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Abstract. In a previous paper a model was presented to calcu-
late the thermal emission of molecules around a central star. The
model includes a self-consistent determination of the gas kinetic
temperature, photoelectric heating, cooling by water molecules
and the constraint that the presence of dust puts on the molecular
excitation.

The model is applied to the CO(1-0) and CO(2-1) observa-
tions of the OH/IR stars OH 32.8-0.3 and OH 44.8-2.3 (abbre-
viated to OH 32.8 and OH 44.8). Both come from the sample
observed by Heske et al. (1990) who noted that in the less ex-
treme OH/IR stars (like OH 44.8) the mass loss rate derived
from infrared properties agrees reasonably well with that esti-
mated from the CO emission but that in extreme OH/IR stars
(like OH 32.8) the mass loss rate derived from the infrared is an
order of magnitude larger than that derived from CO emission.

For a dust opacity at 60 um of 228cm?g~! the best
model for OH 44.8 has the following parameters: M =
9.0107% Mg yr~1, dust-to-gas ratio ¥ = 0.0035 and mean dust
grain size a = 0.14 um. The derived mass loss rate is insensitive
to the adopted opacity. The results are relatively insensitive to
any model assumptions.

For OH 32.8 no model is found that fits the observed line
profiles for a constant mass loss rate throughout the envelope.
For a grain size of a = 0.125 um, an opacity of 228 cm? g~!
(following the result for OH 44.8) and a mass loss history
in which the mass loss rate drops by a factor of 10 for ra-
dial distances larger than a critical distance R., the follow-
ing model reproduces the observed intensities: (present-day)
M =2010"Mgyr~!, ¥ = 0.015 with R, ~ 1.3107 cm
(corresponding to a timescale of about 2800 years). Models
with M 24.0 1075 Mg yr~! cannot be made to fit the observa-
tions, models with M < 2.0 107> Mg yr~! probably can, but
result in higher dust-to-gas ratios (¥ ~ M™1),

The distinction made by Heske et al. (1990) between mod-
erate OH/IR stars (like OH 44.8) and extreme OH/IR stars (like
OH 32.8) can be understood as follows: the CO shell in the
extreme OH/IR stars is so large that the outer part samples a
previous phase of lower mass loss, several 103 yrs ago.
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Finally, I comment on the possibility that in extreme mass
losing stars the temperature in the outer parts of the circumstellar
shells drops below the cosmic background radiation tempera-
ture. Based on the models for the two OH/IR stars I derive that
this occurs if M_s524.8Qo.01 L:/ 3'0}63, where Q.01 is the effec-
tive absorption coefficient in units of 0.01, M_s is the mass loss
rate in 107> Mg yr~!, L, the stellar luminosity in 10* Lgand
v10 the expansion velocity of the shell in 10km s~!. This rela-
tion is expected to be valid for oxygen-rich stars and standard
values for the dust opacity and the photoelectric heating rate.

Key words: circumstellar matter — stars: individual: OH 32.8—
0.3 — stars: individual: OH 44.8-2.3 — stars: AGB, post-AGB -
radio lines: stars

1. Introduction

Heske et al. (1990) noted that the mass loss rates as derived from
the infrared properties of stars and from the Knapp & Morris
(1985, KM) formula for their CO emission do not agree for
extreme OH/IR stars. Since it has been shown (Sahai 1990; Jura
et al. 1988 (JKO); Kastner 1992) that the kinetic temperature
structure can be very different from thatin IRC 10 216, on which
KM based their mass loss formula, a possible explanation is that
the gas kinetic temperature in these stars is very different from
thatin IRC 10 216, Evidently, the kinetic temperature is strongly
coupled to the molecular excitation.

In this paper a recent model to calculate the thermal emis-
sion of molecules in a circumstellar shell (Groenewegen 1994,
Paper I) is applied to two OH/IR stars. In this model all rele-
vant heating and cooling mechanisms are included to calculate
the gas kinetic temperature in a consistent manner. The con-
straints that the presence of dust has on the molecular excitation
is included.

In Sect. 2 the model is briefly described. In Sect.3 a dust
radiative transfer model and the molecular emission model are
applied to OH 32.8-0.3 and OH 44.8-2.3. The results are dis-
cussed in Sect. 4.
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Table 1. Characteristics of OH 32.8-0.3 and OH 44.8-2.3

545

Star D L P Vexp M [ Tdv(1-0) [ Tdv(2-1)

(kpc) (Le) (days) (kms™') Meyr') ([Kkms™) (Kkms™!)
OH 32.8-03 4.8 15800 1539  15.0 1.6107* <4 14.0+0.5
OH 448-23 1.2 3950 534 16.0 9.0107¢ 139+06 285+0.6
Table 2. Parameters derived from the DRT-models
Star Ts Tinner ¥ Q To.7 (cm)* T Rss Udrift

(K) (cm) (kms™1)

OH 32.8-0.3 4.51 8.75 0.0038 0.0136 9.1910'¢ 430 3.010° 0.64
OH 44.8-23 122 628 0.0070 0.0187 8.9110" 815 2910 1.64

Note. * The optical depth at 0.1 um does not include scattering. The correction factors to estimate

the influence of scattering are listed in Sect. 3.1.

2. The model

The model is explained in full detail in Paper 1. Here, only the
main features are outlined. The model described by Morris et
al. (1985) is used to calculate the level populations. The main
assumptions are spherical symmetry and the use of the Sobolev
approximation (valid when the local linewidth is much smaller
than the expansion velocity). The CO molecules are excited by:
(1) collisions with H, molecules, (2) interaction with the 2.8 K
background radiation, and (3) infrared radiation from a central
blackbody of temperature Tgg and radius Rgg. The calculations
are performed using 99 gridpoints in the radial distance. Twenty-
five rotational levels in the v = 0 and v = 1 vibrational states
each are included. The line profiles are calculated at 48 velocity
points.

The most important change with respect to the Morris et
al. model is the inclusion of a self-consistent calculation of the
kinetic temperature. The main heating processes are dust-gas
collisions and the photoelectric effect on grains (in the outer part
of the envelope). Heating due to cosmic rays and the temperature
difference between the gas and the dust are also included in the
model, but are less important. For reference, the main heating
rate due to dust-gas collisions can be written as (Paper I):

2
Hag = 1.2254 10~ 0 (g2 20 ¥ 4fe)”

pda
3/2
y (LQ?(T)) 1 lﬂL , M
M + u(r)
with the drift velocity in kms™! given by:
0.5
vge = 1.42931074 (%) 2

where pq is the dust grain specific density in gcm™3, a the
grain size in pum, L the stellar luminosity in solar units, M the
mass loss rate in M, yr~!, Q the effective absorption coefficient
(defined in Eq. 18 of Paper I), v(r) the gas velocity in kms™!
and ¥ the dust-to-gas ratio.

In the model adiabatic cooling is included as well as molec-
ular cooling by 12CO, 13CO, HCN, H; and H,O. Other species
may be neglected. The water cooling rate is calculated from a
generalization of the treatment developed by Goldreich & Scov-
ille (1976).

The presence of dust constrains the molecular emission
model. By fitting the spectral energy distribution (SED) using a
dust radiative transfer (DRT) model one can determine the dust
optical depth:

8M\IJQ)\/a,

=5.40510
™ re R v4pd

3

where M is the mass loss rate in Mg yr~!, v4 the dust velocity
in kms~!, ¥ is the dust-to-gas ratio, @) /a the dust absorption
coefficient over de grain size in cm™!, py the grain specific
density in gcm™3, r, the inner radius in stellar radii and R, the
stellar radius in solar units. The inner radius is determined by the
temperature of the dust at the inner radius, 7.. Comparing the
parameters in Eq. (3) with the dominant heating rate of Eq. (1)
shows that M, T, Pd, a, @ can not be varied independently but
always must fulfill Eq. (3). JKO and Sahai (1990) also used the
infrared fluxes to constrain their models, but their treatment is
approximate, and only uses the far-infrared fluxes. In our model
a fit to the entire SED is used.

Radiative pumping of molecules is provided by thermal
emission from hot dust close to the star. In molecular models
this is represented by a blackbody of temperature Tpp and radius
Rgg. These quantities can be estimated from the DRT-models.
At each gridpoint in the DRT-model the blackbody temperature
of the radiation field is determined. In this way a realistic esti-
mate of Tgp and Rgg is obtained. Finally, DRT-models provide
To.1 (the dust optical depth at 0.1 um), which is needed to cal-
culate the photoelectric heating rate (Eq. 10 in Paper I) and the
radial dust temperature profile which is needed for the heating
rate due to the gas-dust temperature difference (Eq. 7 in Paper I).
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Fig. 1. The best-fit radiative transfer model results for OH 32.8 and
OH 44.8 in the case of a constant mass loss rate (solid lines). The
dotted line represents the model for OH 32.8 where the mass loss rate
is a factor of 10 below the present-day vale for » > 1.5 10'7 cm. Details
are given in the text. The legend to the photometry is as follows. For
OH 32.8: + =IRAS PSC, X = Evans & Beckwith (1977), & = Werner
et al. (1980), O = Herman et al. (1984). For OH 44.8: + = IRAS PSC,
X = Fix & Mutel (1984), & = Price & Murdock (1983), O = Ney &
Merrill (1980)

3. OH 32.8-0.3 and OH 44.8-2.3

Heske et al. (1990) discussed two groups of OH/IR stars.
Group 1 contains objects with relatively low mass loss rates
(M<1075 Mg yr~!). The mass loss rates derived from the CO
lines and other methods agree within an order of magnitude.
Group 2 stars have higher mass loss rates. The mass loss rates
derived from the CO lines using the KM formula are systemat-
ically lower by more than an order of magnitude compared to
other methods.

From both groups one star was chosen. Criteria for selection
were the availability of a phase lag distance and infrared pho-
tometry. From group 1 we selected OH 44.8-2.3, from group 2
OH 32.8-0.3. Characteristics of both stars are given in Table 1.
The distances are phase lag distances as quoted by Heske et al.
The uncertainty is about 0.2 kpc. The expansion velocities are
averages from the OH and CO expansion velocities as quoted by
Heske et al. and are accurate to within 10%. Heske et al. deter-
mined the mass loss rate using different methods. The mass loss
rates quoted in Table 1 are the geometric mean values of all de-
terminations (except the CO determination) and agree with each
other within a factor of 2. These mass loss rates will be the first
guess in the DRT-models and the molecular excitation calcu-
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Table 3. OH 44.8-2.3: results of x? calculations®

a M (in10"*Mgyr hHe©

(in0.05um)® 4 6 7 8 9 10 20

1 59 35 36 56 88 124 541
2 65 280 29 46 71 105 671
3 74 122 10 19 26 62 618
4 90 63 20 41 12 29 542
5 114 86 37 03 1.6 98 464
6 134 17 12 51 06 12 393
Notes. ® X2 = (1(1—8)6—13.9)2 " (1(2-(1)?6-2&5 2,

where [ is the model'integrated intensity.
b @ and q are varied so that Q/a = constant.
¢ M and V¥ are varied so that M ¥ = constant.

lations. For comparison, the mass loss rates based on the KM-
formula for the CO lines are 2.2 1073 and 3.3 107® Mg yr~!
for OH 32.8 and OH 44.8, respectively (Heske et al.). The inte-
grated intensities of the CO(1-0) and CO(2-1) lines are taken
from Heske et al. as observed with the IRAM 30m telescope.

3.1. The dust modelling

The dust radiative transfer model of Groenewegen (1993) is
used. In this model the radiative transfer equation and the equa-
tion of thermal equilibrium are solved simultaneously for the
dust. The photometric data for OH32.8 is taken from the IRAS
Point Source Catalog (PSC; only 12 and 25 pm bands avail-
able), Evans & Beckwith (1977), Werner et al. (1980) and Her-
man et al. (1984); for OH44.8 from the PSC (all four bands),
Ney & Merrill (1980), Price & Murdock (1983) and Fix & Mu-
tel (1984). Because both stars are highly variable (both have
IRAS variability index 9) it is necessary to scale the fluxes to
a common standard. Since all photometric data sets contain an
observation between 10 and 13 pum, all data sets are scaled to
the IRAS 12 pm band. The observed fluxes are corrected for
interstellar extinction using Milne & Aller (1980)! and the in-
terstellar extinction curve of Cardelli et al. (1988). The visual
extinctions are 1.9 and 8.4 magnitudes for OH44.8 and OH32.8,
respectively. The total flux at Earth, corrected for extinction, is
22107 and 8.9 10~ W m~2 for OH32.8 and OH44.8. The
uncertainty is about 10%. The luminosities at the assumed dis-
tances are listed in Table 1.

The following dust properties are assumed: grain radius a =
0.05 pm, grain density pg =2 g cm™3, condensation temperature
T. = 1000 K. The absorption efficiency is a combination of dirty
silicate (Jones & Merrill 1976) at A < 8 um and the silicate
feature of David & Papoular (1990) at longer wavelengths. The
silicate feature of David & Papoular is used for it peaks at 10 pm,
which is observed in the LRS spectra of both stars. Dirty silicate
has the advantage of a high opacity in the near infrared, needed

' The visual extinction is given by Ay = 0.18 (1 —exp (—11.1D(kpc)

sin(| & )))/sin (| b |)
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Fig. 2a—c. Temperature structure and line profiles for OH 44.8-2.3.a Model with M = 9.0 10~ Mg yr—!, ¥ = 0.0070, Q = 0.019, a = 0.05 um
(= standard model), b Model with M = 8.010 Mg yr~!, ¥ = 0.0079, Q = 0.094, a = 0.25 um (= best model for ke = 114cm?g~"),
¢ Model with M =9.0107%Mg yr™!, ¥ = 0.0035, Q = 0.105, a = 0.14 pum (= best model for kg = 228 cm? g~!). The observed J = 1-0 and
2-1 profiles (quoted rms noises 0.07 and 0.11 K, respectively) are indicated by the dotted line. The observed profiles have been shifted by the

system velocity with respect to the local standard of rest as quoted in Heske et al. (1990)

to fit the spectra of oxygen-rich stars in general (Jones & Merrill
1976, Schutte & Tielens 1988). For the adopted @, the values of
Q@»x/aat1,5,10and 60 um are 12050, 2410, 16676, 304 cm ™!,
respectively, corresponding to opacities ky = (3Qx/4ap) of
4520, 900, 6250, 114 cm?g ™!, respectively.

In Fig. 1 the best fits to the spectra are shown. The optical
depths at 5 um are 4.5 and 1.2 for OH32.8 and OH44.8, respec-
tively, with an uncertainty of about 10%. The fit at A > 30 ym
for OH32.8 is rather poor. OH32.8 is located almost directly in
the galactic plane, and contamination by cirrus is very likely.
The CIRRUS-flags in the PSC catalog indicate that this is in-
deed the case. The PSC only lists upper limits for the IRAS 60
and 100 pm flux-densities. May be the observations of Werner
et al. (1980) at 30 and 50 pm are also contaminated by cirrus.

OH44.8 has been observed at 1.3 mm by Walmsley et al.
(1991). The flux they measured was 4.8 + 5.6 mly (or a 3¢
upper limit of 21.6 mJy) corresponding to (8.5 & 9.9) 10~%!
Wm~2um~! (or < 3.8 1072 Wm~2 um~!). The predicted
flux at 1.3 mm is 3.4 1072! Wm~2 um~!, consistent with the

upper limit. The effective temperatures of the underlying central
stars can not be determined from the DRT modelling. The canon-
ical value of 2500 K is adopted for both stars. With all other
parameters in Eq. (3) known, it is then derived that the dust-
to-gas ratios are 0.0038 and 0.0070 for OH32.8 and OH44.8
respectively?.

For the molecular program the optical depth at 0.1 pm, the
flux-weighted absorption efficiency and the temperature and ra-
dius of the blackbody emitting at 4.6 um (the wavelength of the
CO v = (0-1) vibrational transition) are needed. These param-
eters, together with the inner radius of the dust shell (in stellar
radii), the drift velocity and the dust-to-gas ratio are listed in
Table 2. The extrapolation of the optical depth from 5 t0 0.1 um
assumes no scattering. An estimate of the influence of scattering
may be obtained from Draine (1987) for astronomical silicate
which should be indicative for our adopted @ as well. The val-
2 The exact choice of Ty does not affect the dust-to-gas ratio. For
OH32.8 it was verified that for Tey = 2000 K the dust-to-gas ratio
would change to ¥ = 0.0036.
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ues of @extinetion /(yabsorption a¢ (). 1 /y;m are 1.90, 2.10, 2.21, 2.27,
2.31 and 2.35 for a = 0.05, 0.1, 0.15, 0.2, 0.25 and 0.30 pm,
respectively. These are the values by which 79 ; in Table 2 has
to be multiplied to estimate 7p,; including scattering.

For radii smaller than Rpg, I assume an undiluted blackbody
of temperature Tgg(r). I fitted a function of the form:

log Tep(r) = a +b log(r/rc) +c¢ (log(r/rc))2 @)

to the data of the DRT-modelling and find o = 3.081, b =
—0.735, ¢ = 0.557 for OH44.8 and a = 3.024, b = —0.966,
¢ = 0.593 for OH32.8, respectively. The value of Tpg and Rpp
listed in Table 2 correspond to the temperature and radius where
the optical depth at 4.6 ;m becomes ~ 2/3.

For the dust temperature as a function of radius I fitted the
same functional dependence as Eq. (4) and find a = 3.000 (T; =
1000 K assumed for both stars), b = —0.678, ¢ = 0.076, and
b= —0.696, ¢ = 0.063 for OH44.8 and OH32.8 respectively.

3.2. The CO modelling

I first discuss the standard CO model and then comment on each
star individually.

3.2.1. The standard CO model

The molecular program includes all physical features of the
‘combined model’ presented in Sect.3.11 of Paper I. The fol-
lowing parameters are assumed: the adiabatic index is v = 5/3
when T' < 350K and 7/5 when T > 350K, helium is present
with abundance n(He)/n(H) = 0.1, the velocity law and drift
velocity are included in the heating calculation. Heating by cos-
mic rays and due to the gas-dust temperature difference as well
as H; cooling are included.

No HCN is assumed to be present. Although HCN has been
detected in O-rich stars the abundances are low, typically two
orders of magnitude less than in carbon stars (Lindqvist et al.
1992). The CO and H,O abundances (relative to Hj) are set
at foo = 6107* and fu,0 = 1.01073. An isotopic ratio of
12CO/3CO = 25 is assumed, in between the value measured in
red giants (~ 18, Harris et al. 1988) and non-J-type carbon stars
(230, Lambert et al. 1986). Water cooling is important up to
2.410'7 and 3.2 10'® cm in OH 32.8 and OH 44.8, respectively
(Eq. 16 of Paper I).

The photoelectric effect on dust grains is included with
an optical depth at 0.1 um including the correction factor for
scattering as outlined in Sect. 3.1. Photodissociation of 2CO
and 13CO is included using the formalism of Mamon et al.
(1988; Eq. 19 in Paper I). From Mamon et al. (1988) it is de-
rived that 71/, = 1.47510'8 cm and o = 3.52 for OH 32.8 and
7172 = 2.2010'7 cm and o = 2.75 for OH 44.8, respectively, for
the standard value of the mass loss rate in Table 1. The outer
radius is set at the radius where the CO abundance drops t0 0.1%
of the value close to the star, or 7'oyer = 2.8 10'8 and 5.1 10'7 cm,
respectively.

The velocity law is taken as v(r) = Vo (1 — —g)ﬁ, where vy
is listed in Table 1. Based on simple arguments (see e.g. Schutte

M.A.T. Groenewegen: The mass loss rates of OH/IR 32.8-0.3 and OH/IR 44.8-2.3

& Tielens 1989) one can estimate that 5 ~ 0.5 and that the
flow accelerates near the dust condensation temperature. I fixed
B3 at 0.5 and determined § from the condition that v /v, = 0.9
at 7 = 1.5r.. This results in § = 1.16 10'* and 4.17 103 cm
in OH 32.8 and OH 44.8 respectively. The precise form of the
velocity law is not important because CO is collisionally excited
and radiative excitation is unimportant.

Contrary to the calculations in Paper I, I did not use the CO
collisional cross sections of Green & Thaddeus (1974) but the
more recent ones of Fowler & Launay (1985). For transitions or
temperatures not listed by them I used an extrapolation formula,
using the functional dependence of formula given by the de Jong
et al. (1975) and determining the coefficients a(Aj) and b(A])
(see de Jong et al. for details) by fitting the Fowler & Launay
data (1985).

3.3. OH 44.8-2.3

The gas temperature profile and J = 1-0, 2-1 and 3-2 line
profiles for the standard model are shown in Fig. 2a. The inte-
grated intensity of the J = 1-0 and 2-1 transitions are 16.9 and
23.7Kkms~!. The discrepancy with the observed values is at
the 50 level. Considering the parameters involved in the heat-
ing rate (Eq. 1) and the dust optical depth (Eq. 3), the parameters
M, ¥, Q and a are varied to try to obtain a better fit. Other pa-
rameters like the velocity and grain density are relatively well
known and do not contribute to the uncertainty in the heating
rate. To limit all possible variations of the parameters, the dust
opacity is kept constant, i.e. () and a are varied by the same
factor. Consequently, since Eq. (3) enforces M ¥ = constant, an
increase in M has to be accompanied by a similar decrease in
. If M is changed the parameters to describe the photodissoci-
ation of CO (71, and o) and the extent to which water cooling
can be important are changed accordingly. Likewise the param-
eter 79,1 is changed depending of the grain size (the correction
for scattering). The parameter space is investigated and the re-
sult is in Table 3. The best model, shown in Fig. 2b, has the
following parameters: M = 8.010~ Mg yr~!, ¥ = 7.81073,
a = 0.25 um and @ = 0.094. For mass loss rates in the range
7-10 10~ Mg, yr~! a grain size can be found which fits the ob-
servations about equally well. The dust grain sizes found are
generally large, 20.20 um, much larger than found in the in-
terstellar medium or predicted in theoretical calculations (cf.
Dominik et al. 1990).

The influence of some of the assumptions is now investi-
gated. A major assumption is the value of the dust opacity, which
is 114 cm? g~! at 60 um for the standard model (Sect. 3.1). This
is lower than the values quoted by Jura (1986; 150cm? g~!) or
Justtanont & Tielens (1992; 240cm? g™!). To investigate the
influence of a higher opacity a new set of models was run for
k6o = 228 cm? g~!. The results are collected in Table 4. The best
model has M =9.010~°Mg yr~!, ¥ =3.51073,a = 0.14 um
and @ = 0.105 (shown in Fig. 2c). This model is in better agree-
ment (has a lower x?) with the observations than the best model
with the lower opacity. The dust grain sizes are significantly
smaller, also in better agreement with observations. The mass

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://cdsads.u-strasbg.fr/cgi-bin/nph-bib_query?1994A%26A...290..544G&amp;db_key=AST

FTI992A&A. © 72907 5440

M.A.T. Groenewegen: The mass loss rates of OH/IR 32.8-0.3 and OH/IR 44.8-2.3

Table 4. Additional models for OH 44.8-2.3*

549

M

a To.1T Remark X
(in10"*Mgyr™!) (in0.05pm) (in 8.91 10" cm)
9 2.8 2.15 Best model 0.01
9 2.8 10 Influence 79.1 35
9 2.8 0.4 Influence 79.1 0.8
9 2.8 2.15 GY =1/30 5.3
9 2.8 2.15 No water cooling  10.5

Notes. ® For an opacity ke = 228cm? g~!. M, Q, a and U are varied in such a way
that Q/a = 0.748 um~! and M¥Q/a = constant. x* is defined in Table 3.

loss rate is very similar to that in the low opacity case. The results
are relatively insensitive to the uncertainties in the shielding of
the UV radiation by dust (79.1), the strength of the diffuse UV
radiation field (G) and the photoelectric yield (Y, see Eq. 10 of
Paper 1) or the cooling by water molecules (cf. Table 4). The line
profiles in Figs. 2b, c are in good agreement with the observed
ones, although both the expansion velocity and the system ve-
locity may be slightly different from the values quoted in Heske
et al. (1990).

3.4. OH 32.8-0.3

The gas temperature profile and line profiles for the standard
model are shown in Fig.3a. The integrated intensity of the
J = 1-0 and 2-1 lines are 41.9 and 24.7 Kkms™!, in clear
discord with the observations. Remarkable is that the (1-0) in-
tensity is larger than the (2-1) intensity. This is entirely due to
the influence of photoelectric heating in the outer part of the
envelope (see Sect. 4).

The parameter space in M, U, Q@ and a is investigated in
a similar way as for OH 44.8 but no satisfactory model could
be found. For parameter combinations for which the (2-1) in-
tensity is near the observed value, the (1-0) intensity always
remains too high. Changes in the CO or H,O abundance, or
in the dust opacity have no effect. Interstellar contamination
could be a problem (cf. Heske et al. 1990) but should have af-
fected both the (1-0) and (2-1) observations in a similar way.
I am forced to conclude that one of the fundamental model as-
sumptions (spherical symmetry and a constant mass loss rate)
is incorrect. OH 32.8 has not been mapped in CO, but mapping
of other oxygen-rich stars shows that the deviations from spher-
ical symmetry are small (Bujarrabal & Alcolea 1991). OH 32.8
has been mapped in OH (Herman et al. 1985) showing that the
envelope is fairly symmetric up to ~ 8 10'® cm.

To investigate a lower mass loss rate in the past, the specific
case of ) = 0.068 and a = 0.125 um is considered, following
the results for OH 44.8 (kgp = 228 cm? g~ !). Based on the ob-
servation that for some carbon-stars and oxygen-rich stars the
mass loss rate seems to be related to thermal-pulses (Willems
& de Jong 1988; Zijlstra et al. 1992), it is assumed that the mass
loss rate is a factor f = 10 below the present-day mass loss rate
for distances larger than a critical distance R..

The models which are best in agreement with the observa-
tions are collected in Table 5 and Figs. 3b and 3c. Only mod-
els with present-day mass loss rates $4.0 107> Mg yr~! are in
agreement with observations. Models with present-day mass
loss rates < 2.0 1075 Mg yr~! probably can also be made to
agree with observations but result in dust-to-gas ratios which
are larger than 0.015. Table 5 shows that the result that the
mass loss rate was lower in the past by a factor of f does
not depend very sensitively on the assumed value of f, the
opacity or the grain size. The shape of the (2-1) line pro-
file for the M = 21073 Mg yr~! model (Fig. 3c) is in some-
what better agreement with the observed one than that for the
M =4107°Mg yr~! model (Fig. 3b). Figure 3 furthermore il-
lustrates that J = 3-2 observations (and also higher transitions)
may be helpful in further constraining the mass loss history.

4. Discussion

In some of the models for OH 32.8 the integrated intensity (I)
in the (1-0) line is larger than in the (2-1) line. This is due
to the photoelectric effect and an interplay of several length
scales: the beam size of the telescope in the (1-0) transition at
the distance of the star (Rpeam ), the distance where photoelectric
heating begins to dominate the other heating processes (Ryv)
and the size of the CO envelope (7). The situation that I(1-
0) > I(2-1) can only occur if Ryeam > Ryv and 712 > Ryv
(this is a necessary but not a sufficient condition).

The catalog of Loup et al. (1993) contains CO(1-0) and
CO(2-1) data for about 125 stars. Only 5 convincing examples
with I(1-0) > I(2-1) are contained in this catalog. From obser-
vations at IRAM and SEST of 22 (carbon-) stars not in Loup’s
catalog (or with either only the (1-0) or (2-1) transition listed;
Groenewegen et al., in preparation) one additional example was
discovered. So, in about 4% of the sources the two conditions
derived above for I(1-0) > I(2-1) to occur are met. Of the six
stars, two are carbon stars (IRAS 08074-3615, S Sct), one is a
S-star (S Cas), one is a supergiant (TV Gem), one is a planetary
nebula (BD 30 3069) and one is OH/IR 30.7-27.1. For S Sct (a
carbon star with a detached shell) and the planetary nebula it is
obvious that they have extended CO shells where photoelectric
heating could indeed raise the temperature in the outer layers.
The papers reporting on the CO observations were checked. The
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Fig. 3a—c. Temperature structure and line profiles for OH 32.8-0.3.a Model with M = 1.6 10~ Mg yr™!, ¥ = 0.0038, Q = 0.0136,a = 0.05 um
(= standard model), b Model with present-day M = 4.0 10> Mg yr~!and M = 4.0 10~* Mg yr~! forr > 1.6 10'7 cm, ¥ =0.0076, Q = 0.068,
a = 0.125 um, ¢ Model with present-day M = 2.010 > Mg yr—' and M =2.010"*Mg yr~! forr > 1.310" cm, ¥ = 0.0152, Q = 0.068,
a = 0.125 pm. The observed J = 1-0 and 2-1 profiles (quoted rms noises 0.05 and 0.10 K, respectively) are indicated by the dotted line. The
observed profiles have been shifted by the system velocity with respect to the local standard of rest quoted in Heske et al. (1990). The upturn in
the temperature structure of the gas in the top panels of b and ¢ at ~ 10" cm is due to the mass loss history

Table 5. Models for OH 32.8-0.3

M ] Q a R, f I(1-0) I(2-1) I(3-2)
(10°Mgpyr™") (in0.0038) (in0.0136) (in 0.05um) (10'7 cm) (in Kkms™1)

2 4 5 2.5 1.3 10 3.1 14.0 229

2 4 2 1.0 1.7 10 39 14.0 19.4

2 8 2 2.0 1.7 10 39 14.0 19.4

4 2 5 25 1.6 10 45 13.9 17.8

4 2 5 2.5 1.6 100 43 13.7 17.7

4 2 5 2.5 1.6 5 51 14.3 17.9

4 2 5 2.5 1.5 5 50 14.0 17.7

4 4 2 2.0 2.3 10 59 14.0 14.5

Note. Columns 1, 5 and 6 are related as follows. For OH 32.8 the following mass loss history is considered. For radial distances smaller than

R, the mass loss rate is given by the value in column 1; for distances larger than R, the mass loss rate is a factor of f lower than the value listed
in column 1.
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authors only noted that the (2-1) transition is “not sufficiently
excited” (Olofsson et al. 1990 for S Sct) or is “unusually low
compared to (1-0)” (Heske et al. 1990 for OH 30.7), without
referring to the possibility of an extra heating source in the outer
most parts of the CO shell.

Related to the efficiency of the photoelectric heating rate
is the question whether the gas temperature in the outer parts
of circumstellar shells can drop below the cosmic background
temperature, as was suggested e.g. by JKO and Sahai (1990).
For OH 32.8 the temperature drops to about 4 K at 1.8 10!7 cm
in the standard model (cf. Fig. 3a). One could well imagine that
the temperature drops below 2.7 K if the luminosity would have
been smaller or the mass loss rate higher.

JKO showed that the thermal balance equation for the gas
can be solved exactly if radiative cooling is neglected and only
heating by dust-gas collisions is considered (JKO’s equation
7b). By comparing their analytic result to the calculations for
OH 44.8 and OH 32.8 at 10! cm, I find that their relation over-
estimates the temperature by factors of 2.8 (OH 32.8) and 5.7
(OH 44.8). If a mean correction factor of 4.0 is assumed, then
to within 50% the radius at which the gas temperature is 2.7 K is
given by Ry 7x = 2.0 10'7(Qq.01 L4)"> (w10M_5)~%3 cm, where
Qo.01 is the effective absorption coefficient in units of 0.01, Ly
the stellar luminosity in units of 10* L, v1o the expansion veloc-
ity of the shell in units of 10km s~! and M_s the mass loss rate
inunits of 107> M yr~!. This radius is to be compared to the ra-
dius where photoelectric heating becomes important. This is ex-
pected to occur when 79,1 < 1. From Eq. (3), the results in Table
1 and the correction factor for scattering at 0.1 pm for dust grains
of 0.05 um I find that (for oxygen-rich stars only !) the radius at
which 79,1 = 1 is given by Ryy = 1.910'M_s/(vio L3®) cm.
Equating Ryy to R, 7k results in a critical mass loss rate given
to within 30% by M_s = 4.8Q0_01L3/ 31%3. If for a given lumi-
nosity,effective absorption coefficient and expansion velocity
the mass loss rate is higher than this critical value then gas tem-
peratures below 2.7 K can be expected. This relation may serve
as a practical guide to systematically select stars to be observed
for this phenomenon.

For OH 32.8 evidence is presented for a lower mass loss
rate in the past. The radius at which the mass loss rate becomes
smaller is found to be ~ 1.510!'7 cm, corresponding to a time
scale of 3 10® yrs. The possibility to reconstruct the mass loss
history in the CO shell depends on the time interval elapsed
since the mass loss rate obtained its present value (c.q. the cor-
responding distance R.), the beam size (Ryeam) and the extent
of the CO envelope (71 /2). The mass loss history is notable in
the CO emission if R; < Rpeam and R < 7ry/3 ~ M6 (Ma-
mon et al. 1988). This explains the segregation between the two
groups of OH/IR stars discussed by Heske et al. (1990). Only
the CO shells around the extreme OH/IR stars are large enough
to contain information on the mass loss history.

A mass loss history does not only affect the CO emission but
also the dust emission. The dotted line in Fig. 1 is the predicted
SED for OH 32.8 when the mass loss rate is a factor of 10 below
the presen-day mass loss rate for 7 > 1.5 10!” cm. The 100 and

551

1000 um flux-densities are reduced by factors of 1.5 and 2.3,
respectively, compared to the case of a constant mass loss rate.
Such differences may be observable.

The details of the mass loss history remain uncertain. In this
paper a mass loss history related to thermal-pulses is adopted.
Other mass loss histories probably can also fit the observations.
It would be worthwhile to re-observe the sample of Heske et
al. (1990) and also obtain (3-2) observations. Observations of
the higher transitions would constrain the present-day mass loss
rate.

If the mass loss rate were related to the phase in the thermal-
pulse cycle then the present-day mass loss rate should be identi-
fied with the phase of quiescent H-burning, and the lower mass
loss rate with that during the luminosity dip. The fact that ap-
parently in most extreme OH/IR stars the mass loss rate has
been lower in the past (if it is assumed that in other extreme
OH/IR stars the low CO (1-0) emission is also due to a mass
loss history effect) indicates that the duration of the quiescent H-
burning phase can not be much longer than the 3 10? yrs derived
for OH 32.8. The interpulse period is roughly 20% longer than
the duration of the quiescent H-burning phase. An interpulse
period of 5 103 yrs corresponds to a core mass of M, =~ 0.9 Mg,
(Boothroyd & Sackmann 1988), indicating a higher than aver-
age initial mass for the progenitors of the extreme OH/IR stars.
The luminosity (and indirectly the pulsation period) of OH 32.8
is consistent with this.
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