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Abstract. 2CO and'*CO J = 6-5 observations of IRC +10 216sistent with each other it is unclear if the enhancement in the
with the JCMT are presented. A spherically symmetric radiarass loss rate extends beyond that radius.
tive transfer code is used to model these and other CO obser-Visibility curves are calculated for comparison with future
vations of the carbon star IRC +10 216/CW Leo. Compared itterferometric observations. These appear to be insensitive to
previously published model calculations a much larger set laiminosity and mass loss variations but should be good tracers
observational data is used as constraints; on-sddic® and of the geometry of the CO shell.
13C0O J =1-0 up to J = 6-5 and mapping data taken with various A comparison is made between the mass loss rates and dust-
telescopes, most of which are obtained from the literature. to-gas ratios derived from the CO modelling and those derived
The gas temperature in the envelope is calculated takifigm our previous dust modelling. To do this we make use of the
into account heating and cooling. The heating by dust-gas ct#tation M v, = 7# £ (1 — &), which is valid for radiation
lisions and various other parameters (such as luminosity oypsessure driven outflows. The best agreement is obtained for
distance squared) are constrained from our previous modelihg model with 15 000 k. This agrees well with the luminosity
of the circumstellar dust shell. Photoelectric heating is takeéange 7 700-12 5004, based on the period-luminosity relation
into account. for carbon miras.
A grid of models is calculated with the following param-  In summary, we conclude that the likely luminosity of
eters: luminosity (in the range 10 000 — 30 000, in steps B*C +10 216 is between 10 000 and 15 009 &nd that its
5 000 L), mass loss rate, dust-to-gas ratio, dust opacity adligtance is between 110 and 135 pc. The present-day mass loss
CO abundance. For each of the considered luminosities a gé@i is (1.5+ 0.3) x10~> Mg, yr—! and the gas-to-dust ratio is
fit to the on-source data can be obtained. A comparison wiay00+ 100. The dust opacity at §am is found to be of order
CO J = 1-0 data obtained from the literature points towards8250 cntgr—'. The CO abundance is 1:1 10~ relative to
preferred luminosity of 10-15 0004. Ho.
Notwithstanding the overall good agreement, there remain
discrepancies. The different obsery860 J = 3-2 observations Key words:  circumstellar matter — stars: individual:
appear to be always larger than the model predictions. The #8C +10 216 — mass-loss — AGB, post-AGB
served3CO J = 6-5is almost flat-topped, while the model gives
a slight double-peaked profile. There is a large discrepancy with
the single existing?CO J = 7-6 observation. 1. Introduction

The best fitting models (for each of the consideredluminoﬂic +10 216 (= AFGL 1381 = CW Leo) is the best-studied
ties) cannot accommodate the more extended emission seen In - -

the mapping data. This is not due to an underestimate of ﬁ]arbon star, because it is intrinsically bright and nearby. One

e " . .
photoelectric effect. To fit the data for radial offset80" the aspect of study has traditionally been the properties of the cir-
mass loss rate must be a factor of 5 higher in the outer envel

cumstellar shell: e.g., what is the mass loss rate, has the mass
Because the various sets of data for offsg1$0’ are not con-

OBSs rate changed with time, what kind of chemistry takes place,
what is the geometry of the shell?

Send offprint requests tdlartin Groenewegen, _ In two recent papers we have made an extensive study of the
(groen@mpa-garching.mpg.de) circumstellar dust shell of IRC +10 216 (Groenewegen 1996,

* The James Clerk Maxwell Telescope is operated by the Joint A297, hereafter G97). A much larger set of observational con-
tronomy Centre on behalf of the Particle Physics and Astronomy Fedraints was used than in any previous study. This allowed the
search Council of the United Kingdom, the Netherlands Organizatiggrivation of the present-day dust mass loss rate, the ratio be-
for Scientific Research, and the National Research Council of Canaitteeen the luminosity at maximum light divided by the distance
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Table 1.CO data used as constraints

Molecule Transition Reference Telescope Beam width Remark
FWHM(")
2Co 1-0 Groenewegen et al. (1996) IRAM 21.0 primary constraint
Truong-Bach et al. (1991) IRAM 21.0 map
Groenewegen & Ludwig (1998) IRAM 21.0 map
Knapp & Morris (1985) BTL 100
Huggins et al. (1988) NRAO 50 map
Olofsson et al. (1993) SEST 45
Huggins et al. (1988) 0SsOo 34 map
2-1 Groenewegen et al. (1996) IRAM 125 primary constraint
Truong-Bach et al. (1991) IRAM 125 map
Groenewegen & Ludwig (1998) IRAM 12.5 map
Huggins et al. (1988) NRAO 31 map
Olofsson et al. (1993) SEST 23
3-2 Groenewegen et al. (1996) JCMT 14.3 primary constraint
Williams & White (1992) JCMT 15
Wang et al. (1994) CSO 214
4-3 Williams & White (1992) JCMT 11.0 primary constraint
6-5 this paper JCMT 55% in 7/0+ 45% in 18 beam  primary constraint
7-6 Wattenbach et al. (1988) UH2.2m 45
13co 1-0 Groenewegen et al. (1996) IRAM 21.0 primary constraint
Knapp & Chang (1985) BTL 105
2-1 Groenewegen et al. (1996) IRAM 125 primary constraint
3-2 Groenewegen et al. (1996) JCMT 14.3 primary constraint
Williams & White (1992) JCMT 15
Wang et al. (1994) CSO 20.3
6-5 this paper JCMT 55% in 7.0+ 45% in 18 beam  primary constraint

squared, the dominant grain size, the effective temperature agb find evidence for a hot inner core: a mass loss rate of 2.5
the inner dust radius. 1075 Mg yr—tintheinner 4.2 and a mass loss rate of410~°

In another paper we have mapped the 1.3 mm continudvh; yr—* in the outer region (for a distance of 200 pc). Kastner
emission around the star (Groenewegen et al. 1997). It was (e292) found a best fit to some CO data for a distance of 150 pc
tected outto 50atanoise level of@or better. There is evidenceand a mass loss rate of-210°° Mg, yr—'. In a recent paper,
for phases of enhanced mass loss, but a quantitative analysfsrsas & Menten (1997) also presahfie= 6-5'2CO and'*CO
hampered by the significant contribution of molecular lines @ata, and combined those with other data from the literature,
the continuum emission, and the uncertainty in the radial distéind modelled the data. In this respect the philosophy behind
bution of that contribution. that paper is similar to ours. The major differences with that

Another way to study the circumstellar shell is by observingaper are that the effective absorption coefficient is taken into
the gas component. A good tracer of the,(lgas is the CO account in a consistent way (see below and Sect. 7.2) and that
molecule, and numerous CO observations exist of IRC +10 24¥ parameter space is scanned consistently no a-priori fixing
(see the catalog of Loup et al. (1993) for a compilation). ANy parameter. In Crosas & Menten, the dust-to-gas rafixed
fair number of detailed models have been proposed to explaif value of 0.01. They find a good fit using a distance of 150 pc,
various CO observations. The pioneering work was done Bynass lossrate of 3.2610~° Mg, yr~!, a CO abundance of 6
Kwan & Hill (1977). For an assumed distance of 200 pc they 10~*, and a dust-gas momentum transfer r@tef 0.025 for
deduced amass loss rate of 20~5 M, yr—*, a CO abundance the inner region, < 10¢ cm), and 0.018 for the outer region.
relative to H of about 8x 104 (both uncertain to a factor of They conclude there is no need for a hot inner core.
2), and a CO£CO isotope ratio of 35 7. In a second paper  In all the model calculations mentioned above the effective
Kwan & Linke (1982) deduced a mass loss rate of 40~°> absorption coefficienf) is assumed to be a free parameg@r.
Mg, yr—! for a distance of 200 pc and a CO abundance &f 6 describes the momentum transfer efficiency between the gas
10~%. Sahai (1987) finds, based on the modeling of high-J linemd the dust. However, we claim, and this is a key point in
that the temperature in the inner region is much larger than tliais paper, that effective absorption coefficiéhis not a free
predicted by the Kwan & Linke model, and that the mass loparameter but is related to the properties of the dust. This had
rate in the inner 6 region is 3.2x 10~®> My yr—! and 50% been realised before but it requires the simultaneous fitting of
higher in the extended envelope, assuming a distance of 30QhpEspectral energy distribution (SED) and the CO data in order
and a CO abundance of:8 10~%. Truong-Bach et al. (1991) to estimate&) in a self-consistent way. This approach was taken
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Table 2. Default parameters The heating rate per unit volume caused by dust-gas colli-
sions is (see G94 for details):

Luminosity DistancE)  Mges

(Lo) (pc) 10° Mg yr! U (l1+4 2 LQur)\Y?
10 000 110 1.80 Hgyg ~ n(Hs)? ( p Jite) ( QM( )> 1)
15 000 135 2.20 pd
;g 888 i?i g'gi and the drift velocity in km st given by:
30000 191 3.11 0.5
L
var = 1.4293 x 1074 <Q(T)) (2)

(UParameters that follow from the dust modeling in G97. The mass
loss rate is based ol =0.005 60 = 68 cnfgr~ ' and a dust expansion yhere, is the dust grain density,the grain size[. the stellar
velocity of 17.5 km s . luminosity in solar unitsM the mass loss rate in Myr, Q the
effective absorption coefficient (defined below in Eq. 4)
the gas velocity in kms', fy. the number ratio of helium to
in the fitting of two OH/IR stars in Groenewegen (1994b) angydrogen (a value of 0.1 is assumed) dntthe dust-to-gas ratio.
is proposed here for IRC +10 216. The cooling rate is determined by molecular line cooling of
The outline of the paper is as follows. In Sects. 2 and'3CO, *CO, HCN, H, and adiabatic cooling. Thejdtooling
the model is briefly described. In Sect. 4 €O and'3CO rate is treated in an approximate way but is not very important
J = 6-5 observations as well as the other CO data to which 16&94). The cooling rate due t6CO, 1*CO and HCN is calcu-
models are compared are presented. In Sect. 5 the results ofdted from the molecular excitation code in an iterative process.
model calculations are described. So-called visibility curveSpr a given temperature structure the level populations are cal-
to be compared with future interferometric observations, atalated, which allows the molecular cooling to be determined,
presented in Sect. 6. The paper ends with discussion and camd finally a new temperature structure is derived by solving the
clusions in Sect. 7. energy balance equation (see G94).

2.1. How does dust affect the molecular excitation model?
2. The model

.As mentioned before dust grain-gas collisions is the mostimpor-

The calculations are performed with the molecular line emisspé‘ht heating mechanism and therefore the properties of the dust

radlat|\{e tran_sfer model of Groenewegen (.19943; G94). T Qze, opacity, dust-to-gas ratio) influence the gas temperature
model is an improvement over and extension of the code

) i . . Md hence the resulting CO line profiles.
Morris _et a_l. (1985) through the inclusion of a self-con5|s_tent In G97 the spectral energy distribution (SED) and visibility
determination of the gas temperature. The model was prewougdxves of IRC +10 216 were modelled using a dust radiative

applied to two OH/IR stars at known distances (Groenewegﬁgnsfer (DRT) model and constraints were set to the dust prop-

1994D). . ) . erties. Table 2 lists for an assumed luminosity, the derived mass
The model is fully described in G94 and only some €$55s rate and distance.

sential details are repeated here. The _mod_el assumes sphericay, o shape of the calculated SED is determined completely
symmetry and that the Sobolev approximation is valid to calCyy the input spectrum of the underlying star, the inner dust radius
late the radiative transfer (this presumes that the local Imewmt equivalently, the temperature of the dust at the inner radius,

is much smaller than the expansion velocity). The line Pr97), and the optical depth. The optical depth is given by:
files are calculated without the Sobolev approximation using

a ray-tracing method instead, assuming, in the present paper,a ("™ 5

thermal velocity of 0.5 km's'. The CO, respectivel?CO or "* / maQx na(r) dr
HCN, molecules are excited by: (1) collisions with End He

molecules, (2) interaction with the 2.8 K background radiation, MU Qy/a [™> R(zx)
and (3) infrared radiation from a central blackbody of tempera- "~ R, Voo pd Te /1 2
tureTsp and radiusRgg which leads to pumping from the v =

0 into the v = 1vibrational state. wherex = r/rc, ]\/[(r) = M R(gc) and v(r) = VUso w(g(;)

The heating rate by the photoelectric effect is discussedThe normalized mass loss rate profitéz) and the normalized
G94. The heating rate per hydrogen molecule is not simplwalocity laww(z) should obeyr(1) =1 andw(oo) = 1, respec-
constant as is often assumed, but the grain charge parametéivédy. In the case of a constant mass loss rate and a constant
calculated for each radius and optical depth effects are taken imédocity, the integral in Eq. (3) is essentially unity singg, is
account. The photoelectric heating rate scale€:g$Y’/0.1)), always much larger than 1. The symbols and unitsin Eq. (3) are:
with G, the UV flux of the diffuse interstellar medium, abd the (present-day) mass loss ratein M, yr—!, ¥ the dust-to-
the yield of dust grainsGy = 1 andY = 0.1 are used unlessgas mass ratio (assumed constant with radipgthe extinction
otherwise noted. coefficient,a the grain size in cm (the model assumes a single

Tinner

3)
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Table 3.Grid of models ran

v w12 v/125 V¥/15 /167 Y/1.8 Wv/2 V3 W4 V5

L=10000 L,
Maerx 1.0 9 - - - - - 10 10 . 9
Maes /1.2 - - - - - - - 10 11 -
Maer 1 1.4 - - - - - - - 13 , _
Maer /1.8 - - - - - - 16 - - -
L =15 000 L
Mdef x 1.2 - - - - - - - - - 8
Maeex 1.0 9 - - - - - 9 9 9 -
Mas /1.2 10 - - - - - 10 11 - -
Mdef /1.4 12 - - - - - 12 - - -
Mas /1.6 14 - 14 - - - - - . .
L =20 000 L
Mdef x 1.2 - - - - - - - - - 8
Maesx 1.0 9 - - - - - 10 9 - .
Mdef /1.2 - - - - - - - 12 - -
Maes /1.4 - - - - 14 - - - - -
L =25 000 L
Maex 1.4 - - - - - - 7 7 7 -
Magesx 1.2 - 8 - - - - 8 - 8 8
Masx 1.0 9 - - - - - 10 9 - .
Maes /1.2 10 - - - - - 10 11 - ;
Maes /1.4 12 - - - - 13 12 - - -
Maes /1.6 15 - 15 - - - 12 . . .
Maes /1.8 17 - - - - - - . . B
L =30 000 L
Mdcf x 1.2 - 8 - - - - - - - -
Maerx 1.0 10 - - - - - 10 10 - .
M et /1.2 10 - - - - - 11 - - -
Mar /1.4 11 - - 12 - - - . . .

For every luminosity the combinations of models that have been calculated are indicated. The corresponding absolute dust opacity follows from
Eg. (3). The default mass loss rate and the distance are different for each luminosity; see Table 2. The entry in the table is the best fitting CO
abundance in units of 0. Bold-faced numbers indicate best-fitting models discussed in Sect. 5.

grain size),R, the stellar radius in solar radii,, the terminal whereF) is the emerging flux from the central star and the dust

velocity of the dust in kms?, p4 the dust grain specific densityshell at infinity. In principle depends on the radius sinEg is

in g cm3, ., the inner dust radius in units of stellar radii an@ontinuously changed by the dust emission but this is only im-

rmax the outer radius in units of.. The mass loss rates derivegortant near the inner radius where the dust temperature changes

in G97 are based on an assumed dust velocity of 17.5Km srapidly (see Habing et al. 1994). The molecular transitions un-

an absolute opacity at @m of 68 cnfg~! and a dust-to-gas der discussion here originate from several tens to hundreds of

ratio of 0.005. stellar radii whereF, is essentially independent of the radial
The relation between the wavelength dependent absorptaistance.

coefficient@ in Eq. (3) and the effective absorption coefficient

QinEq.(1)is: emission from hot dust close to the star. In molecular emission
B JEx Qx dX 4 models this is usually represented by a blackbody of temper-
Q= fF)\ d\ ) atureTp and radiusRpg. These quantities can be estimated

Radiative pumping of molecules is provided by thermal
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Table 4.Fit to secondary constraints

Transition  Telescope Observed Peak Model Peak Temperature(K)
Temp. (K) L=10000l, 15000 20000 25000 30000
2CO(1-0) BTL 5.1 4.9 5.5 5.9 55 5.8
NRAO 9.6 9.3 10.3 10.9 10.3 10.8
SEST 10.7 10.2 11.2 11.9 11.2 11.7
0SOo 10.0 13.2 14.7 14.9 14.2 14.5
2CO(2-1) NRAO 215 15.7 16.8 17.5 16.6 17.2
SEST 25.4 21.1 22.1 23.0 21.9 22.7
12Cc0(3-2) €SO 325 - 22.6 - - -
12CO(7-6) UH2.2 9.0 2.87 2.66 2.78 2.65 2.75
3Co(1-0) BTL 0.38 0.27 0.29 0.32 0.30 0.32
13CO(3-2) CSO 2.9 - 2.62 - - -

() Wang et al. (1994) give a value of 3.9 K, but this apparently refers to the peak temperature of the horn, in this double-peaked profile. The
observed temperature at the line center is read of their Fig. 2 and then appropriately scaled to give the main-beam temperature.

from the DRT-models. At each gridpoint in the DRT-model théirst approximation assumed to be equal to that?@O (see
blackbody temperature of the radiation field is determined. Mamon et al. 1988). The outer radius of the CO shell is set at
this way a realistic estimate d@f;z and R is obtained. the radius where the CO abundance has dropped to 1% in the

In G97 we showed that the near-infrared visibility curvesalculations. Egs. (6) and (7) are used with a gas velocity of
are very sensitive to the grain size and that a main grain sizeldf5 km s!, which is the observed terminal velocity of the gas.
0.164+ 0.01um could fit the visibility curves. Therefore a grain

size of 0.16um is adopted in all calculations. .
Finally, DRT-models providey ,, the optical depth at 1000 3. Best guesses for the dust-to-gas ratio and CO abundance

A which is needed to calculate the photoelectric heating (SB&o important free parameters are the dust-to-gas ratio and the
G94 for details) and the dust temperature profile which is needsisindance of CO molecules relative te.Both quantities can
in the heating rate due to the gas-dust temperature differemnee take arbitrary values.

(see G94). There is a physical upper limit to the dust-to-gas ratio based
on the number of atoms that can condense into dust. Using the
2.2. The outer radius and photodissociation continuity equation for the gas and the dust and assuming that

the dust is 100% carbonaceous one finds that the theoretical
The outer radius of the CO shell is determined by photodissust-to-gas ratio is given by:

ciation. Mamon et al. (1988) have investigated this effect and
found that the CO abundance as function of radius, relatlve\f/o

no 12 vgas + vy
the value close to the star, can be approximated as:

fo(C/0—1) [ 15 ®)

Xco = e~ @ (r/ry2)" (5) wheref, is the degree of condensation of the dust and C/O is

: the number ratio of carbon to oxygen atoms in the gas phase.
wherer, > anda depend oM and v and are tabulated by aking the observed gas velocny of 14.5 kit sand assuming
Mamon et al. (1988). Here we instead use the analytical fit 10 ftvel £3.0k f
these results by Stanek et al. (1995): adriftve ocity of 3.0 km s* and a cosmic oxygen abundance o

' ' 8.70 (on a scale wheH = 12.0) then the theoretically predicted
0.55 dust-to-gas ratio i¥ = 5.18 x 1073 f. (C/O —1).

. 0.65
—0.55
r1/2 = 5.4 % 1016 < A{ﬁ) (1%) <fco> For disk planetary nebulae it found that C¥04 (see e.g.

10 8 x 10~ Groenewegen & de Jong 1994 and references therein) and be-
causef. < 1 by definition, it follows that must be smaller than
+ 7.5 x 10'° ( ) cm (6) 0.016. This upper limit is valid for all carbon stars. Calculations
15 show thatf. is about 0.4 (within a factor of 2) (see Fleischer
and Kwan & Webster (1993) et al. 1995, Winters et al. 1994a,b) and for IRC +10 216 a C/O
_ 0.0 ratio of 2-3 seems appropriate (G97). In this cdses in the
M 15 range 0.001 - 0.008. In the model calculations we use dust-
=279 (105 v) @) to-gas ratios between 0.001 and 0.005, in agreement with the

theoretically expected range.
where fco is the number ratio of CO to Hmolecules close For fco, defined as the n(CO)/n@hiratio close to the star,
to the star,M/ is the mass loss rate in Myr—! andv the gas one may assume that in a carbon star all oxygen atoms are
velocity in km s 1. The photodissociation radius 6fCO isto locked up in CO. Using an oxygen abundance of 8t70.1 it
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Fig. 1. Model with L = 10 000 Lo, and default parameters faf, &  Fig. 2. Model with I = 30 000 L, and default parameters fad, v
andQ. Upper left panel indicates gas temperature (solid line) and exairdQ.

tation temperature of th#CO (1-0) transition (dashed line). The rise

in the gas temperature at large distances from the star is due to pho-

toelectric heating. Other panels indicaf€O (upper part) and’CO  pjancik.Institut &ir Extraterrestische Physik in Garching (Ger-
(lower four panels) line profiles. In each case the histogram indica %ny) A gunn oscillator yields continuous coverage across the
the observations. They are the “primary constraints” of Table 1. T %0-652 GHz band. which includes tHeO and'3CO J = 6-5

solid line indicates the model, while the dashed line represents )

model scaled to the observed maximum, in order to better compare RES- The ba}ckend was an acousto-optic Spgctrometer. Before

line shapes. the observations were made, the planets Jupiter and Mars were
used to determine the beamshape during good weather with a
30% zenith transmission. It was found that, although the JCMT

immediately follows thafco = (10 £2) x 10-%. All the best beam is complex at these high frequencies, it can be well de-

fitting models have derived CO abundances in this range. Netgibed by a two-component beam with 55% of the power in the

that some of the other models discussed in the literature (KwgihFWHM diffraction component and 45% of the power in a

& Linke 1982, Crosas & Menten 1997) find a CO abundands” FWHM beam. The overall beam efficiency in this compact

of 6 x 10~*, which is in disagreement with the theoreticallpeam is 27% and was determined by taking spectra of Jupiter

expected value. and Mars. When taking all errors into account we expect the
calibration error to be less than 20%.
12 — A : .
4. The CO data The'*CO J = 6-5 observations were made on April 21 and

25, 1995. The pointing was done using the continuum receiver
A wealth of CO data exist for IRC +10 216. In Table 1 we lisUKT14. The relative pointing difference between the RxG and
the data that are used as constraints here. Except fof@@ UKT14 receivers was determined using very bright sources and
and!3CO J = 6-5 spectra, all data are taken from the literatusgas accurately known. After the telescope was successfully
The2CO and'3CO J = 6-5 observations were carried oypointed at the source using UKT14, a switch was made to RxG
using the James Clerk Maxwell Telescope (JCMT), located and the relative pointing correction was applied. During the ob-
Mauna Kea, Hawaii. The detector was an SIS receiver (Rx&jrvations IRC +10 216 was always above 70 degrees elevation.
available to JCMT via a collaborative agreement with the MaXhe zenith sky transmission was 17% on April 21 and 19% on



M.A.T. Groenewegen et al.: IRC +10 216 revisited. Il 497

el S F T ™ 1 g — : : —
- ]_oF 1-0 ] - I_af 1-0 3
— 0 - é o f 3] = ﬁ £
3 ] EH = E e 1.2 E B!
gt = 1 2. Iy ]
cole e b \: © : L | L | L 1 © : L L L 1 L 1
0 1 2 —40 20 0
log radius [10' cm] Visr [km/s]
g = T T T 3 3 E 3 F T T T 3 o F El
of 2-1 4 3 2-1 -
— ® 1= ok . oE J—- o
X X L PR 18 & F E
oL | £ — £ 1—
28 F LN aRF 1 .8¢ E
e o b de" o FE BEO E E BE o
— [ Bl — F — 3] — F E
© L L L ° °© : Il L 1 g °E
—40 -20 0 —40 —20 0
T T T T T T T y T T
o | -
e 4-3 Sr r 4-3 Sr 6-5
2 = = = |
ol | = X
e BRI i AR |
B B B e
[} =) ; ’_“—'7 o [ o == ‘ r—\‘f o P ‘ ‘
—40 —20 0 —40 -20 0 —40 —-20 0
T T T ] T T T T © T T T
_«F 1-0 1_wor . 1-0 1 ol \ Vo2-1 ]
e I — —
X 12 L0 ] = =) \
e L J = nw [ ]
A 1 E 2L 1z
& {F ® - 7 e 18 o B
° L L L ’t © L L L o | | T = o ! ! T
—40 -20 0 —40 -20 0
© T T T F T . T
[ A
3-2 i = o 65
MY 1N
— — 0 - B 4
fie) a
B 4 &
B B
ol INATS
° ] ] R © et ‘1\"”\ 1 LT v . . A s o . 1
—40 —20 0 —40 —=0 0 —40 —20 0 —40 —20 0
V,og [km/s] Visg [km/s] Vi [km/s] Visg [km/s]
Fig. 3. Best fitting model withZ = 10 000 L. Fig. 4. Best fitting model withZ = 15 000 L.

45 K. The rms noise in the finafCO J = 6-5 spectrum is 0.8
April 25 yielding system temperatures of 17 000 and 22 000 Kwhile the line is about 7 K.

respectively. Four scans of 4 min each were made, three of which The primary constraints in this paper are th= 6-5 profiles

were on April 21, for a total integration time of 16 min. On Aprilgiscussed above, tH8CO J = 4-3 profiles from Williams &

21 the on-source spectra were part of a 5-point map with a begyRite (1992) and2CO and'3CO J = 1-0, 2-1 and 3-2 profiles

separation of 8; on April 25 the on-source spectrum was paigpserved at IRAM and JCMT and discussed in Groenewegen et

of a 5-point map with a 0beam separation. al. (1996). In addition a selection of other data was taken from
In Figs. 1-5 one can notice a bump in the spectrum centete literature in particular that taken with smaller telescopes.

near a velocity of 0 km s, It is not present in the J = 6-

5 spectrum of Crosas & Menten (1997). We checked the JPL .

line catalog and no suitable candidate could be found. We afsg\Model calculations

checked for lines coming in from the sideband with the SaM€|arge grid of models was calculated, varying the luminos-
result. Ir_1 any case Fhis unidgqtified line does not .influence 3RY (and the distance correspondingly), the mass loss rate, the
conclusions regarding the (fitting of thé= 6-5 profile. dust-to-gas ratio, the absolute dust opacity arsiihile fixing
The'3CO J=6-5 observations were made on April 30, 1995.. /f1s o, at a value of 44, a value accurately known from opti-
The pointing was done as described above for'#0 obser- cally thin molecular lines (see Kahane et al. 1992). The velocity
vations. During the observations IRC +10 216 was between B of the gas is parameterised by) = 14.5kms* (1-2.73
and 70 degrees elevation. The zenith sky transmission was 32%0'* ¢cm (d/135 pc)r)%-°.
yielding a system temperature of 10 000 K. Seven scans of 8 From the dust modeling in G97 the following parameters
min each were made for a total integration time of 56 min. Ngere derivedi) = 0.0419;a = 0.16 um, inner (dust) radius =
mapping was done in this line. 3.17 x 10 cm (d/135 pc)TsE = 860 K; Rpp = 6.18 x 10
The above data were added after visual inspection of tben (d/135 pc)io.; = 1.84 x 10'6 cm (d/135 pc)r, with r the
individual scans and base line subtraction. The rms noise in taelial distance to the star. Given the observed integrated flux,
final 12CO J = 6-5 spectrum is 2.4 K while the line is abouTable 2 lists the distance corresponding to several chosen values
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e ‘ A Figs. 3-5 present the best fitting models for three different
3 31 luminosities. These models have a bold-faced entry in Table 3.
3 ; = For every luminosity a model can be found that fits the “primary
3 < constraints” almost equally well. The high-luminosity models
1 —.—1 1 are not shown because they fit qualitatively equally good, and
e = ° such high luminosities can be ruled out on other grounds (see
later). In all cases the models predict brightness temperature
for the 12CO (3-2) line that is too low. This may indicate a
systematic uncertainty in the calibration (also see discussion in
Sect. 5.1.1). Also, all the models predicf&€0 J = 1-0 line that
is too bright. This difference is lowest for the 10 00§ model,
where the difference is well within the calibration uncertainty.
The remaining discrepancy is th&CO (6-5) line. The absolute
intensity is well reproduced but the line shape does not fit very
well. None of the models calculated predict a flat-toppgiO
(6-5) line. Also the recent model calculation of Crosas & Menten
(1997) predicts a slightly double-peaked profile. Note that their
model does not reproduce the absolute intensity neither.

It was verified that this discrepancy is not due to a pointing
off-set. Amodel calculated 3'®ff-centre still produced a slight
double-peaked profile. A model af Dff-set produced at flat-
[T T 20 o topped profile but the absolute intensity was a factor of 3 below
o f ] - o 1 the observed one.

v 1% L ] This discrepancy hints to the fact that possibly one of the

I N 1 fundamental assumptions in the model may no longer be full-
o ﬂluwm: filled: spherical symmetry or homogeneity. This canin principle
TR 0 T be addressed by high spatial resolution, high frequency mapping

Vo lkm/s] Vs L /s] observations. Problems associated with these high frequency
observations are that the beam is usually small, and random

Fig. 5. Best fitting model withZ = 20 000 L. pointing errors can already be a significant fraction of the pri-
mary beam, and the influence of the error beam, which makes

interpretation not straightforward.
of the luminosity, and the mass loss rate following from the dust

model.
The actual combinations of parameters used in the varioyll&' The other constraints
CO model calculations are listed in Table 3. For example, tak€ 1. On-source data
the entry withZ = 20 000 L, “Mdef/1.4” and “U/1.67". The
default mass loss rate for that luminosity is 2.6410~°> M., We compared the best fitting model at each luminosity with the
yr—!, and the default dust-to-gas ratio is 0.005 (see Table fipe intensities and line profiles for all on-source observations
This therefore means that the model was run vifs 1.81 x thatwere not used as primary constraints (see Table 1). The peak
1075 My, yr—! and ¥ = 0.0030. From Eq. (3) it follows that intensities predicted by the model are listed in Table 4, together
the dust opacity was (1.4 1.67) x 68 = 160 cmigr—!. For With the observational data from the respective papers.
every model combination the CO abundance ratio was tuned to The reasoning behind this exercise is that these dthd -0
give the best possible fit to both th&CO and'3CO line profiles and 2-1 observations were performed with smaller telescopes
marked as “primary constraint” in Table 1. TH&€ O abundance with large beam sizes, and so these observations sample agreater
was fixed af fco/44) as explained above. extent of the envelope than the higher resolution IRAM obser-
Figs. 1-2 present the fits to the “primary constraints” forations.
models with the default values for the mass loss rate, opacity The J = 1-0 BTL, NRAO and SEST data are equally well
and dust-to-gas ratio for the two extreme luminosities. Largitted by the five models, given the typicat Lincertainties of
luminosities result in higher predicted brightness temperatur&8% in the observations. In fact, all three observations would
This is most clearly seen in tHeCO(1-0) profile. Overall how- pointto a luminosity between 10 000 and 15 00Q Regarding
ever, the effect of luminosity appears not be very significanhe OSO observations there must have been a calibration error.
and therefore only the extreme models with= 10 000 and Indeed, Huggins et al. mention that no beam efficiency correc-
30 000 are shown. It is also clear that these models (and thmm is applied and that the observations have been scaled to an
models with intermediate luminosities) fail to fit the “primaryearlier 1982 OSO observation. A more recent OSO observation
constraints”. (Olofsson et al. 1993) indicates a peak temperature of 12.5 K
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Fig. 6. Comparison between observations (symbols with error bars) and models (lines) as a function of radial offset. IRAM observations come

from Truong-Bach et al. (1991; squares), and Groenewegen & Ludwig (1998; triangles). The OSO and NRAO observations are from Huggins et
al. (1988). Best fitting models are fér= 10 000 (solid), 15 000 (dashed), 25 000 (dotted), 30 09¢dash-dot-dot-dotted), and default values

for photoelectric heating and constant mass loss rate. For the IRAM observations normalised integrated intensities, and for the OSO/NRAO
observations normalised peak brightness temperatures are shown, on both a linear (left hand) and logarithmic scale (right hand).
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13C0O J = 1-0 BTL observation agrees reasonably well with the
models.

The J = 2-1 NRAO observations are barely in agreement
with the models. Other NRAO observations find similarly high
on-source temperatures (Wannier & Sahai 1986, Wannier et al.
1990). The SEST data agrees with the models.

Withrespecttoth J=7-6 observations there is adiscrepancy
of more than a factor of three. We have no explanation for this.
This is the only existing 7-6 observation of this star, and we
suggest that this transition be re-observed. Aslhk 6-5 data
is well fitted, there is no reason to believe that our model is in
error by such a large factor.

The referee kindly pointed us to the paper of Wang et al.
(1994) which was not considered originally and discus3€©
and!3CO (3-2) data taken with the CSO. For one model, the
relevant temperatures were calculated, and are included in Ta-
ble 4. The"*CO (3-2) model prediction is in excellent agreement
with the observation, while th&CO (3-2) model prediction is
significantly lower.

Williams & White (1992) also preseftCO and'3CO (3-2)
data taken with the JCMT, and can therefore be directly com-
pared to our observations. For the&CO line they find a main-
beam temperature of 32 K at’ »ff-set, and estimated an on-
source temperature of about 37 K. We find 41 K, in excellent
agreement. FArPCO they find a line-center temperature of 3 K
(at a positiort=5"), while we found 3.8 K. This agreement is
acceptable, and it should be pointed out that their spectrum has
a considerable lower S/N than ours.

In conclusion, the two sets of JCMT data are in agreement
with each other. For both CSO and JCMT the predicta@iO
(3-2) line is less intense than observed. The same is found by
Crosas & Menten (1997) who compare their model to the Wang
et al. data and find a model temperature in agreement with our
value in Table 4 and hence lower than observed. In Sect. 5.0 it
was suggested that this might be due to a calibration problem.
This would imply calibration problems at both CSO and JCMT,
which appears unlikely. On the other hand a physical cause
also appears unlikely. As temperature and density are smooth
functions of radius, the profiles are also expected to be smooth
function of increasing J-level. Since théCO J=2-1 and 4-3
levels are well fitted, there is no a-priori reason to believe that
the 3-2 level would be off. One could assume that at a radius,
where the emission from the 3-2 level is strongest, the density
is lower than predicted from the standard model, but this would
also then imply a different2?CO/3CO ratio at that particular
radius only as the thE®CO 3-2 profile is predicted correctly.

5.1.2. Mapping data

In Fig. 6 the four best fitting models are compared to the map-

Fig. 7.As previous figure bgt now for.models including a higher massing data of Huggins et al. (1988), Truong-Bach et al. (1991)
loss rate in the past, as discussed in the tBxt 15 000 (dashed), and Groenewegen & Ludw|g (1998), both on a linear and |Oga_

30 000 L, (dash-dot-dot-dotted).

rithmic scale. For the IRAM observations integrated intensities
are compared, while for the OSO and NRAO observations by
Huggins et al. only peak intensities are given in their paper.

which is low but formally in agreement with the models. Th&here exists at map in tHéCO J = 3-2 line (Williams & White
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Fig. 8. Visibility curves for the best fitting models with constant mass loss fate10 000 (solid), 15 000 (dashed), 20 000 (dot-dashed), 25 000
(dotted), 30 000 L, (dash-dot-dot-dotted), for different transitions. The calculations are performed with a resolution of 0.01 ‘arcsec

1992), but they find that the emission appears not to be extendedModels with an increased mass loss in the past have been
with respect to the beam out to their maximum off-set df.50constructed to fit the data for luminosities of 15 000 and 30 000
Therefore we did not consider this data. Lo. A good fit is obtained when the mass loss rate is higher by

A first remark is that there is extremely good agreement b%_fa_ctor of 5 for racyal o_ffsethO(’. These r_nodels are shown
tween the two sets of IRAM observations. The error bars plottgHF'g' 7 on a logarithmic scalei)nly. Thefitto thf IRAM da_ta
indicate the variation in the ratio of the integrated intensity rep Very good. That fo the NRA&.J = 2-1 a_nd OSOT] B 1'9 data is
ative to the on-source value at the different map positions foggceptable. On the other han_d there is an obvious discrepancy
given radial offset. etween the OSO and. NRAJ = 1'-0 data. In the presen? model

we assumed that the increase in the mass loss rate is constant

At first glance there appears to be good agreement betwegid extends to the outer radius. Given the presently available
the models and observations when plotted on a linear scale, glfatively poor data for radial offsefz90”, and the discrepan-
as was noted by Huggins et al. (1988), clear discrepancies @ for radial offsetsz 1507, it can not be excluded that the
seen when plotted on a logarithmic scale. Although the absolut@ss loss rate is lower again in the outer parts of the envelope.
calibration uncertainties are of order 10% (and larger in the cage error in the radius of the on-set of the enhanced mass loss
ofthe OSO J = 1-0 observation), the relative intensities are muelie and the factor by which this is so are approximatefyaiai
better determined and only limited by noise. less than a factor of 2, respectively. From the radial dependence

The models and observations start to deviate at approXServed with IRAM compared to the constant mass loss rate
mately 50 offset from the center position, the exact value d&as€ it is immediately clear that there is a break in the obser-
pending on the beam-size. There are two possible explanati¥fions between 40 and 60it was verified numerically that a
for this. First, the mass loss rate may have been higher in fR@d€! with an increase in mass loss rate of a factor of 3 did
past. Second, the photoelectric effect may be more import&% fit the data. Although we do not claim that our best-fitting
than assumed.
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7. Discussion
7.1. General comments

We have made the most consistent modelling of the CO and
dust envelope around IRC +10 216 so far. In particular we did
not assume that the gas-dust momentum transfer rate is a free
A ] parameter but constrained it from our previous dust modelling.
ol — . ) The physical range of the dust-to-gas ratio and the CO abun-
dance are considered, contrary to some other models that find
unrealistically low values for the CO abundance.
Fig. 9. Radial dependence of the gas-dust momentum transfer effi- Contrary to Sahai (1987) and Truong-Bach etal. (1991), and
ciencyQ. in agreement with Crosas & Menten (1997), we find no evidence
for a hot core in the inner’6region. Specifically with respect

. : L . . to the Truong-Bach et al. result, Crosas & Menten suggest that
model is unigue, this gives some constraints on the associate . ;

- . ey took too few rotational levels into account and therefore
uncertainties of this model.

As the increase in the mass loss rate occurs at offsets munﬁierestmated the rotational cooling in the inner part. Truong-

; . - %%ch et al. inference was based on ath b= 6-5 observation
larger than the respective beam sizes, negligible changesﬁ%e
i

. . = . oepf et al. 1982). For the best-fitting 15 00Q, Imodel we
expected in the on-source fluxes. This was verified numerica : .
o . . d a peak temperature of 5.6 K in the correspondirigt&sam,
Models with increased photoelectric heating were also Coart]ﬁﬂost a factor of three below the reported value
sidered (for the case of a constant mass loss ratéantb 000 P :

L). Even amodel with the paramete¥ x Y'; see Sect. 2) a fac- Cernicharo et al. (1996) discuss an ISO LWS grating ob-

. . ervation of IRC +10 216. On top of the dust continuum there
r six larger than th fault val Id not fit the IRAM . .
tor six larger than the default value could not fit the dat% a forest of HCN and CO lines. They infer that temperatures

although it could fit some of the NRAG/OSO data. The reaso%? order 700-1500 K are needed to explain these observations.

is, that for the photoelectric effect to be important even &t 5 o .
from the star the interstellar radiation field must be very stron gicgfallglihf%ag?g;]a;ﬁ:ngjgfg;zgggf t(c)a ﬁfoér;atir;?;lﬁf
Apart from the fact that the model with increased photoelectric. ' P

effect does not fit the IRAM data, such a model appears aImlnation we find a gas temperature at the inner radius X3.2

4 . ) .
unphysical, as for a distance of 150 pc and its galactic Iatitugglcozr;;;?;g distance of 135 pc) of 1100 K. This agreement is

IRC +10 216 is at 110 pc from the galactic plane, where ofie .
does not expect an increase in the diffuse interstellar radiatif% I;S]rgg:t?mign?g%a:étlng dgg\)/iv(\jlgnrz:ag?d rI]RC +10 21?]'” the d
field by such a large amount. ' . L phases of enhance
mass loss in the past at radial distances of 5 afidr®@n the star.
Although we find evidence for a higher mass loss rate in the past
6. Visibility curves from the CO observations, the radial scales are different. This is
In principle, interferometric observations yield additional inPot necessaril_y incompatit_)le. First, the largest variation found
formation on the structure of the circumstellar envelope. In jom the continuum map is only a f_actor of two at most and
article in the JCMT newsletter, Hills (1996) briefly mentionéa es place from 10 to 30at mOSt'_Th'S may.be.not.detectable
that interferometric observations at the wavelength efkk 4- " the CO. Secondly, as the continuum emission is detected at

3 line had been performed with the JCMT-CSO interferometé??.Signiﬁcant_IeveI only (_)Ut to 45it _iS not possibly to prove
To provide comparison with future observations, we have cr d|_sprove i _the_ variations seen in CO are also seen in the
culated the so-called visibility curves at the center wavelengtﬁ%mmuum emission.
of the J = 1-0 up to 6-32CO transitions for the best fitting
models with constant mass loss rate. For a brief summary ©2. The influence of the radial dependencé&of
what a visibility curve is, and how they are evaluated, we refer i : :
to Sect. 2.1 of G97. The results of the calculations are plottg§252S & Menten (1997) find that they require a h'g*;er value
in Fig. 8. orQin the_lnner region, specm_cally =0.025 forr 10! clnGw

The model with mass loss variations as described abdyaat 'S 20 times their inner radius) aqu= 0.018 forr > 10

yield results indistinguishable from the constant mass loss rf8- This touches upon the expectation (see Sect. 2.1 Jhat

case. This is due to the fact that these mass loss variations o¢ ld be a function of d'S‘aT“’e to the star beqap se the effec-
at large radii tive wavelength of the emerging spectrum is shifting to longer

At the same time this implies that the visibility curves ma%;velength due to the influence of dust. Crosas & Menten claim

be most sensitive to the geometry of the CO shell. Asymmetri t their adopted behaviour f@J is in agreement with recent

would be revealed by obtaining the visibility curves for differen?alcu'ations’ €.9. Haping et a!. (1994), .WhiCh showed @ay
position angles. IS a strongly decreasing functionaf\We in fact took the results

by Habing et al. to assume a constghthroughout the enve-
lope. We will now address the influence of this assumption by
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Table 5. Influence of the radial dependence of Q. On-source peak temperatures for various transitions.

Transiton Beam 7., =3.2x10%cm  3.2x10"° 1.7x10™® 7.9x10™® 5.0x10™

@) Q(rinn) = 0.0419 0.0466 0.0503 0.0629 0.0838
1-0 21 Tmb =19.2 18.3 18.9 19.1 19.2
2-1 125 37.4 32.9 36.2 37.9 38.2
3-2 14.3 33.2 294 32.1 34.0 34.4
4-3 11.0 41.4 34.5 38.8 42.5 43.6
6-5 7.0 62.0 45.0 54.2 63.8 67.3
7-6 45 2.7 2.4 2.6 2.8 2.9
9-8 80 0.53 0.43 0.49 0.56 0.59
12-11 60 0.55 0.37 0.46 0.58 0.63

taking the radial dependence®@finto account. Fig. 9 shows theTable 6. Comparison between CO and infrared modelling
radial dependence @} as calculated from the best-fitting dust

model. It shows thaf) is rapidly dropping from large values to
avalue of 0.0419 adopted in all calculation so far. Howg\{er, an 2) cmilgr Mo Jyr 102 | Mo fyr 10-2
contrary to the arggment uged by Crosa_ls '&.Menten, it is g!eaio 000 326 150 10° 0125 110x 10~° 0137
thatQ starts to deviate from its value at infinity only for radial 15 q5q 245 182 10° 0.167| 1.73x 10-° 0.135
distances much smaller than'f@m. In Table 5 on-source peak 59 g9 245 21% 105 0.167 | 2.37x 10-° 0.113
temperatures for variod2CO transitions are collected for the 25000 283 3.48 10°° 0.100| 3.02x 10°° 0.099
best-fitting model wit L = 15 000 L., and different assump- 30000 204 3.1 10°° 0.167| 3.67x 10°°> 0.104
tions about). The listincludes th J =9-8 and 12-11 transitions
which can not be measured from the ground, but can be from

space. Shown are the standard case with a conStaeivn to o i i

the inner radius, and various models where the radial dep@ﬁ'—e,rgy (-j|st.r|but|on IS determined by the optical depth and the
dence of is taken into account down to a certain inner radiu&!MiNosity is a scaling parameter (see Table 2). The reason to
For inner radii smaller than & 104 cm the model experiencescons'_der Cco ob.servatlon.s as well, is that the heating rate is a
some convergence problems. Since a greater valu@ foeans non-llngar function of Iurr_1|nos_|_ty (see Eq. 1). Itturns out tha_t f_or
more heating (see Eq. 1) it is expected that models which tazkglausmle range of Ium|n03|_t|es an almost equally best-fitting
into account the radial dependenceipfead to higher temper- model to the primary constraints can be found.

atures in the inner region and hence more emission from the S0Me Of the published @ J = 1-0 observations point to
high-J transitions. a luminosity <15 000 Lg. An independent constraint is the

eriod-luminosity relation for carbon miras (Groenewegen &

The result of the calculations show two things. For the low: , . ; :
. ) hitelock 1996). For a period of 649 days (Le Bertre 1992) it
J transitions, where the radial dependencéashould be of implies a luminosity of 9850 k. The uncertainty in the period

no importance since the excitation temperatures are onv, it about 10 days implies an uncertainty of about 150 The
important to choose the inner radius not too big as this wi S - . ; R
ncertainty in the fit itself is 0.26 imy,,; which implies an error

re;ult in an underestimate of the prlghtness temperaturg. Tl(};]f 0% in luminosity. Thus from thé L-relation one derives
might also be part of the explanation for the need of an in

ner T
hot core by Truong-Bach et al. They assumed an inner radfﬁgrefore a_l_um|n03|ty bet_ween 7700 and 12 5Q0 L .
An additional constraint comes from the observed termi-

of 2" or 6.0 x 10 cm for their adopted distance. This results . . -
hal gas velocity. The assumption that radiation pressure on

in an underestimate of the true brightness temperature. If thoe . .
: ; : st drives the outflow puts constraints on the mass loss rate
had chosen a smaller inner radius (equal to the inner dust radius

which is in fact a physically plausible choice) the need, if an)?;d;ther pa;rameters. Basically the formdlavs, - vo) =

for a hotter inner core would have been less c . f) must be obeyed (see Netzer & Elitzur 1993,
N o ' Ivezic & Elitzur 1995, Groenewegen et al. 1998), withthe

Forthe J =3-2 and 4-3 transition the effects are smaller thghs elocity at the inner radiusy the flux-weighted optical

5% in the present case. &l = 7-6 result shows that the effec epth (known from the DRT modelling), arid is the ratio

becomes important for higher levels, and smaller beam sizgs (qgiation pressure to gravitational pull which scales like
As the high-J levels are generally measured with large beaps,, QL v v Details on how this system of equa-

. . a pd My  Vog+vdrif A ) .
the effects are again moderate (of order 10%). tions is solved iteratively is explained in Groenewegen et al.

(1998). The equation allows one to verify that the mass loss rate
7.3. The overall best fit and dust-to-gas ratio derived from the CO modelling are con-

sistent with those derived from the DRT modelling using the
Can a best model be identified? Not from the dust modellimdpove equation and procedure. Unknowns are the mass of the
alone as is mentioned in G97, since the shape of the specstat (M, = 0.8 M., adopted), the gas velocity at the inner radius

um. Kkeopm  Mco Yoo | Mr ViR
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(vo =1 km s™! adopted). The dust opacity is the one given biabing H.J., Tignon J., Tielens A.G.G.M., 1994, A&A 286, 523

the best-fitting CO model for each luminosity. The results ah#lls, R., 1996, The JCMT Newsletter 6, 32
listed in Table 6. Huggins P.J., Olofsson H., Johansson L.E.B., 1988, ApJ 332, 1009
The uncertainty in the mass loss rate and dust-to-gas rd¥?ic Z., Elitzur M., 1995, ApJ 445, 415
derived from the dust shell is about 8% and 6% due to uncerta:il‘ie-rz]'C Z"CE“tczur Mh 19%6' g"NRASszv 1|01%], B0 1652 AGA
ties in the assumed mass (varied to 0.6)Mndv, (variedto 0 "2 ;gg 535 ernicharo J., somez-onzalez KIBW., 1992,
—1 . . . AL f
kms ) Infthe |dheal S|tuat|ohn the maTs Ios; ratgs rlamd.du_st F?astnerJ.H., 1992, ApJ 401, 337
gas ratios from the two methods would be identical to |nd|ca|t@1app G.R., Morris M., 1985, ApJ 292, 640

a perfectly consistent model. The best overall agreement baggdpp G.R., Chang K.M., 1985, ApJ 293, 281

on this analysis is achieved for a luminosity of 15 009. L Koepf G.A., Buhl D., Chin G., et al., 1982, ApJ 260, 584
Given all these considerations it is likely that the luminositgwan J., Hill F., 1977, ApJ 215, 781
of IRC +10 216 is between 10 000 and 15 000dnd its distance Kwan J., Linke R.A., 1982, ApJ 254, 587
is between 110 and 135 pc. The present-day mass loss ratéwsn J., Webster Z., 1993, ApJ 419, 674
(1.5+0.3) x10~® M, yr~! and the gas-to-dust ratio is about-€ Bertre T., 1992, A&AS 94, 377
700+ 100. The dust opacity at 6om is found to be of order Loup C., Forveille T., Omont A, Pgul J.F., 1993, A&AS 99, 291
250 cn?gr—l. The CO abundance is 1:1 103 relative to H. Mam_on M., Glassgold A.E., Huggins P.J., 1988, ApJ 328, 797
Compared to the previously proposed models mentione s M., Lucas R., Omont A., 1985, A&A 142, 107
the introduction thi t hat| | etzer N., Elltzqr M., 1993, ApJ 410, 701 .
€introductionthisrepresents a somewnat lower mas_s 0Ss rgﬁgfsson H., Eriksson K., Gustafsson B., CadstrU., 1993, ApJS
partly because these other models adopted larger distances ag; ,g7
well in many cases. The CO abundance is larger than in maghaj R., 1987, ApJ 318, 809

previous models, butin agreementwith theoretical expectatiogganek K.z., Knapp G.R., Young K., Phillips T.G., 1995, ApJS 100,
The gas-to-dust ratio we find is larger that the canonical 169

value of 200 often quoted. On the other hand there have b&emong-Bach, Morris D., Nguyen-Q-Rieu, 1991, A&A 249, 435

other recent studies that found larger gas-to-dust ratios for cafng Y., Jaffe D.T., Graf U.U., EvansN.J., 1994, ApJS 95, 503

bon stars as well, e.g. a gas-to-dust ratio of 550 for IRC +10 2{¥@nnier P.G., Sahai R., 1986, ApJ 311, 335

for a distance of 135 pc (Ivez& Elitzur 1996), a value of 1230 Wa”S”Sin ;5C1; Sahai R., Andersson B.-G., Johnson H.R., 1990, ApJ

for IRC +10 216 (Winters et al. 1997b), a value of 530 for ' , i

AFGL 3068 (Winte(zrs et al. 1997a). Notg that in the model %Va“e”ba‘:h R., Kigel E., Roser H.P., etal., 1988, A&A 202, 133

L. illiams P.G., White G.J., 1992, A&A 266, 365
Crosas & Menten (1997) the gas-to-dust ratio is fixed at 1 nters J.M., Dominik C., Sedimayer E., 1994a, A&A 288, 255

and they mention that a larger value would result in lines th@kniers 7M. Fleischer A.J. Gauger A., Sedimayer E., 1994b, A&A
are consistently too low. 290, 623

) ) Winters J.M., Fleischer A.J., Le Berte T., Sedimayer E., 1997a, A&A
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