 
scatter in the 35 pm luminosity merely reflects the “goodness” 
of our model fits to the far-infrared data. The much larger 
scattering in the OH luminosity correlation may represent 
temporal variations which can be as large as a factor of 2. The 
derived efficiency of the OH maser pump is about 0.3 for the 
higher mass-loss rate and seems to decrease with the mass-loss 
rate (see also Herman et al. 1986). From our models, we derive 
the following relation between the dust mass-loss rate and the 
OH luminosity, assuming dust-to-gas ratio of 5 x 10“3 : 

Moh = 1.86 x 10-7LSh78 Ve — * 10 4 , (10) 
JOH 

Fig. 7.—A plot of mass-loss rate corrected for velocity as a function of OH 
(crosses) and 35 ¿im (solid) luminosity. The solid line is mass-loss rate given by 
the Baud & Habing relation, assuming dust-to-gas ratio of 5 x 10-3. For the 
OH mass-loss rate, OH abundance is assumed to be 1.6 x 10“4 (cf. eq. [11]). 
The mass-loss rates are derived from 35 //m luminosity, L is assumed to be 104, 
and k35 is assumed to be 418 (cf. eq. [8]). Values of OH fluxes were taken from 
Epchtein et al. (1980); Baud & Habing (1983); te Lintel Hekkert et al. (1989); 
and van der Veen & Rugers (1989). 
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where LOH is the OH luminosity in Jy kpc2, ve is the outflow 
velocity in km s-1, and/OH is the OH abundance, in this case, 
assumed to be 1.6 x 10 ”4. This is considerably different from 
the relation derived by Baud & Habing (1983). They noted 
empirically that OH masers have approximately constant 
surface brightness and assumed that the OH column density is 
constant and equal to the minimum value required for satura- 
tion [i.e., AT(OH) = 1017 cm-2, corresponding to N(H2) = 6 
x 1020 cm-2]. Theoretically, the OH column density is set by 
penetration depth of ambient UV photons and is approx- 
imately constant over the relevant parameter space (Huggins 
& Glassgold 1982; Netzer & Knapp 1987). Using these two 
relations and assuming a constant mass-loss rate, Baud & 
Habing (1983) derived the following expression for the gas 
mass-loss rate : 

Moh = 4.2 x 10-7t;e Sgif D — * 10 4 , (11) 
Jon 

where SOH is the geometric mean flux of the two OH peaks in 
Jy and D is distance in kpc. This relation is also shown in 
Figure 7, assuming a dust-to-gas ratio of 5 x 10-3. The dis- 
crepancy between these two mass-loss rate determinations was 
noted before and (indirectly) ascribed to the variations in the 
dust-to-gas ratio (Herman et al. 1986). From our results, this 
would imply that the ratio varies from 0.001 for optically 
visible Miras to 0.07 for heavily obscured OH/IR stars. The 
latter is actually much larger than expected for silicate conden- 
sation in gas with solar elemental composition (~ 0.006 for 
MgFeSiOJ. Possibly, this is related to the onset of the super- 
wind at the tip of the AGB. The dust mass-loss rates deter- 
mined from the infrared refer to the inner (~3 x 1014 cm) part 
of the envelope where most of the opacity occurs. In contrast, 
the OH maser is located around a few 1016 cm. Thus, while the 
OH measures material ejected about 2 x 103 yr ago, the infra- 
red pertains to more recent ( < 102 yr) ejecta. 

Mass-loss rates from CO observations are taken from 
Knapp & Morris (1985) who observed stars in CO (J = 1-0) 
transition. The mass-loss rate for a star with optically thick CO 
line profile is given by 

Mco = 5 x \0-^TAv
2

co^
S5D2e2 , (12) 

where Mco is in M0 yr-1, 7^ is the antenna temperature in K, 
vco is the CO outflow velocity in km s-1,/co is the CO abun- 
dance, D is the distance in kpc, and 6 is half-power beamwidth 
of the telescope in arcseconds. For oxygen-rich stars, a CO 
abundance of 3 x 10-4 is appropriate. 

CO mass-loss rates, scaled to the appropriate distance and 
velocities, are compared to the dust mass-loss rates in Figure 8. 
While for stars with low mass-loss rates (i.e., Miras), the two 
are in agreement with a dust-to-gas ratio of 0.003, a much 
larger ratio (0.08-0.2) is obtained for optically thick OH/IR 
stars. This is not physically realistic, and instead we attribute 
this discrepancy to the extremely low CO excitation tem- 

Fig. 8.—Comparison of CO and dust mass-loss rates. Solid line is for 
constant dust-to-gas ratio of 5 x 10“ 3. 

perature expected in such envelopes (Heske et al. 1990) and the 
consequent breakdown of equation (12). As for OH, the CO 
emission originates from far out in the envelope. Thus some of 
the difference between the derived dust and CO mass-loss rates 
may indicate evolution of the mass-loss rate (Baud & Habing 
1983). 

5. CONCLUSION 

In this paper, 24 OH/IR stars have been chosen for infrared 
modeling of the energy distribution using IRAS LRS spectra. 
A set of silicate optical constants adapted from literature was 
used as an input parameter for radiative transfer calculation. 
The sources chosen range from those with emission to ones 
with deep absorption at 10 /mi. Dust mass-loss rates have been 
obtained for 24 stars. These have then been compared to values 
calculated from the IRAS 60 jum flux and the ratio of fluxes at 
25 and 12 jim. They agree to within a factor of 2 with the 
former, but there is a larger deviation with the latter. 

A few sources with ice in their circumstellar envelopes have 
been modeled quite successfully with two-component dust of 
silicate core-ice mantle and silicate grains. 

Comparison between CO and OH mass-loss rates with 
those calculated in this paper gives a wide range of values, and 
it is suggested that the dust-to-gas ratio is not constant for all 
OH/IR stars. 

Studies on “The Nature of Interstellar Dust” at NASA 
Ames are supported by grant 399-500-0005 under the Long 
Term Space Astrophysics program. 
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