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Abstract. An extensive modelling of CO line emission from the circumstellar envelopes around a number of carbon stars is
performed. By combining radio observations and infrared observations obtained by ISO the circumstellar envelope character-
istics are probed over a large radial range. In the radiative transfer analysis the observational data are consistently reproduced
assuming a spherically symmetric and smooth wind expanding at a constant velocity. The combined data set gives better deter-
mined envelope parameters, and puts constraints on the mass loss history of these carbon stars. The importance of dust in the
excitation of CO is addressed using a radiative transfer analysis of the observed continuum emission, and it is found to have
only minor effects on the derived line intensities. The analysis of the dust emission also puts further constraints on the mass loss
rate history. The stars presented here are not likely to have experienced any drastic long-term mass loss rate modulations, at
least less than a factor of ~5, over the past thousands of years. Only three, out of nine, carbon stars were observed long enough

by ISO to allow a detection of CO far-infrared rotational lines.
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1. Introduction

Mass loss is associated with many phases of stellar evolution.
It is of particular importance during the final evolutionary stage
of low to intermediate mass stars, the asymptotic giant branch
(AGB), when it increases dramatically. Its overall characteris-
tics, e.g., magnitude, geometry, and kinematics, are reasonably
well established, but to what extent such effects as asymme-
try, non-homogeneity, temporal variability, etc., are important
is not known. During the AGB-phase, stars in the mass range
about 1.5-4 M and with “normal” chemical compositions start
to evolve into carbon stars, i.e., stars with more carbon than
oxygen in their atmospheres, through the dredge-up of freshly
synthesized carbon in He-shell flashes (Straniero et al. 1997;
Busso et al. 1999). It appears that all AGB carbon stars are los-
ing mass at a rate in excess of 1078 My yr~! (Olofsson et al.
1993; Schoier & Olofsson 2001).

Approximately 10% of all carbon stars appear to have been
subject to drastic changes in their mass loss rates over relatively
short periods of time (a few thousand years). Most notable are

Send offprint requests to: F. L. Schoier,
e-mail: fredrik@strw.leidenuniv.nl

* Based on observations with ISO, an ESA project with instruments
funded by ESA Member States (especially the PI countries: France,
Germany, The Netherlands and the UK) and with the participation of
ISAS and NASA. Radio data collected with the OSO 20 m telescope,
the SEST, and the JCMT, have also been used.

the CO radio line observations of detached circumstellar en-
velopes (Olofsson et al. 1996; Olofsson et al. 2000; Lindqvist
et al. 1999; Schoier & Olofsson 2001). The time interval be-
tween these, supposedly reoccuring, mass ejections is esti-
mated to be about 103 years, and they are possibly linked with
the He-shell flashes predicted to occur in carbon stars (Olofsson
et al. 1990; Schroder et al. 1999; Steffen & Schonberner 2000).
Less dramatic mass loss rate modulations have recently been
observed by Mauron & Huggins (1999, 2000) in the form of
a multiple-shell structure around the high mass loss rate car-
bon star CW Leo (or IRC+10216). This suggests an isotropic
mass loss mechanism with a variability on a broad range of,
relatively short, time scales ~40—800yr. Moreover, spatially
resolved interferometric CO millimetre observations currently
have the potential to trace mass loss rate modulations on the
order of a factor 2—3 down to a time scale of several hundred
years (Bieging & Wilson 2001). For changes of the mass loss
rate over longer periods of time, 210 yr, statistical studies are
generally required. The emerging picture is that of a mass loss
rate which increases gradually with time during the AGB evo-
lution, and its maximum attainable value depends on the initial
main-sequence mass (Habing 1996). Observational results like
these are crucial for the understanding of mass loss during late
stellar evolution, and for the possibility to pinpoint the mech-
anism(s) behind this phenomenon, which determines the time
scale during the final evolutionary AGB-stage.
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Table 1. Stellar and circumstellar properties of the sample stars.
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D L. M Ve e hf
Source® Alt. name® Var. type® [pc] [Lo] [Mgyr ] [kms™'] [cm]

V384 Per Mira 560 8100 3.5%x10°° 15.0 1.4 x 10" 0.4
CW Leo IRC+10216 Mira 120 9600 1.5x 107 14.5 3.7 x 10" 1.0
RW LMi CIT6 SRa 440 9700 6.0 x 107° 17.0 1.9 x 10" 1.4
Y CVn SRb 220 4400 1.5x 1077 8.5 2.9 x 10'° 0.2
IRAS 15194-5115 Mira: 600 8800 1.0 x 107> 21.5 3.2 x 10" 1.5
V Cyg Mira 370 6200 1.2 x 1076 11.5 8.5 x 10'° 1.2
S Cep Mira 340 7300 1.5x 10 22.0 7.5 x 106 0.4
AFGL 3068 Mira: 820 7800 1.5x 107 14.0 3.8 x 10" 1.5
LP And IRC+40540 Mira 630 9400 1.5x 107 14.0 3.8 x 10V 0.7

* Parameters taken from Schoier & Olofsson (2001) except for IRAS 15194-5115 and AFGL 3068 which are presented in Ryde et al. (1999)

and Woods et al. (in prep.), respectively.
® Other frequently used name.
¢ A colon (@) indicates uncertain classification.

4 A CO abundance of 1.0 x 1073 relative to H, was assumed in deriving the mass loss rates.

¢ Estimated CO photodissociation radius.
f Dust-grain heating parameter (see text for details).

Carbon monoxide, CO, is a good tracer of the molecular
gas content, and it has been extensively used to determine the
properties of the circumstellar envelopes (CSEs) formed by the
mass loss, e.g., recently Schoier & Olofsson (2001) used CO
millimeter line observations and a detailed modelling of the
emission to determine mass loss rates for a large sample of opti-
cally bright carbon stars. The Infrared Space Observatory (ISO;
Kessler et al. 1996) opened a new window for observing AGB-
stars, allowing studies of molecular gas, in their expanding
CSEs, much closer to the central stars than was previously pos-
sible using mainly ground based radio telescopes (Cernicharo
etal. 1996; Ryde et al. 1999). As an example Ryde et al. (1999)
studied the high mass loss rate carbon star IRAS 15194-5115
in several rotational transitions in the ground vibrational states
of 12CO and *CO. In this way different radial regions of the
CSE were probed, and constraints on the temporal changes in
the wind characteristics, in particular the mass loss rate, were
obtained.

In this paper the method used by Ryde et al. (1999) is
adopted in a study of a number of carbon stars observed by
ISO. The radiative transfer analysis is further extended to in-
clude also the stellar light reemitted by the surrounding dust,
and to investigate its effect on the excitation of CO.

2. Observations

Our sample consists of nine carbon stars, of which seven were
included in the large CO radio line survey of carbon stars made
by Olofsson et al. (1993) (see also Schoier & Olofsson 2001
for additional CO observations). The CO data on IRAS 15194-
5115 and AFGL 3068 are presented in Ryde et al. (1999) and
Nyman et al. (in prep.), respectively. Some of the stellar prop-
erties of the sample sources, as well as the results from de-
tailed radiative transfer modelling of the CO data (Schoier &
Olofsson 2001; Ryde et al. 1999; Woods et al., in prep.), are
listed in Table 1.
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Fig.1. The FIR spectrum of RW LMi, as observed by ISO, show-
ing CO rotational lines in emission superimposed on the continuum
emitted by the dust present around the star. All rotational transitions
within the ground vibrational state in this wavelength region (from
J =14 - 13to J = 29 — 28) are indicated. In addition, the interstel-
lar [CII] line is marked.

The FIR data were retrieved from the ISO data archive!.
The observations were carried out with the Long Wavelength
Spectrometer (LWS, Clegg et al. 1996), which had a field of
view on the sky of 84" x84”. The spectrometer was used in the
grating mode (LWSO01), covering the range 90—197 um, which
provided a mean spectral resolution element of ~0.7 um. Since
this corresponds to R = A/A1 ~ 100-250, the circumstellar
lines are far from being resolved. In what follows, only the
line-integrated flux will be discussed, since no kinematic in-
formation is available. The spectra were sampled at 0.15 um.

The data reduction was made using the pipeline basic re-
duction package OLP (v.9.5) and the ISO Spectral Analysis
Package (ISAP v.2.0). The pipeline processing of the data,

! http://isowww.estec.esa.nl/
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such as wavelength and flux calibration, is described in
Swinyard et al. (1996); the combined absolute and systematic
uncertainties in the fluxes are on the order of +15-20%. The ac-
curacy of the wavelength varies and can be as bad as +0.1 um.
The integrated intensities of the emission lines are measured in
the same manner as in Ryde et al. (1999), i.e., a dust continuum
level is estimated and subtracted over a limited wavelength in-
terval, usually ~10um. This procedure introduces additional,
sometimes large, uncertainties in the line fluxes. The errors in
the fluxes due to the uncertain continuum subtraction are, on
the average, estimated to be of the same order as the calibra-
tion uncertainties. A total error of +25% in the measured line
fluxes is assumed for all stars. In the radiative transfer mod-
elling of the CO emission lines observed by ISO the quality
of the fits are good (see Sect. 5), with reduced Xz values ~1,
indicating that the errors assigned to the fluxes are reasonable.

The final LWS spectra are dominated by thermal radiation
due to the dust present around these objects. Superimposed
on the dust continuum are molecular emission lines, of which
12C0, *CO, and H'>CN lines have been identified in the LWS
spectra of CW Leo (Cernicharo et al. 1996) and IRAS 15194-
5115 (Ryde et al. 1999). The LWS spectrum of RW LMi, where
only emission lines arising from '>CO have been identified,
is presented in Fig. 1. The observed fluxes are presented in
Tables 2—4. For the rest of the sample stars presented in Table 1
only upper limits to the CO FIR line emission were obtained,
Table 6.

3. Molecular line radiative transfer

In this section our standard model adopted for the excitation
analysis of the observed CO rotational line emission is pre-
sented (Schoier & Olofsson 2001). An expansion of the stan-
dard model is made to include a dust component, and its effect
on the CO excitation is investigated.

3.1. The standard model

The observed circumstellar CO line emission is modelled using
a numerical simulation code based on the Monte Carlo method.
The code solves the non-LTE radiative transfer problem of CO
taking into account 50 rotational levels in each of the funda-
mental and first excited vibrational states. The CSE is assumed
to be spherically symmetric and to expand at a constant ve-
locity. The code simultaneously solves the energy balance and
statistical equilibrium equations allowing for a self-consistent
treatment of CO line cooling. After convergence is reached in
the level populations the radiative transfer equation is solved
exactly for the transitions of interest. The resulting brightness
distributions are subsequently convolved with the appropriate
beams to allow a direct comparison with the observational data.
See Schoier (2000) and Schoier & Olofsson (2001) for details
on the radiative transfer. The code has been tested against other
radiative transfer codes for a set of benchmark problems to a
high accuracy (van Zadelhoff et al. 2002).

The recently published collisional rates of CO with H;
by Flower (2001) have been adopted assuming an ortho-to-
para ratio of 3. For temperatures above 400K the rates from
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Schinke et al. (1985) were used and further extrapolated to in-
clude transitions up to J = 50. The collisional rates adopted
here differ from those used in the previous modelling of these
sources (Ryde et al. 1999; Schoier & Olofsson 2001) and ac-
counts for the slightly different envelope parameters derived in
the present analysis.

The size of the CO envelope was fixed to 4 x 107 cm
and 2 x 10! cm for CW Leo and RW LMi, respectively. The
adopted sizes reproduce the extents of the CO(J = 1 — 0)
emission as mapped by the IRAM PdB interferometer for these
two sources (Neri et al. 1998). The radial brightness distribu-
tion of the CO(J = 1 — 0) emission towards RW LMi shows
signs of a second, weak and more extended, component pos-
sibly produced by a modulation of the mass loss rate (Schoier
& Olofsson 2001). Inclusion of this component in the mod-
elling only marginally affects the derived CO(J = 1 — 0)
line intensities. Transitions involving higher J-levels are un-
affected and this second component is not further considered
here. For IRAS 15194-5115 no interferometric observations
exist at present and the, marginally resolved, CO(J = 1 — 0)
single-dish map presented by Nyman et al. (1993) was used. A
CO envelope size of ~2 x 10'7 cm, reproduces the observed ra-
dial brightness distribution well. In the parameter space inves-
tigated here only the CO(J = 1 — 0) line intensity is sensitive
to the adopted envelope size. However, the effect is generally
weak (Schoier & Olofsson 2001).

The standard model includes radiation from a central
source approximated by one or two blackbodies located within
the assumed inner radius of the model CSE. Here we assume
that each central source is described by a single blackbody
of the luminosity listed in Table 1 and with a temperature of
2200 K. For the majority of the sample stars, which have dense
CSEs, the line intensities derived from the model are not sen-
sitive to the adopted description of the stellar spectrum due
to the high line optical depths. The stellar photons are typi-
cally absorbed within the first few shells in the model. Thermal
emission from the dust present in the CSE, and the increase
of total optical depth at the line wavelengths, is not properly
treated in the scheme of the standard model. Dust emission has
the potential of affecting the level populations in the ground
vibrational state, in particular through pumping via excited vi-
brational states. How this is incorporated into the Monte Carlo
method is described in Sect. 3.2, and its importance for the CO
excitation is discussed in Sect. 5.3.

In order to put constraints on possible mass loss rate mod-
ulations in the sources where CO line emission is detected
by ISO (i.e., CW Leo, RW LMi, and IRAS 15194-5115), the
two adjustable parameters in the radiative transfer analysis, the
mass loss rate and the s-parameter, are varied. The h-parameter
is defined as,

-3
b= ¥ \(20gcem 0.05 um ’ )
0.01 Pgr Agr

where ¥ is the dust-to-gas mass loss rate ratio, pg, the mass
density of a dust grain, and a,, the size of a dust grain. The
normalized values are the ones used by Schoier & Olofsson
(2001) to fit the CO millimetre and sub-millimetre line emis-
sion of CW Leo using the standard model, i.e., & = 1 for this
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object. The h-parameter enters into the expression for the heat-
ing term due to the momentum transfer from dust to gas

3 v
S PH, v,
AgPgr 1 + Uie‘

Hy = : @

8
where py, is the density of molecular hydrogen and vg; is the
drift velocity between the dust and the gas. The drift velocity
is expressed by (see Schoier & Olofsson 2001 and references
therein)

1/2
=) 3)
Mc

where Q is the flux averaged momentum transfer efficiency of
the dust assumed to have a value of 0.03 (Schoier & Olofsson
2001). This is the dominant heating process in the CSE, and it
is therefore important in determining the kinetic temperature of
the gas.

The best fit model is found by minimizing the chi-squared
statistic

N 2
2 z (Fmod,i - Fobs,i)}
X = - b
=1 [ Ti

where F is the flux and o; the uncertainty in the measured flux
of line 7, and the summation is done over all N independent ob-
servations. In the y2-analysis the ISO fluxes are assumed to be
accurate to within 25%. The millimetre observations are better
calibrated with an estimated uncertainty within 15% for these
strong CO sources, which are often used as standard sources at
radio telescopes.

Udrzvd_vez(

“

3.2. Addition of a dust component

The addition of a dust component in the Monte Carlo scheme
is straightforward. Scattering is of no importance at the wave-
lengths of interest here, and only emission and absorption by
the dust particles are considered. The dust is assumed to be
closely coupled to the radiation locally, and the particles emit
thermal radiation, described by the dust temperature Ty4(r), ac-
cording to Kirchhoff’s law. The number of model photons emit-
ted per second by the dust within a small volume of the enve-
lope, AV, and over a small frequency interval, Av, can then be
written as

4

Nq(r) = hvKvpd(r)Bv[Td(r)]AV(r)Av, (%)

where «, is the dust opacity per unit mass, pq the dust mass den-
sity, and B, the Planck function. Typically the frequency pass-
band is ~3 X v, and centered on the line rest frequency vy. The
dust temperature structure is obtained from the detailed dust ra-
diative transfer modelling described in Sect. 4. The model pho-
tons emitted by the dust are released together with the other
model photons. The additional opacity provided by the dust,
Eq. (6), is added to the line optical depth.

Moreover, since, in general, the dust and the gas have dif-
ferent temperatures heat will be exchanged during a collision.
The treatment of this process, which has implications only for
the gas, is adopted from Groenewegen (1994) and it is included
as an extra heating/cooling term in the energy balance equation
solved during each iteration by the radiative transfer code.
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4. Dust radiative transfer

The FIR spectra of carbon stars generally show bright ther-
mal radiation due to the large quantity of dust present in the
CSEs around these objects, which absorb and re-emit the stel-
lar visible and near-infrared radiation. Dust emission is poten-
tially important for excitation of vibrationally excited states in
molecules. This may affect the level populations in the ground
vibrational state, whose rotational lines are most often used to
constrain circumstellar models. In the case of CO the first ex-
cited vibrational state lies at 4.6 um, i.e., close to the peak of the
spectral energy distribution (SED; see Fig. 5). A shortcoming
of our standard model of radiative transfer in molecular lines is
the lack of a full treatment of the radiative transfer of the dust.
The gas has no importance for the radiative transfer of the dust,
which allows the dust analysis to be carried out separately in
order to determine, in particular, the dust temperature structure
needed for the more detailed molecular excitation analysis.

4.1. Dust modelling

The radiative transfer problem in a dusty CSE possesses scaling
properties (Ivezi¢ & Elitzur 1997). This fact is put to use in the
publicly available radiative transfer code DUSTY? (Ivezié et al.
1999), which is adopted here to model the observed continuum
emission.

The most important parameter in the dust radiative transfer
modelling is the dust optical depth

u=mf}ww; (©)

where the integration is performed from the inner (r;) to the
outer (r.) radius of the CSE. The dust is assumed to have fully
condensated at the inner radius of the model CSE.

In the dust modelling the same basic assumptions are made
as for the gas modelling, i.e., a spherically symmetric envelope
expanding at a constant velocity. This results in a dust den-
sity structure where pg o r~2. Amorphous carbon dust grains
with the optical constants given in Suh (2000) are adopted. The
properties of these grains were shown to reasonably well repro-
duce the SEDs in a sample of carbon stars. For simplicity, the
dust grains are assumed to be of the same size (a radius, aq4, of
0.1 um), and the same mass density (p, equals 2.0 gcm™3). The
corresponding opacities were calculated from the optical con-
stants and the individual grain properties using standard Mie-
theory.

In the modelling, where the SED provides the observational
constraint, the dust optical depth specified at 10 um, 7y, and
the dust sublimation temperature, T4(#;), are the adjustable pa-
rameters in the y?-analysis. The model SED only weakly de-
pends on the other input parameters which are fixed at reason-
able values. The effective stellar temperature is set to 2200 K,
i.e., the same value used in the radiative transfer of the gas.
The size of the CSE is fixed at r./r; = 3000 to ascertain that the
whole CO envelope (r,; see Table 1) is covered. The solution
obtained from DUSTY is presented using the relative radius

2 http://www.pa.uky.edu/ moshe/dusty/
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Fig. 2. y>-maps showing the sensitivity of the CO radiative transfer model, using the observed integrated intensities as constraints, to the mass
loss rate and the h-parameter. Contours are drawn at the 1, 2 and 30 levels. The number of observational constraints, N, are also given. The
quality of the best fit models are very good as determined from their reduced chi-squared statistics, szed ~ 1.

scale r/r;. The)(z—analysis constrain 71 and Ty4(r;), and a scal-
ing to the adopted luminosity fixes the absolute radius scale.

5. Results and discussion

In this section the constraints on the CSE characteristics, in-
cluding the mass loss rate history, obtained from the radiative
transfer analysis of the CO line emission and the dust emission
are presented. In addition, the influence of the dust component
on the excitation of CO is investigated.

5.1. Excitation analysis of CO

FIR CO line emission was detected by ISO towards the
high mass loss rate carbon stars CW Leo, RW LMi, and
IRAS 15194-5115, and we start with the analysis of these ob-
jects. The results of the radiative transfer modelling, varying
M and the h-parameter, are presented in Fig. 2 in the form of
x>-maps with various levels of confidence indicated. There are
three y>-maps per object, showing the constraints put by the ra-
dio and FIR observations individually and that of the combined
full data set. For low to intermediate mass loss rate objects it

is possible to constrain M and & simultaneously from radio
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Fig. 3. Best fit model (full line) for RW LMi overlayed on observations (histogram). The CO transition, telescope used, and the beamsize, are

given for each of the observations.

observations, provided that multi-transition observations are
available (Schéier & Olofsson 2001). However, it is evident
that for high mass loss rate objects, i.e., stars with M =
107> M, yr~!, only the integrated intensities from the observed
millimeter lines are not enough to put good constraints on the
mass loss rate. This is a consequence of the self-consistent
treatment of the CO line cooling, where an increase of the
mass loss rate leads to more cooling which compensates for
the increase in molecular density (see discussion in Schoier &
Olofsson 2001 for details).

By combining the radio data with the additional constraints
put by the FIR ISO data it is possible to constrain both M
and & also for the more extreme carbon stars. Using the ad-
ditional information on the excitation conditions contained in
the shape of the, spectrally resolved, CO radio lines it is occa-
sionally possible to further constrain the parameter space. For
example, in the case of CW Leo models below ~107> Mg yr™!
have J = 1 — O line-shapes that are double-peaked indi-
cating optically thin resolved emission. This is, however, not
observed. Moreover, models with mass loss rates in excess of
~5% 107> Mg, yr~! are too optically thick and produce parabolic
line shapes that are too centrally peaked when compared with
the J = 1 — 0 line-shapes. Estimates of the mass loss rate and
the h-parameter obtained from the full set of data are presented
in Table 5. The FIR CO line fluxes obtained from the best fit
models are presented in Tables 2—4. In Fig. 3 the line intensi-
ties obtained from the best fit model for RW LMi are overlayed
on observations. Similar plots are presented for IRAS 15194-
5115 in Ryde et al. (1999) and for CW Leo (radio data only) in
Schdéier & Olofsson (2001).

The quality of the best fit models can be judged from their
reduced y? obtained from
Xiin

s ™

2 _
Xred =

where p is the number of adjustable parameters, in this case
two. In all cases the best fit model has /\/rze a~ L indicating a
good fit.

A detailed discussion on the excitation of CO, and also the
sensitivity of the results of our standard model to variations
of many of the input parameters, can be found in Ryde et al.
(1999), Schoier & Olofsson (2000), and Schéier & Olofsson
(2001).

5.2. Dust emission

The dust analysis is only performed for the high mass loss
rate carbon stars CW Leo, IRAS 15194-5115, and RW LMi
where ISO detected CO line emission. The observational con-
straints, in the form of SEDs covering the wavelength range
~1-100 um, consist of IRAS fluxes and JHKLM-photometry
and are presented in Fig. 5 with the result from the best fit dust
models superimposed. The near-infrared data taken at maxi-
mum light were obtained from Le Bertre (1992) for CW Leo
and IRAS 15194-5115 and from Taranova & Shenavrin (1999)
for RW LMi. The fits to the observed SEDs are very good and
show no signs of any drastic modulation of the mass loss rate.
In comparison, the presently known detached shell sources
show a distinct excess in their 60 um flux due to a brief, but
intense, period of dramatically enhanced mass loss (Olofsson
et al. 1996, 2000; Lindqvist et al. 1999; Schoier & Olofsson
2001).

The dust optical depth, Eq. (6), can be expressed in terms
of the gas mass loss rate by using the gas-to-dust mass ratio, ¥,

1= K,]‘I"M (8)

47Tl’il)d ’

assuming r. > r;. The optical depth for the best fit dust model
can be translated into a mass loss rate estimate using the com-
bination of dust parameters as expressed by the h-parameter
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Fig. 4. y*-maps showing the sensitivity of the dust radiative transfer model, using the spectral energy distribution as constraint, to the dust
opacity at 10 um (7y¢) and the dust condensation temperature (7). Contours are drawn at the 1, 2 and 30 levels. The number of observational
constraints, N, are also given. The quality of the best fit models are very good as determined from their reduced chi-squared statistics, X?c a~ L
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Fig. 5. Spectral energy distributions of RW LMi, IRAS 15194-5115, and CW Leo obtained from the best fit dust radiative transfer model (full
line). Filled circles with error bars indicate observed fluxes used in the y>-analysis. Also shown is the ISO FIR spectrum between ~100-200 um.

The latter was not used to constrain the dust radiative transfer modelling.

derived from the gas modelling and the expression for the
drift velocity in Eq. (3). The mass loss rates obtained in this
fashion are presented in Table 5 and they are all in excellent
agreement with those presented in Ivezi¢ & Elitzur (1995) and
Groenewegen et al. (1998). The mass loss rates derived from
the dust modelling agree well with those estimated from the
CO line emission, putting further constraints on the mass loss
rate history.

In the derivation of the mass loss rates for these extreme
carbon stars a constant value of 0.03 was used for the flux
averaged momentum transfer efficiency Q. In a more detailed
modelling of the wind dynamics ve, v4, and Q will have ra-
dial dependences (e.g., Habing et al. 1994; Elitzur & Ivezic¢
2001). However, they reach their terminal values close to the
star, and since no direct observational information is available
from this complex region any radial dependence is neglected
in the present analysis. The terminal value of Q will depend
on the amount of dust present and its properties. The fact that
the SEDs for the high mass loss rate objects presented in Fig. 5
peak at roughly the same wavelength (~5 um), indicates that
their terminal values of Q are similar. The drift velocity for
these sources is ~3kms™, i.e., significantly lower than the

terminal gas expansion velocity. In this case, the dominant
heating term of the gas, Eq. (2), can be written

€))

This means that the uncertainty in the product /Q%? is the same
as derived for & when Q is fixed, i.e., within ~30%.

5.3. Effect of dust emission on the excitation of CO

The effect of a dust emission component on the excitation
of CO is tested for RW LMi. In Fig. 6 the derived dust and
gas temperature structures are plotted. For » 2 10'° cm, the
dust temperature is well described by a power-law falling off
as "4, Closer to the star optical depth effects come into play
and T4(r) decreases faster with distance. The dust and gas tem-
peratures are clearly decoupled throughout the envelope.

In Fig. 7 the radial variations of the cooling terms are plot-
ted. The cooling rate has been multiplied by a factor ocr* for
clarity (the heating due to dust-gas collisions is roughly pro-
portional to r~#). CO rotational line cooling is the dominant
coolant in the region between ~3 x 10'*cm and ~1 x 10'7 cm,
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Table 2. Observed and modelled CO FIR rotational lines towards
IRC +10216.
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Table 3. Observed and modelled CO FIR rotational lines towards
RW LMi.

Aobs Fops? Transition Avac Finod® Aobs Fops Transition Avac Frod®
[pm] [Wcem™] [m] [Wem™2] [pm] [Wem™] [um] [Wem™]
18593 6.1 x 1071  CO(14-13) 185999 4.7 x 10~ 18593 4.1x 102 CO(14-13) 185999 4.0 x 10-2
173.60  9.0x 107  CO(15-14) 173.631 5.0x 107" 173.62 65%x 102  CO(15-14) 162.811 45x 1072
162.81 43 x107°  CO(16-15) 162.811 54x107" 162.83 4.7x107 CO(16-15) 162.811 4.5x 1072
15324 73x107°  CO(17-16) 153.267 5.7 x 10719 15324  6.6%x 102 CO(17-16) 153267 4.7 x 1072
14470 6.6x107°  CO(18-17) 144.784 6.1 x 1071° 14470 44%x 102  CO(18-17) 144784 4.9 x 1072
137.15 7.0x 107  CO(19-18) 137.196 6.4 x 107" 130.32 6.1 x1072  CO(20-19) 130.369 5.2 x 1072
13032 L1x 1078 COQ20-19) 130369 6.8 x 107" 12432 62x102° COQ21-20) 124.193 53 x 1072
12432 8.8x107" CO(21-20) 124.193 72x107" 118.61 55x1072 CO(22-21) 118.581 5.5x 1072
118.61 53x107° CO(22-21) 118.581 7.4x107" 108.85 5.1x1072 CO(24-23) 108.763 5.6x 1072
11334 13x 1078 CO(23-22) 113458 7.6x 107" 10449 50x 102  COQ25-24) 104445 5.7 x 1072
108.85 5.6x 107 CO(24-23) 108.763 7.9x 107" 96.89 4.6x 1072 CO(27-26) 96.773 5.8 x 10720
10449 5.0x 107  CO(25-24) 104.445 8.1x107" 93.52 59x1072 CO(28-27) 93349 5.8x 10720
10035 89x 107 CO26-25) 100461 8.3 x 1071 90.14 6.1x 1072 CO(29-28)  90.163 5.8 x 1072
96.89 13 x1078: CO(27-26) 96773 8.5x 1071
93.52 7.7x107°  CO(28-27) 93349 8.6x1071° 2 A mass loss rate of 5.0 x 107 M, yr~! and a h-parameter of 2.3 was
90.14 9.1 x107" CO(29-28) 90.163 8.8x 107" used in the modelling.
8720 1.1x107'8: CO(30-29) 87.190 8.9x 107"
8443 9.0x 107"  CO(31-30) 84411 89x107Y Table 4. Observed and modelled CO FIR rotational lines towards
81.82 44x107"° CO(32-31) 81.806 89x 107" IRAS 15194-5115.
7944 87x107% CO(33-32)  79.360 8.9 x 1071°
76.99 7.6x 107  CO(34-33) 77.059 8.9 x 107" Ao Fope Transition Aoae Frod®
7449 9.4x107°  CO(35-34) 74890 8.9x 107 ml  [Wem?] aml [Wem™2]
72.85 12x 107  COB36-35) 72.843 88x 10719
7098 1.1x 107 CO@37-36)  70.907 8.6x 107" 18599 3.0x107° CO(14-13) 185999 2.6x 107
173.66  3.8x 102 CO(15-14) 162.811 2.8 x 1072
2 A colon () marks lines with uncertain flux estimates due to over- 162.85 42x107 CO(16-15) 153.267 3.0x 1072
lap with an HCN line. These CO lines were not included in the 15338 4.0x 1072 CO(17-16) 144784 3.1x 107
x>-analysis. 14480 38x 102 CO(18-17) 137.196 3.3 x 1072
® A mass loss rate of 1.2 x 107 M, yr’l and a h-parameter of 1.8 was 137.12 3.5x 107  CO(19-18) 130.369 3.4 x 1072
used in the modelling. 124.10 2.8x 1072 CO(21-20) 118.581 3.7x 1072

where most of the emission from the observed CO transitions
emanate. Closer to the star cooling due to H; line emission and
heat exchange between dust and gas becomes important but
very little emission from this part of the CSE contributes to the
line emission observed.

The excitation analysis shows that only in the innermost
parts of the envelope is the v = 1 state significantly populated,
and hence able to affect the ground-state populations, but this
region is severely diluted in the observational beams, and the
derived line intensities are therefore not notably affected. In
conclusion, the addition of a dust emission component has only
a minor effect on the derived FIR line intensities, and no effect
on the radio line intensities. Kwan & Hill (1977) noted that
dust emission have no effect on the excitation of the radio lines
using the large-velocity-gradient method, a less detailed treat-
ment than ours of the radiative transfer problem.

5.4. Mass loss rate modulations

It is found that the CO radio lines are formed mainly beyond
5 x 10'%cm, corresponding to a time scale of 2103 yr, while
the FIR lines are formed much closer to the star, within ~2 X
10" cm, which corresponds to <40 yr. Thus, the CO emission

2 A mass loss rate of 1.2x107> M, yr™!

used in the modelling.

and a h-parameter of 2.8 was

modelled here traces the mass loss history over the past several
thousand years. The dust parameters, as represented by the /-
parameter, are not likely to have significantly changed during
such a relatively short period of time. This is further supported
by the radiative transfer analysis of the dust emission.

From the shape of the y*>-maps in Fig. 2 it is clear that the
FIR fluxes are degenerate, with respect to the mass loss rate
and the h-parameter, to some degree making it hard to put good
constraints on any possible mass loss rate modulations. An in-
crease in the mass loss rate, and hence the CO density, can
be compensated for by lowering the h-parameter and thus the
temperature in the envelope producing more or less the same
amount of flux. In the case of RW LMi mass loss rate mod-
ulations of a factor of ~2 (1o) to ~5 (20) are possible. For
CW Leo and IRAS 15194-5115, such constraints can not be
obtained from the analysis of the CO emission alone.

The dust emission typically probe the same radial extent
of the envelope as the CO emission. The quality of the model
fits obtained in the analysis of the SEDs are encouraging
(Sect. 5.3) and fully consistent with a scenario where the aver-
age mass loss rate has been constant over a large period of time.
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Table 5. Derived envelope parameters from the radiative transfer analysis.

Gas model® Dust model®
M h Xa Tio Ta(ri) i M Xoe
Source [Mg yr'] [K] [cm] [Moyr']
RW LMi 50£1.0x10° 23+03 038 0.41 £0.02 1050 + 100 2.2x10* 35x10° 1.1
IRAS 15194-5115 12+05%x 10 28+0.7 09 0.59 £0.05 1200+ 150 1.5x10"“ 35x10° 0.8
CW Leo 1.2 +0.8x 107 1.8+ 0.5 1.4 0.95+0.07 1200+ 100 19x10% 8.0x10° 1.9

2 The uncertainties are based on the 68% confidence level (107) from Fig. 2 for the combined data set (radio + ISO) and indicates the range of
acceptable values for each adjustable parameter. However, note that the 68% confidence level has a non-rectangular form in the two dimensional

parameter space.

® The uncertainties are based on the 68% confidence level (10) from Fig. 4 and indicates the range of acceptable values for each adjustable
parameter. However, note that the 68% confidence level has a non-rectangular form in the two dimensional parameter space. The uncertainty
in the mass loss rate estimate from the dust radiative transfer is ~30—40% and includes the uncertainty in the adopted /-parameter.
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Fig. 6. Dust temperature through the circumstellar envelope around
RW LMi (solid line). For r 2 10" cm, T4(r) is well described by a
power-law %4, Also shown for comparison is the kinetic temperature
of the gas, T,(r), obtained from the best fit CO model.

The good agreement between the mass loss rates derived from
the dust and the gas modelling strengthen the conclusion that
any long-term mass loss rate modulations over the past thou-
sands of years are likely to have been less than a factor of ~5
for these stars. We conclude, for all three sources, that the aver-
age mass loss rate over the last ~100 years is not substantially
different from that over the last few thousand years.

5.5. Non detections

The CSE parameters presented in Table 1 are used to calculate
the model fluxes in the CO(J = 21 — 20) transition for the
objects not detected by ISO. The predicted fluxes are given and
compared with the upper limits obtained from the ISO observa-
tions in Table 6. The model fluxes and the observed upper limits
are all consistent with the scenario of a constant mass loss rate,
or, to be more precise, a mass loss rate which has not increased
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Fig.7. The cooling rates in the CSE around RW LMi derived from the
best fit model. The full line represents adiabatic cooling; the dotted
line H; line cooling; the dashed line the CO line cooling; and the dash-
dotted line cooling due to heat exchange with the dust. The cooling
rates have been multiplied by a factor ocr* for clarity. Note that for
r 2 10% cm Ty > T, and the dust will heat the gas. This extra heating
is, however, insignificant compared to the heating provided by dust-
gas collisions.

Table 6. Observed and modelled FIR fluxes for sample stars where
only upper limits were obtained.

Source Fops? Fod®
[Wcem™2] [Wem™2]
V384 Per <2 % 10720 5.5 % 107
Y CVn <8 x 1072 2.3 x 1072
V Cyg <4 x 10720 1.7 x 10720
S Cep <3 x 10720 9.3 x 107
AFGL 3068 <2x 10720 1.4 x 1072
LP And <3x107% 1.5% 1072

@ Upper limit to the CO FIR line emission from observations.
® Predicted ISO flux from the model in the CO(J = 21 — 20) transi-
tion using the envelope parameters from Table 1.
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significantly over the last 10° years. It is also clear that far too
little ISO observing time was spent on each of these six stars.

6. Conclusions

The modelling of CO rotational line emission at millimetre and
FIR wavelengths put constraints on the physical properties of a
CSE. Since the available data probe the full radial extent of the
CO envelope conclusions about temporal changes in the mass
loss rate can be drawn. For the high mass loss rate objects we
find that the FIR data, which probe the inner regions of the
CSE, are consistent with the results obtained from the radio
data. Under the assumptions of a constant mass loss rate the
combined set of data better constrain the envelope parameters
such as the mass loss rate and the kinetic temperature of the gas.

From the CO data alone, it is generally hard to put good
constraints on any modulations of the mass loss rate. However,
analysis of the dust emission put further constraints on the mass
loss rate history, and allows conclusions about its temporal
changes to be drawn. We find that any longer-term mass loss
rate modulations are likely to have been smaller than a factor
of ~5 over the past $10*yr.

The role of dust in the excitation of CO has been investi-
gated and found to be of only minor importance.
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