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Abstract. A millimetre molecular line survey of seven high mass-loss rate carbon stars in both the northern and southern
skies is presented. A total of 196 emission lines (47 transitions) from 24 molecular species were detected. The observed CO
emission is used to determine mass-loss rates and the physical structure of the circumstellar envelope, such as the density and
temperature structure, using a detailed radiative transfer analysis. This enables abundances for the remaining molecular species
to be determined. The derived abundances generally vary between the sources by no more than a factor of five indicating that
circumstellar envelopes around carbon stars with high mass-loss rates have similar chemical compositions. However, there are
some notable exceptions. The most strikinfjedence between the abundances are reflecting the spread#eti€-ratio of

about an order of magnitude between the sample stars, which mainly shows the results of nucleosynthesis. The abundance
of SiO also shows a variation of more than an order of magnitude between the sources and is on average more than an order of
magnitude more abundant than predicted from photospheric chemistry in thermal equilibrium. The over-abundance of SiO is
consistent with dynamical modelling of the stellar atmosphere and the inner parts of the wind where a pulsation-driven shock
has passed. This scenario is possibly further substantiated by the relatively low amount of CS present in the envelopes. The
chemistry occurring in the outer envelope is consistent with current photochemical models.
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1. Introduction post-AGB sources CRL 618 and CRL 2688, and the chem-

istry of CRL 618 in particular has been modelled by Woods

The chemistry associated with carbon stars has long beeetnal. (2003). Detailed chemical studies of carbon stars on

knqwn o _be ”Ch. and_ complex in comparson _to _the alte{ﬁe AGB have been few in number, but examples include the
native O-rich regime (i.e., where/O < 1). This is in part

_molecular line survey of IRAS 15194-5115, a pecutf@-rich

due to th_e favourable bonding _Of the carbon atom, enabhggar (Nyman et al. 1993). Carbon star surveys which include
long chains and complex species to form. Most of the CL&—?

t understandi f b ¢ h f both olecular-line comparisons are fewer, and have been limited in
;eerr]vautir:)nzrlsairé 'I[Ego?et(i:fazl \c/)vr(;rsk ?)r:thgshi(; C;Imriasrgrlnosi(;g C%é number of lines observed. Olofsson et al. (1993a) detected
; N yme 40 stars in a handful of species other than CO. The sam-

bon star, IRG-10216. This source, which lies within 200 p stars | U 07 Species ' S

le of Bujarrabal et al. (1994) included 16 carbon stars, with

and presents an ideal specimen for the s_tudy qf carpon-nch "to ten molecular lines observed in each. A more recent sur-
velopes, has been mapped interferometrically in various molec-

¢ lof (1 22 i

ular species (e.g. Bieging & Tafalla 1993; Dayal & Biegin %gigj;rslsi:gset al. (1998) detected 22 carbon stars in up to
1993, 1995; Gensheimer et al. 1995; Guelin et al. 1993, 1996; Th ' K ted h s to be th ¢
Lucas et al. 1995; Lucas & @lih 1999) and has had mod- € Survey work presented here purports 1o be the mos

els of its dust (a good summary is given by Men'shchikov et Eﬁ(_)mplete and consistent molecular-line survey in AGB carbon

2001) and chemistry (e.g. Millar et al. 2000) constructed. The%t@rs to date, covering high mass-loss rate objects in both the

tools have produced groundbreaking results and have been L%%r erntand tlgzssogtshgég S;%??gg?g@igﬂ”I;Iflr];d(;?regtra
to set a paradigm for what has come to be known as “c e stars ( i ' h ’ ’

bon chemistry” in connection with evolved stars. However, t FGL 3068 and IRG:-40540) are presented, apd spectra tz_aken

. ; L towards IRC+10216 and IRAS 15194-5115 with the Swedish-
accuracy of employing IR€10216 chemistry to similar car- ESO Submillimetre Tel SEST N t al 1993
bon stars has been little-tested due to th@alilties in ob- ubmillimetre Telescope ( » Nyman €t al. )

serving them. Much work has been done on the carbon-riggd IRC+10216 with the Onsala Space Observatory (OSQ)
m telescope are used to supplement the survey. Comparison

Send gprint requests toP. M. Woods, e-mailpwoods@eso. org of data from IRG+10216 taken with both telescope$aads a
* Figures A.1-A.13 are only available in electronic form ahigh degree of confidence in the relative calibration that can be
http://www.edpsciences.org derived.
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Table 1. Positions, luminosities, periods and calculated distances of the sample of carbon stars.

IRAS No. Other cat. name  B1950 co-ords. P L D T. Tq Ly/L.
[days] [Lo] [pc] [K] [K]
07454- 7112 AFGL 4078 07:45:25.771:12:18 — 900® 710 1200 710 4.3
09452+ 1330 IRC+10216 09:45:15.6-13:30:45 630 9600 120 — 510 —
10131+ 3049 CIT6 10:13:11.5-30:49:17 640 9700 440 1300 510 6.7
15082- 4808 AFGL4211 15:08:13.048:08:43 — 900® 640 — 590 —
15194- 5115 — 15:19:26.9-51:15:19 580 8800 600 930 480 2.2
23166+ 1655 AFGL 3068 23.16.42.416:55:10 700 7800 820 — 1000 —

23320+ 4316 IRC+40540 23:32:00.443:16:17 620 9400 630 1100 610 6.6

a8 Assumed value.

Up to 51 molecular lines were observed in the sample which multi-epoch observations are available in the JCMT
7 high-mass-losing carbon stars, of which 47 were clearly darchive typically display intensities that are consistent26%
tected. Mass-loss rates, dust properties and'#&€/CO- (Schoier & Olofsson 2001). In addition, interferometric ob-
ratio are calculated self-consistently using a radiative transgarvations of the CQ(= 1-0) brightness distribution around
method (Schier & Olofsson 2000, 2001; Soler et al. 2002). some of the sample stars have been performed (Neri et al. 1998)
An approach similar to that of Nyman et al. (1993) is adoptatsing the Plateu de Bure interferometer (PdBI), France. The
to calculate fractional abundances (including upper limits), addta are publically available and have been used in this paper.
a detailed analysis of the comparison between the calculatedThe coordinates used for each individual source are listed
abundances is carried out. Hence, Sect. 2 details the obsefiyaFable 1. Also shown in Table 1 are the adopted luminosi-
tions carried out and the instrumentation used. Section 3 gitRs and distances to be used in the molecular excitation analy-
the observational results, including a presentation of variogis. For stars where a period has been determined (see Table 1
spectra. Section 4 details the NLTE radiative transfer code usgéd period-luminosity relation from Groenewegen & Whitelock
to determine the envelope parameters and Sect. 5 explains(tt#96) was used to estimate the corresponding luminosity. If a
method of calculating chemical abundances. The results aaflable period is not available the total bolometric luminosity
deductions are discussed in Sect. 6. was fixed to 900Q,,. The distance was then obtained from the
luminosity using the observed bolometric magnitude.dssh”
& Olofsson (2001) used the same approach when determining
2.1. Carbon star sample the distances to a large sample of optically bright carbon stars

) and concluded that there were no apparent systemfiticte

Following the CO survey of Nyman et al. (1992), several cafjhen comparing with estimates based upon Hipparcos paral-
bon stars, which were bright in CO lines, were selected f@iyes although the scatter is large and the distance estimate for
a more comprehensive molecular line search. These stars g{€ndividual source is subject to some uncertainty of up to a
rare in that they are all losing mass at a very high rate, apgor of~2. The dfects of the adopted distance on the molec-
hence are more likely to produce strong emission from a @z excitation will be addressed in Sect. 5.5.
riety of molecular lines. The sample of seven carbon stars If, for simplicity, the central ratiation field is represented

(Table_ .1) was observed using both the 15m Swed|sh—E one or two blackbodies their properties can be determined
Submiliimetre Telescope (Booth et al. 1989) .durmg the periga, n a fit to the observed spectral energy distribution (SED) as
1987-1996, and the Onsala 20 m telescope, in 1994. The SEp o iheq in Kerschbaum (1999). A fit to the SED gives the two
situated on La Silla, Chile, was used to observe IRAS 0745&['ackbody temperatured ( and Ta) as well as their relative

7112, IRAS 15082-4808, and IRAS 15194-5115. The 20i},inosities (d/L.). The parameters obtained in this fashion
telescope, located at the Onsala Space Observatory (O§@presented in Table 1

in Sweden, observed the remaining three sources, CIT 6,

AFGL 3068 and IRG-40540. Both telescopes were used 9 5 hstrumentation

observe the well-studied carbon star, IR0216 in order to

determine the relative calibration between the two telescopeBhe SEST is equipped with two acousto-optical spectrome-
The JCMT public archivewas searched for complementers (HRS, 86 MHz bandwidth with 43kHz channel separa-

tary line observations, in particular the CO lines used in thien and 80 kHz resolution; LRS, 500 MHz bandwidth with

radiation transfer modelling described in Sect. 4. Lines f&7 MHz channel separation and a resolution of 1.4 MHz).

The receivers used were dual polarization Schottky receivers

! http://www.jch.hawaii.edu/JACpublic/ICMT/ .
The JCMT is operated by the Joint Astronomy Centre in H”Oat both 3 and 1.3 mm wavelength. Typical system temperatures

Hawaii on behalf of the present organisations: the Particle Phys%gove the atmosphere were 400-500K and 1000-1800K, re-
and Astronomy Research Council in The UK, the National Resear%ﬂecwely'

Council of Canada and The Netherlands Organization for Scientific The OSO 20m telescope uses two filterbanks (MUL B,
Research. 64 MHz bandwidth with a channel width of 250kHz; MUL A,

2. Observations
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Table 2. Beam widths andficiencies at selected frequencies. 3.2. Line profiles
SEST 16m Onsala 20m There are four characteristic line profile shapes which give in-
Frequency FWHM  7mp FWHM  nmp formation on the source being observed. These lineshapes are
[GHZ] "1 [ most typically seen in CO emission since it is often strongest
86 57 0.75 44 0.58 (for a comprehensive review of line profiles see Olofsson et al.
100 51 0.73 39 0.53 1993b). For optically thick emission the line profile can be de-
;gg 32 8-;8 33 0.48 scribed as parabolic for unresolved sources or flat-topped for

resolved sources. A parabolic profile is shown by most of the
12CO emission lines in the sample except in IRT)216 and
IRAS 15194-5115, where the CQ € 1-0) emission shows a

) _ flat-topped profile.
512 MHz bandwidth and a channel width of 1 MHz). The re- o emission is optically thin, a flat-topped profile is seen

cgiver use_d was a horizontally, linearly polarised SIS receivi%rr unresolved sources, and a double-peaked profile for a re-
with ahtyplcal system temperature of 400-500K above the %Ived source. Examples of these profiles can be seen in the
mosphere. 13CO emission towards IRAS 15082—4808 and IRID216.

All observations were performed using the dual beajq ihe following calculations, all lines are assumed optically
switching method, which places the source alternately in twjg, except those from CO and HCN.

beams, and yields very flat baselines. Beam separation was mTh | fth . loci fthe ci el
both cases about 13. Calibration was done with the standar € values ofthe expansion ve ocmp_, orthe crcumstel-
envelopes quoted in Table 4 are obtained from the radiative

chopper-wheel method. The intensity scales of the spectra e . .
given in main-beam brightness temperature (the corrected Hﬁpsfe_r co modellmg of thesg sources_(presented n Sec'_[. 4)
tenna temperaturd; , divided by the main-beamfiiciency, where its value is adjusted until a good fit to the observed line

nmp). Main-beam @iciencies andEWHM beam widths are profiles is obtained. No trends in the widths of the observed
griT/beﬁ in Table 2 for both telescopes lines are present which lends further support to the assumption

adopted here that these envelopes are expanding at constant
velocities.

265 21 0.42 — —

3. Observational results
3.1. Observed lines 3.3. Upper limits

A total of 196 lines were detected in the sample. 47 transitiofbe integrated intensities for lines which were not detected are

of 24 molecular species were detected, and upper limits for &i¢termined using

other 95 relevant transitions were also obtained, including an-

other three species {6, GS and SO). Previously unpublished Dexp

spectra are shown in Figs. 1, 2 and A.1-A.13. Table 3 lists the< 30'(\/E V2 )AV = 30(2n)"?Av (2)

detections in all seven sources, together with their peak and in- res

tegrated intensities. If a line has a hyperfine structure, the fre- ] o ]

quency and intensity of the strongest component is listed, affjéréc is the rms noise in the spectrusy is the frequency

the integrated intensity is the sum over all hyperfine compfgselution of the spectrumes the velocity resolution of the

nents. Values GT s for lines where no detection was made aréPectrum and the number of channels covering the line width.

the rms noise values. Integrated intensities calculated with this method were used to
Almost all lines observed in IR€E10216 by the SEST were determine upper limits to abundances.

observed in the same source with the OSO 20m telescope.

The majority of those which were not are due to the lack of a

1.3mm re_ceiver at OSO A Iqrge proportion of these lines weje g radiative transfer modelling

observed in the remaining six sources. The purpose of observ-

ing IRC+10216 twice, with dierent telescopes, was to asceln order to obtain accurate values of the mass-loss rates for

tain the relative calibration between the twdfdient setups, the objects in the sample, detailed non-LTE radiative trans-

and hence gain a basis from which good comparisons couldfbe modelling of the CO line emission was carried out. This

made between the entire sample of carbon stars. modelling has proven to be one of the most reliable meth-
The®*CS (J = 2-1) line observed in some of these sourcasds for estimating many of the parameters characterising a

is partially blended with the £5 (J = 16-15) line (Kahane circumstellar envelope, in particular, the mass-loss rate, ki-

et al. 1988). Thé3CS (J = 2-1) integrated intensities includenetic temperature structure, and expansion velocity (Kastner

both these lines. It is assumed that the relative intensities1®92; Groenewegen 1994; Crosas & Menten 1997pfeel&

these two lines are constant in all the objects, and hence will @bfsson 2001; Sabiér et al. 2002; Olofsson et al. 2002). Once

affect comparisons. The lines of two Hi€isotopes, HEECCN  the basic envelope parameters are known (as well as the stel-

and HCCG3CN, lie very closely and are in all cases blendekr parameters), the abundances of various molecules present

together. No attempt is made to separate the components. in the circumstellar envelopes can be determined.
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Fig. 1. Low-resolution spectra of IRAS 07454—7112, obtained with the SEST.
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Fig. 2. Low-resolution spectra of IRAS 07454—7112, obtained with the SEST.

4.1. CO line modelling distance from the star, using the statistical equilibrium equa-
tions. In addition, the code simultaneously solves the energy
Seh” balance equation including the most relevant heating and cool-

Here the detailed non-LTE radiative transfer code of ) S . o
(2000) is adopted and the modelling procedure as out”nedg}tg processes. Heating is dominated by collisions between the

detail in Scloier & Olofsson (2001) is used. The code has be st and gas except in the outermost parts of the envelope

tested against a wide variety of molecular line radiative tran&!1€re the photoelectncﬂ@ct dfectively heats. the enyelope.
fer codes, for a number of benchmark problems, to a high ooling is gener.ally domlnated by molecular Ime cooling from
curacy (van Zadelh®et al. 2002). The Monte Carlo metho 0O t_>ut adlgbatlc cooling due_ to_the e€xpansion of the enve-
(Bernes 1979) is used to determine the steady-state level p8 e is also important. The excitation analysis allows for a self-
ulations of the CO molecules in the envelope as a function Bf"Sistent treatment of CO line cooling.
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Table 3. Detected lines.

Molecule Transition Frequency IR€10216 (SEST) IRG-10216 (OSO) IRAS 15194-5115 IRAS 15082-4808
Tmb mebdv Tmb mebdv Tmb mebdv Tmb f Timpdo
[MHZ] [K]  [Kkms™] [K]  [Kkms™1] [K]  [Kkms™] [K]  [Kkms™]
HCsN J=32-31 85201.348 0.15 478 — — <0.01 <0.13 <0.01 <0.10
C3Hy 21-1g1 85338.905 0.11 2.49 — — 0.02 0.84 <0.01 <0.10
C4H N =9-8,J = 19/2-172 85634.00 0.20 9.60 — — — — <0.01 <0.05
C4H N =9-8,] = 17/2-152 85672.57 0.20 9.60 — — — — <0.01 <0.05
C,S 6(7)-5(6) 86181.413 <0.03 <0.46 <0.04 <0.76 <0.07 <0.11 <0.04 <0.06
H13CN J=1-0 86340.184 3.23 87.20 3.86 114.14 0.57 20.93 0.09 3.06
C3S J=15-14 86708.379 <0.02 <0.30 <0.03 <0.65 <0.01 <0.08 <0.01 <0.06
sio J=2-1 86846.998 0.71 20.40 0.95 24.48 0.16 5.33 0.07 1.84
HN13c J=1-0 87090.859 <0.04 <0.62 — — 0.02 1.11 <0.01 <0.11
CoH N =1-0 87316.925 0.52 41.60 0.66 49.48 0.13 11.50 0.04 4.04
HCN J=1-0 88631.847 7.80 190.93 9.14 214.04 0.55 15.33 0.37 11.26
C3N N =9-8,J = 19/2-172 89045.59 0.31 9.19 — — <0.01 <0.07 <0.01 <0.09
C3N N =9-8,J = 17/2-152 89064.36 0.31 9.19 — — <0.01 <0.07 <0.01 <0.09
HCsN J=34-33 90525.892 0.16 258 <0.03 <0.67 — — <0.01 <0.10
HCI3cCN  J=10-9 90593.059 0.09 1.98 <0.03 <0.34 0.02 0.76 <0.01 <0.05
Hccl3eN  J=10-9 90601.791 0.09 1.98 <0.03 <0.34 0.02 0.76 <0.01 <0.05
HNC J=1-0 90663.543 0.74 26.49 0.58 17.22 0.08 3.72 0.05 1.70
sis J=5-4 90771.546 1.14 35.54 1.07 39.47 0.05 2.78 0.03 1.58
HC3N J=10-9 90978.993 2.42 64.59 2.00 52.63 0.09 3.71 0.11 4.15
B3cs J=2-1 92494.299 0.07 2.97 — — 0.06 2.67 <0.01 <0.10
SiC, 404-303 93063.639 0.46 14.60 — — — — 0.03 0.40
HCsN J=35-34 93188.127 0.12 5.50 — — — — <0.01 <0.10
C4H N =10-9,J = 2/2-192 95150.32 0.19 6.08 0.18 8.75 0.04 1.95 0.02 0.47
C4H N =10-9,J = 19/2-172 95188.94 0.19 6.08 0.18 8.75 0.04 1.95 0.02 0.47
SiCy 4031 95579.389 0.32 10.73 — — — — <0.01 <0.08
c3s J=2-1 96412.982 0.15 5.66 — — — — — —
cs J=2-1 97980.968 2.92 81.23 4.06 118.89 0.37 15.21 0.25 8.44
CsH 211y p,92-72 97995.450 0.18 11.27 0.28 14.54 0.01 0.64  <0.01 <0.11
so J=3-2 99299.879 <0.02 <0.25 — — — — — —
HC3N J=11-10 100076.389 221 53.84 — — — — — —
HC8ceN  J=12-11 108710.523 0.09 2.34 0.14 1.22 0.01 039  <0.01 <0.03
HCC3eN  J=12-11 108721.008 0.09 2.34 0.14 1.22 0.01 039  <0.01 <0.03
13¢cN N =1-0 108780.201 0.11 8.56 0.24 6.07 0.02 218  <0.01 <0.05
CsN N =11-10,J = 23/2-2)2  108834.27 0.39 11.76 0.64 18.00 0.01 0.68 0.02 0.63
C3N N =11-10,J = 21/2-192  108853.02 0.39 11.76 0.64 18.00 0.01 0.68 0.02 0.63
sis J=6-5 108924.267 1.10 30.00 1.86 52.40 0.05 2.44 0.04 1.14
HC3N J=12-11 109173.634 2.03 52.39 — — 0.07 3.16 0.08 2.79
[ele] J=1-0 109782.160 0.02 0.76 — — — — <0.01 <0.17
13co J=1-0 110201.353 1.69 26.62 2.50 36.40 0.31 14.93 0.06 1.82
CH3CN 6(1)-5(1) 110381.404 0.09 477 <0.05 <1.42 <0.01 <0.18 <0.01 <0.23
C,S 8(9)-7(8) 113410.207 <0.03 <0.48 <0.07 <1.96 <0.02 <0.53 <0.01 <0.11
CN N =1-0 113490.982 3.43 238.43 3.88 310.20 0.13 16.43 0.19 1471
co J=1-0 115271.204 10.29 269.43 20.83 542.71 127 55.86 1.11 36.71
SiC, 505404 115382.38 0.80 21.43 1.60 39.38 0.07 2.66 0.03 0.82
cl80 J=2-1 219560.319 0.15 4.21 — — — — — —
13co J=2-1 220398.686 3.85 79.62 — — 0.90 35.58 0.15 5.76
CH3CN 12(0)-11(0) 220747.268 0.17 2.80 — — <0.05 <1.01 <0.03 <0.48
CN N=2-1 226874.564 255 231.18 — — 0.15 17.06 0.20 11.32
co J=2-1 230538.000 34.60 799.00 — — 4.20 150.00 254 69.40
cs J=5-4 244935.606 16.57 405.53 — — 0.77 32.34 0.47 10.89
HCN J=3-2 265886.432 45.10 1010.24 — — 4.69 139.76 0.88 20.83

The observed circumstellar CO line emission is modelléithe same set of collisional rates were used for all CO iso-
taking into account 50 rotational levels in each of the funepomers.
damental and first excited vibrational states. The energy lev-
els and radiative transition probabilities from Chandra et el
(1996) are used. The recently published collisional rates

The envelopes are assumed to be spherically symmetric
?d to expand at a constant velocity and the model includes

|
4 * fle radiation emitted from the central star. Dust present around
CO with H, by Flower (2001) have been adopted assumi He star will absorb parts of the stellar radiation and re-emit

an ortho—to-par_a ratio of 3. For temperatures above 400K t Gt longer wavelenghts. For simplicity, the central radiation
rates fro”.‘ Schinke et _a.I. (1985) were used anc_i f_urther eXtrEH%'Id is represented by one or two blackbodies and is deter-
olated to include transitions up tb= 50. The collisional rates mined from a fit to the observed spectral energy distribution

a;jopted rﬁ:]e der from thosedusetd Iln;gggprSeV:Og'uglmfodelImQSED) (Table 1). The inner radius of the circumstellar envelope
of some of these sources (Ryde et al. ’ O1SSON s taken to reside outside that of the central blackbodies. This

2.000; Schier & Olofsson 2001) an_d account for the slight rocedure provides a good description of the radiation field to
different envelope parameters derived in the present anal Rich the envelope is subjected. For the sample stars, which
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Molecule Transition Frequency IRAS 07454-7112 CIT6 AFGL 3068 120540
Tmb mede Tmb mede Tmb mede Tmb mede
(MHz) (K)  (Kkms™) (K)  (Kkms™1) (K)  (Kkms™1 (K)  (Kkms™1
CoS 6(7)-5(6) 86181.413 <0.01 <0.07 <0.02 <0.36 <0.02 <0.44 <0.01 <0.28
H13CN J=1-0 86340.184 0.07 1.45 0.15 3.13 0.13 3.76 0.13 3.85
CsS J=15-14 86708.379 <0.01 <0.07 <0.01 <0.23 <0.02 <0.47 <0.01 <0.21
Sio J=2-1 86846.998 0.03 0.52 0.17 3.16 <0.02 <0.47 0.04 0.94
HN13C J=1-0 87090.859 <0.01 <0.08 <0.01 <0.23 <0.02 <0.47 <0.01 <0.25
CoH N =1-0 87316.925 <0.01 <0.09 0.10 5.81 0.09 5.94 <0.01 <1.78
HCN J=1-0 88631.847 0.19 4.43 0.77 18.07 0.39 8.97 0.26 8.24
CaN N =9-8,J = 19/2-172 89045.59 <0.01 <0.07 — — — — — —
C3N N =9-8,J = 17/2-152 89064.36 <0.01 <0.06 — — — — — —
HCsN J=34-33 90525.892 0.02 0.06 <0.01 <0.21 <0.01 <0.21 <0.02 <0.37
HCI3CCN  J=10-9 90593.059 0.01 0.13 <0.01 <0.11 <0.01 <0.10 0.08 0.35
HCCI3CN  J=10-9 90601.791 0.01 0.13 <0.01 <0.11 <0.01 <0.10 0.08 0.35
HNC J=1-0 90663.543 0.02 0.50 0.13 2.95 0.06 1.18 0.09 1.42
Sis J=5-4 90771.546 0.03 1.07 0.04 0.59 0.04 0.59 0.15 411
HC3N J=10-9 90978.993 0.06 1.39 0.19 5.17 0.12 3.37 0.19 6.16
B3cs J=2-1 92494.299 <0.01 <0.04 — — — — — —
SiC, 404-303 93063.639 0.01 0.13 — — — — — —
HCsN J=35-34 93188.127 <0.01 <0.04 — — — — — —
C4H N = 10-9,J = 21/2-192 95150.32 <0.01 <0.03 <0.01 <0.13 — — — —
C4H N = 10-9,J = 19/2-172 95188.94 <0.01 <0.03 <0.01 <0.13 — — — —
SiC, 42-31 95579.389 <0.01 <0.06 — — — — — —
cs J=2-1 97980.968 0.13 253 0.67 16.91 0.14 3.93 0.30 9.56
CsH 2M1y/2,92-72 97995.450 <0.01 <0.09 <0.02 <0.55 <0.01 <0.31 <0.02 <0.45
HCI3CCN  J=12-11 108710.523 0.01 0.08 0.05 0.44 <0.01 <0.14 <0.01 <0.09
HCC3eN  J=12-11 108721.008 0.01 0.08 0.05 0.44 <0.01 <0.14 <0.01 <0.09
13¢cN N =1-0 108780.201 0.01 0.73 0.05 421 <0.01 <0.28 <0.01 <0.18
CsN N =11-10,J = 23/2-212  108834.27 0.01 0.23 0.10 2.19 0.05 1.34 0.03 0.70
CsN N=11-10J =21/2-192  108853.02 0.01 0.23 0.10 2.19 0.05 1.34 0.03 0.70
sis J=6-5 108924.267 0.03 0.88 0.19 3.62 0.15 2.23 0.07 1.91
HC3N J=12-11 109173.634 0.06 1.48 — — — — — —
3co J=1-0 110201.353 0.09 2.10 0.40 5.90 0.17 9.33 0.22 439
CH3CN 6(1)-5(1) 110381.404 <0.01 <0.12 <0.01 <0.29 <0.03 <0.83 <0.03 <0.72
CoS 8(9)-7(8) 113410.207 <0.01 <0.10 <0.03 <0.89 <0.02 <0.53 <0.02 <0.64
CN N=1-0 113490.982 0.17 10.30 1.12 61.84 0.09 5.97 0.41 21.84
co J=1-0 115271.204 1.16 25,57 352 105.00 2.08 47.08 1.94 41.88
SiC, So5-40.4 115382.38 <0.01 <0.24 0.23 6.71 <0.02 <0.62 <0.03 <0.75
B3co J=2-1 220398.686 0.25 7.34 — — — — — —
CH3CN 12(0)-11(0) 220747.268 0.04 0.67 — — — — — —
CN N=2-1 226874.564 0.41 20.59 — — — — — —
co J=2-1 230538.000 2.60 50.00 — — — — — —
cs J=5-4 244935.606 0.49 8.12 — — — — — —
HCN J=3-2 265886.432 0.50 8.82 — — — — — —
Table 4. Summary of circumstellar properties derived from the CO modelling (see text for details).
Source M h % Vexp (M/Vexp)« rg d 2ceoe
(Mo yr ] kms™]  (M/vexp)ioz16  [cm] [cm] ¥Co
IRAS 07454-7112 5.046) 1.5 2 0.1 13.0 0.46 3.0(17) 2.4(16) 17
IRC+10216 1.2€5) 1.5 27 1.4 14.5 1.00 3.7(17) 5.5(16) 45
CIT6 5.0(-6) 2.3 20 0.8 17.0 0.36 1.9(17) 2.8(16) 35
IRAS 15082-4808 1.05) 1.5 2 0.2 19.5 0.62 25(17) 3.5(16) 35
IRAS 15194-5115 1.2(5) 2.8 10 0.9 215 0.67 3.2(17) 7.2(16) 6
AFGL 3068 2.0€5) 2.5 4 1.6 14.0 1.72 3.8(17) 1.2(17) 30
IRC +40540 1.5¢5) 1.5 7 1.0 14.0 1.29 4.0(17) 7.3(16) 50

a Adopted value.

b Number of observational constraints used in*f@0 modelling.
¢ Reducedy? of the best fit2CO model.

41, is the photodissociation radius of CO.
¢ Determined from radiative transfer modelling of béf£O and'3CO emission.
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have dense CSEs, the line intensities derived from'#®© 4.3. The mass-loss rates

model are not sensitive to the adopted description of the stellar .

spectrum due to the high line optical depths. The stellar photoH2€ determination of accurate mass-loss rates for some of these
are typically absorbed within the first few shells in the modefaroon stars is, it turns out,ficult in models where CO cool-

A more detailed treatment of thermal emission from the du8@ IS treated in a self-consistent manner (Sahai 1990; Kastner
present in the CSE, and the increase of total optical depthla®2 Sclier & Olofsson 2001). The reason for this is that an
the line wavelenghts, has been found to be of no major impdicrease inM leads to more net cooling than heating, which

tance in deriving the envelope parameters for high mass-IGS¢nPensates for the increase in molecular density, making it
rate objects (Satiér et al. 2002). hard to simultaneously constrain bdthand theh-parameter.

For the sources CIT 6, IR€10216 and IRAS 15194-5115,

The abundance 0fCO relative to H was fixed at 10 x e ) .
ere a significant number of hightransitions were observed

1073, in agreement with Willacy & Cherchifig(1998) and the wh

survey of Olofsson et al. (1993a). The CO envelope size V\B)é 'SO_’ the deggneracy betwedd an(_j theh-parameter is
estimated based upon modelling results from Mamon et Bﬁmy lifted aIIovy!pg for better constraints to be put on these
; Qfarameters (Smer e.t al. 2002). For these three sources t.he_
vations (Scbier & Olofsson 2001). The same envelope Siﬂgass—loss rate. is estimated to be accurate to abqu_t 50% within
was assumed for all CO isotopomers. the adopted_ cwc_umstellar model. For the remaining sources
the uncertainty in the derived mass-loss rate is larger due
to either the above mentioned degeneracy (AFGL 3068 and
4.2. Fitting strategy IRC +40540) or that only twd2CO lines are used in the anal-
sis (IRAS 07454-7112 and IRAS 15082-4808). Radiative
. o . fansfer analysis of the observed continuum emission from
mains o principal free parametgrs, the m.ass—.loss 'Mt)? (these sources (Saler et al., in prep.) give mass-loss rates that
and the so-calledh-parameter, which contains informatiory, , oq \yithin509% when compared with those derived from the
about individual dust grains and controls the amount of Neglty 1y, gejling. This is reassuring and lends further credibility
ing through dust-gas collisions. to the mass-loss rates presented in Table 4.
¥ \(2.0gcnT3)[0.05um .The CSEs of the sample stars have similar physical prop-
= (0—01)( o )( a ) (2) e.rtle.s_. Howev_er, the stars presented here are losing mass at
significantly higher rate than the average carbon staroigch”
where¥ is the dust-to-gas mass-loss rate ratigthe mass & Olofsson (2001) measure a median mass-loss rate for carbon

density of a dust grain, ara the size of a dust grain, and thestars 0f~3x10~" Mg yr-*, based on a sample of carbon stars
adopted values of these parameters are also given. The mg@gplete within~600 pc from the sun. This suggests that the
loss rate and thb-parameter were allowed to vary simultaneStars in the sample presented here are going through the super
ously. Once the molecular excitation, i.e., the level populatioryéind phase of evolution (e.g. Vassiliadis & Wood 1993) at the
is obtained the radiative transfer equation can be solved exa@d of the AGB, and will soon eject the entire stellar mantle.
The resulting brightness distribution is then convolved with the
a}ppropriate beam tol allow aldirect compar_ison with observg_-4_ CO isotopic ratios
tions. The beam profile used in the convolution of the modelled
emission is assumed to be Gaussian which is appropriate atilsing the envelope parameters derived from @0 mod-
frequencies used here. The best fit circumstellar model foeking, the abundance ¢fCO and G80 was estimated using
particular source is estimated frongaanalysis (for details see the same radiative transfer code. The derft4&@D/*3CO-ratios
Schoier & Olofsson 2001) using observé&CO integrated in- are presented in Table 4. The bestH#EO model obtained for
tensities and assuming a 15-20% calibration uncertainty. TREGL 3068 is overlayed onto observations and presented in
number of observational constraints used in the modellingAgy. 3. The fits to the observédCO emission are good in all
shown in Table 4 together with the reducgtof the best fit cases withZ, < 1. The quality of the fits further strengthen the
model. In all the caseg’ ,~1, indicating good fits. adopted physical models for the envelopes. 1#@0/**CO-
The'?CO data used in the analysis are presented imi®ch ratio derived in this manner allows the assumption of optically
& Olofsson (2001) and Sdhiér et al. (2002) for CIT 6, thin emission adopted in Sect. 5 to be tested for those molecu-
IRC+10216, IRAS 15194-5115, and IR@0540 and con- lar species where the isotopomer containif@ has been de-
sist of both millimetre and sub-millimetre line data as well agcted. All the sample stars, except for IRAS 15194-5115 (to
far infra-red highd transitions observed by 1SO. The best fibe discussed in Sect. 6.2), have inferté@/*3C-ratios in the
12CO model obtained for AFGL 3068 is overlayed onto otrange~20-50. For optically bright carbon stars, i.e. generally
servations and presented in Fig. 3. For IRAS 074547112 dodier mass-loss rate objects, values betwe2®-90 are found
IRAS 15082-4808 onlyl = 1-0 andJ = 2-1 line data as ob- (e.g., Scbier & Olofsson 2000; Abia et al. 2001). The ob-
served by the SEST, and presented here in Figs. 1, 2, A.1, Actved'?C/*3C-ratios are in agreement with evolutionary sce-
and A.6-A.9, are available. Due to the limited number of comarios where thé2C/*3C-ratio is thought to increase from an
straints thén-parameter was assumed to be equal to 1.5, i.e., théial low value of ~10-25, that depends on stellar mass, as
dust properties were taken to be the same as for4[R@216 the star evolves along the AGB (Abia et al. 2001). The thermal
and IRC+40540 for these two sources. pulses that an AGB star experiences wiffeetively dredge

With the assumptions made in the standard model there
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Fig. 3. Multi-transition CO millimetre-wave line emission observed towards AFGL 3068. The observed spectra (histograms) have been over-
layed with the best fit model results (solid lines). Also shown, lower right panel, is the observed radial brightness distribution (boxes with error
bars) overlayed by the results from the model (full line), with the circular beam used in the radiative transfer analysis (dot-dashed line). The
transition, telescope used, and the corresponding beamsize, are indicated for each observation.

nucleosynthesize’C to the surface (Iben & Renzini 1983)the abundance of the less abundant isotope bybe€/*CO-

and, in addition to increasing tRéC/*3C-ratio, eventually turn ratio. This is indicated by the bold-faced type in Table 7. The

it into a carbon star with ©>1 in its atmosphere. abundance of HCN is not calculated using Eq. (3) since the line
C'80 emission was only detected towards IR00216 and is certainly optically thick, but in all cases only by scaling the

a Ct%Q/C80-ratio of 1050 is derived, using four observationaibundance of HCN by the calculate?CO/*3CO-ratio.

constraints (including threeftérent transitiond = 1-0, 2-1,

3-2) for C®0. This value is in excellent agreement with th o

160/180-ratio of 1260 obtained by Kahane et al. (1992), usin%g' 1. Radiative transfer

a combination of optically thin emission lines. In comparisomn the calculation of molecular abundances the circumstel-

the value of this ratio in the solar neighbourhoodis around 508r envelope is assumed to have been formed by a constant

The®0/280-ratio and in particular th&O/*®0-ratio, which is mass-loss rate and to expand with a constant velocity, such that

not measured here, can be used as tracers of nucleosynthésistotal density distribution follows an? law. It is further as-

Like the *2C/*3C-ratio, these ratios are thought to increase asmed that the fractional abundance of a species is constant in

the star evolves along the AGB. Kahane et al. (1992) indett radial range; to re and zero outside it. The excitation tem-

find support for this scenario in a small sample of carbon-rigferature was assumed to be constant throughout the emitting

evolved stars. region. With these assumptions Olofsson et al. (1990) showed

that for a given molecular transition,
5. Abundance calculations

C2
A full radiative transfer analysis of the wealth of moleculardat;( Tmplo = 2kv2 [BV(TG") - BV(Tbg)]
presented here is beyond the scope of this paper. A detailed guAu €3 (1 — e /KTer) e kT
treatment of the excitation would have to include tHeeets X 87 2 Z e
of dust emission and absorption in addition to accurate rates £ M Yo
for collisional excitation of the molecules. Instead, abundances x —= f e *N@¥ gy, (3)
vexpmHzBD X

have been calculated for species with emission that is expected
to be optically thin. In the case that the emission is opticallyhere c is the speed of lighth the Planck constank the
thick, the calculated abundances using this assumption will Beltzmann constanB, the Planck functionTey the excitation
lower limits. temperatureTyg is taken to be the blackbody temperature of
The calculation of isotope ratios of various species (#se cosmic background radiation at 2.714,, is the mass of
shown in Table 8) shows in general that many lines are opticadiy H, molecule pey, the expansion velocity of the circumstellar
thick (i.e., the ratio derived from observations is lower than trenvelopeB the FWHM of the telescope bear®, the assumed
12c/13CO abundance ratio derived from the radiative transfdistance My, the mass-loss raté, the partition functiony the
analysis). Where this is the case, the abundance of the main fsequency of the lingg, the statistical weight of the upper level,
tope (viz., CN, CS and H$N) has been calculated by scaling® the Einstein coicient for the transitionk, the energy of
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sources, rather than molecular species). A generic value of 10K
was assumed for all the abundances estimated.

5 10°
1000 3
X 1 107 5.3. The partition function
1108 All molecules are assumed to be linear, rigid rotators, except
3 —, for SiC, and GH; which are asymmetric tops and @EN,
_ 100 | 1108 (?Ei which is a prolate symmetric top. Einstein A-ébeents
X 2 ¢  (where available) and energy levels are taken from Chandra &
= 10% '}, Rashmi (1998) for Sig from Vrtilek et al. (1987) for GHo,
3 & and from Boucher et al. (1980) for GBN.
-1 1000 The partition functionZ, is calculated assuming that no
10 "3 molecules have a hyperfine structure, i.e. as having simple rota-
- 1 100 tional energy diagrams. Hence the integrated intensities which
3 are summed over all hyperfine components are used. §fdy,C
I TN R Pt CHzCN and SiG we use the approximate expression for an
10%® 10 10" asymmetric rotor (Townes & Schawlow 1975) multiplied by 2
r [em] for C3H», by 4 for CH,CN (to account for spin statistics) and

Fig. 4. The density (solid line) and kinetic temperature (dotted lind)y /2 for SiG (since half of the energy levels are missing
structures obtained from the CO excitation analysis for AFGL 306Because of spin statistics). It is assumed that all levels are pop-
Also shown is the excitation temperature of the GG 2-1) line ulated according t@ey.

(dash-dotted line).

5.4. Sizes of emission regions
the lower transition level, antd ¢ = r; ¢/BD. The integral ovex . o .
takes care of the beam filling. Howeveryif< BD, the inte- 5-4.1. Photodissociation radii

gral can be simplified torg — r;)/BD. This is the case in the ro chemical richness observed towards carbon stars can
furthest sources, IRAS 074547112, CIT 6 and IRAS 1508¢55 o 5jitatively understood in terms of a photodissociation

4808. However, for the CN emission from these sources,whiﬁ:p)dd (see the review by Glassgold 1996). Carbon-bearing
tends to be very extended, and for the remaining four sourcgiecules like CO, gH,. HCN and CS, in addition to Si-
the full integral is calculated. bearing molecules like SiS and SiO, are all thought to be of
photospheric origin where they are formed in conditions close
5.2. The excitation temperature to LTE. The photodissociation of these so-called parent species
produces various radicals and ions that, in turn, drive a com-
Of importance in the radiative transfer analysis is the eptex chemistry through ion-molecule and neutral-neutral reac-
citation (rotational) temperature assumed for the molecul@gns. For example, the radicalsi€and CN are the photodis-
emission. In Fig. 4 the kinetic temperature and density strugsciation products of §H, and HCN, respectively. In addition,
tures for AFGL 3068 are shown. In the region where mogte formation of dust in the CSE willffect the abundances of
of the molecular emission observed is thought to emangigme of the species, in particular SiO and SiS, which condense
from, ~10'*-10""cm, the kinetic temperature ranges fromnto dust grains. All other species observed in the sample are
~30-10K. Thus, if the emission were to be fully thermalizedhought to be products of the circumstellar chemistry.
then excitation temperatures would be expected to lie within To calculate the radial extent of the molecules HCN,
this range. However, in addition to the low temperatures, t@\]’ GH and CS the photodissociation model of Huggins &
relatively low densities in this region;10°~10°cm®, makes Glassgold (1982) is adopted. The photodissociation radius of a

the CO emission partly sub-thermally excited as illustrated gyrent speciesft, viz., HCN, GH,, CS) is determined by
Fig. 4. Thus, sub-thermal emission is to be expected for all

molecular species and the excitation temperature will depefitk _ —%e‘dx/r

on the species (and transition) observed. dr — vexp
When two or more transitions of the same molecule are )

observed, it is possible to make an estimate of the rotatigRd Of @ daughterikq, viz., GH) by

fi 4)

temperature Tor) of that molecule using Eg. (3). Assumingdfxd Gox Goxd
a molecular species to be excited over the same radial ra = — 2 /My - e hall fy (5)
and according to a single temperature, the rotational temper- Vexp Vexp

ature can be estimated. The results are shown in Table Sgltis the unshielded photodissociation rate ads the dust
is clear that the rotational temperatures vary from source dfje|ding distance, given by:

source and between molecular species in the rarlg80K,
as to be expected. The average excitation temperature is 8.7 K 30Qx Mg
(averaged over the individual excitation temperatures for =+ Aagpq Anvg’ (6)
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Table 5. Rotation temperatures.

Source co CN CS GN C4H HCN
2-11-0 2-71-0 5-42-1 11-1m0-9 10-®0-8 3-22-1
IRAS 07454-7112 7.0 5.2 11.3 — — 5.7
IRC+10216 (S) 6.3 3.9 13.7 17.9 5.3 7.8
IRAS 15082-4808 6.5 3.6 8.3 — — 5.6
IRAS 15194-5115 5.6 4.0 9.7 — — 9.7
Average 6.4 4.2 10.8 17.9 5.3 7.2
Source HSIC3N HC3N HCsN SiG, SiS
12-1310-9 12-110-9 34-332-31 5-44-3 6-95-4 Average
IRAS 07454-7112 8.5 15.2 — — 5.7 8.4
IRC+10216 (S) 17.8 10.7 10.0 11.6 5.8 10.1
IRC+10216 (O) — — — — 11.8 11.8
IRAS 15082-4808 — 8.9 — 37.1 5.0 10.7
IRAS 15194-5115 7.2 11.3 — — 6.1 7.7
IRC +40540 — — — — 3.5 3.5
Average 11.2 11.5 10.0 24.4 6.3 8.7
whereQ is the dust absorptionfiéciency, Mgy the dust mass- Table 6. Photodissociation rates.
loss rate, andy the expansion velocity of the dust grains (Jura
& Morris 1981). Since dferent molecules are generally disso- Molecule Go
ciated at diferent wavelengths the adopted valugivill de- [s™]
pend on the species under study. However, the wavelength de- HCN 11x 1030
pendence of) in the region of interest; 1000—3000 A, is weak CN 25x 109
. . C2H2 21x 10
(e.g., Suh 2000) and a generic value of 1.0 for most species of CH 3.4 % 10-10
interest here is adopted. However, the shielding distance of CN SIS 63 % 10-10
is taken to be a factor of 1.2 greater than that used for HCN cs 63 % 10710
(Truong-Bach et al. 1987). Introducing theparameter defined Sio 63x 10710

in Eq. (2) the dust shielding distance may now be expressed as

d=527 1022h—'vI cm,
g

abundances, i.€x(re) = fx(Ry)/e, whereR, is the stellar ra-
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dius. For the photodissociation products inner and outer radii

are chosen to be where the abundance has droppegel od its
peak value. The envelope sizes calculated by the simple pho-
épdissociation model agree relatively well with observed val-
ues in IRC+10216 and other objects, except in the case of SiS
(see next paragraph). Lindgvist et al. (2000) used a detailed ra-
\/K(Q) diative transfer method and observed brightness distributions
Ud — Vexp = —on (8) to derive envelope sizes of HCN and CN. For IR0D216
Mc and IRC+40540 they found envelope sizes-afx10 cm for

6 ) .
whereL is the bolometric luminosity of the star,the speed HCEN and~5x10'°cm for CN, in excellent agreement with the

of light, and(Q) is the flux-averaged momentum transféi-e values derived here from the photodissociation model. In the

ciency. The drift velocity also enters in the expression of ttf@Se Of CIT 6 the observed HCN envelope size is larger than

heating caused by dust-gas collisions. In the self-consistdifit calculated by a factor of 2. Envelope sizes and derived

treatment of the energy balance in the circumstellar envelop@ndances are givenin Table 7.~ _
value of 0.03 was assumed ), which is also retained here.. SiO and SiS are parent species with a radial extent depend-

Photodissocation rates are taken from van Dishoeck (1988f ON photodissociation. The calculation of the SiS photodis-
with the assumption that SiS has the same photodissociatﬁ?r?iation radius in IRG10216, however, is not consistent with
rate as CS (confirmed to within a factor 2 by the umisthe radius observed by Bieging & Tafalla (1993). Therefore

Ratefil®). The calculated shielding distances and rateffcoe € observed radius for SiS in IR€L0216 was used in the
cients are shown in Tables 4 and 6, respectively. abundance calculations, and its radius was scaled for the other

The photodissociation radii of species formed in the ph@PJects in the sample with the TaCtdW”exp)*/ (M/vexp)10216 _
tosphere were chosen to be the e-folding radii of the initil ("€ same way as described in Sect. 5.4.2. The outer radius
calculated via the photodissociation model is actually slightly

larger than that observed. This gives credence to the idea that

where the H mass-loss rat is given in My yr and vy
in kms. A gas-to-dust mass ratio of 0.01 was assumed.

There will generally be a drift velocity between the du
and the gas (e.g., Soleir & Olofsson 2001)

2 http://www.rate99.co.uk
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SiS freezes out onto dust grains. SiO is treated in the same waylIn the present analysis an excitation temperature of 10K

as SiS since it too is likely to freeze out onto grains. Hence thes assumed for all transitions. The error in abundance esti-

same envelope size as SiS was adopted for this species. mate due to this assumption will depend on the excitation tem-
perature of a particular transition and the assumption of LTE,
and is estimated to be not more than a factor ®f

Overall, it seems like an error of a factor of 5 is reasonable
to expect in the abundances presented here, although it should
For those molecules that have their origin in a circumstellae borne in mind that this could possibly rise to an order of
chemistry a dferent approach is used. The sizes of the emistagnitude. In the comparison of abundance ratios in Table 9,
sion regions of HNC and H§N have been determined interferany diference less than a factor of 5 is treated as insignificant
ometrically for IRC+10216 using observations by Bieging &with respect to error margins.

Rieu (1988), and of Si€by Lucas et al. (1995). Inner and outer

radii for HNC, HGN and SiG are taken from observations ) ) ) )

of IRC+10216, and scaled by a-faCtM(Uexp)*/(M/Uexp):LOZlG 5.5.2. Comparison with previously published

for the remaining six sample carbon stars (since molecular dis- ~ abundances

tributions have not been mapped in all the sample stars; see

Table 4 for values of this ratio). This factor is proportional tl‘P _comparison with Nyman et al. (1993), derived abundance

the density ratio at a given radius, and also (to the first ord s '105 b(TabIe 9 rf1ave in(f:reased _in fa\|/0u4r (lnde_RﬁS |15é94_
to the ratio of the envelope shielding distances. Chemical mag- y up to a factor of approximately 4. Individual abun-
elling shows that the speciesi€, C,H, C3H,, C3N, CHsCN, ances generally show a facte2 increase for those in

- . . . IRAS 15914-5115, and a factei2 decrease for IR€10216
HCsN, SO, GS and GS are formed via chemical reactions H ’ !
> G G gver Nyman et al. (1993). In Nyman et al. (1993), the distances

the outer envelope (e.g., Millar & Herbst 1994). Furthermor
it shows that the speciessB, CsH, CsHp, and GN have adopted for IRG-10216 and IRAS 15194-5115 were approx-
’ ' idately twice as large as those here; however this has little

a similar radial distribution to HNC, and that the speci Hect lculated abund _ the dist e
CH5CN and HGN are similarly distributed to HgN. Hence €€t On cacuiated abundances Since the distance ratio 1S more
less unchanged. However, the calculated mass-loss rate of

corresponding radii for these species are assumed in the cajcu ; :
lations. SO is assumed to have a similar distribution to CN (c AS 15194-5115in the previous paper was larger than that of
Nejad & Millar 1988), and GS and GS are assumed to follow RC +10216 by a factor of 2.5, and here the recalc_ulated mass-
the CS distribution (cf., Millar et al. 2001), although these Iatté?sfs rates are the same for these two objects. This would tend

two species are not parent molecules (and hence are giverjf increase the abundance ratios quoted by a similar factor. The
inner radius equal to that of H)). All isotopes (i.e. species photodissociation radius depends on the mass-loss rate and the

involving 13C and34s) are further assumed to have the sangé‘St parameters through the dust shielding distance. Compared
distributions as the main isotope to Nyman et al. (1993) this paper useffelient mass-loss rates,

a different gas-to-dust ratio (0.01 compared to 0.005), and the
dust parameters are also slightlyfdrent due to the determina-
5.5. Molecular abundances tion of theh—factor in the radiative transfer analysis. The scale
factor that determines the inner and outer radii of the species
with a origin in circumstellar chemistry depends on the ratio

The assumption of optically thin emission has a systemaﬂf:the mass-loss rates. Thus th&elience in relative mass loss
effect on the derived abundances, in that the true abundafi€s explains the factor of 4ftiérence in relative abundances
will be higher if there are opacityfiects. As can be seen frombetween IRAS 15914-5115 and IRQ0216 derived in this pa-
Table 8, there can be a factor of 2—3 in error from this assunifr compared to those derived in Nyman et al. (1993).
tion. As discussed earlier in this paper the outer radii of SiS
The accuracy of the calculated abundances is dependenaod SiO are not determined through the photodissociation ra-
various assumptions. Due to the intrinsiffidulties in estimat- dius but scaled from their observed radius in IRID216. In
ing distances to the objects included in the sample, the typitiails way the calculated abundances of SiO and SiS have in-
uncertainty in the adopted distance is a factor®f This influ- creased in by a factor of 4-5 for IRAS 15194-5115 com-
ences the mass-loss rates derived in the radiative transfer muatted to Nyman et al. (1993). For IR€10216 these species
elling such that the adopted mass-loss rate will scalb'a$. have the same abundance as calculated previously, and they are
The calculation of the limiting radii of a certain molecular disin reasonable agreement with those reported elsewhere in the
tribution in the envelope is alsdfacted by inaccuracies in theliterature. Bujarrabal et al. (1994) giig¢SiO)=5.6 x 10" and
distance estimate. Where radii have been calculated by sdq5iS)= 3.9 x 1075, which are~4 times greater, using an outer
ing observed radii in IRG 10216, there comes an error whichradius half that quoted in this paper and a distance of 200 pc.
scales a®. The results from the photodissociation model wilBetter agreement is seen for the other species which Bujarrabal
have a lesser dependence, widicoming into the expressionet al. (1994) detect, with the exception of HNC, which is a fac-
for the shielding distance, visl. Hence the abundance, whichtor ~6 in disagreement. Cernicharo et al. (2000) also calculate
is trivially derived from Eq. (3), will vary as approximatelyabundances in IR€10216, and are within a factor 5 of those
D19, giving a factor of 2, possibly, in error. here.

5.4.2. Inner and outer radii for species of circumstellar
chemistry origin

5.5.1. Uncertainties in the abundance estimates
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Table 7. Abundances and sizes of emission regfons
Molecule IRC+10216 (SEST) IRG-10216 (OSO) IRAS 15194-5115 IRAS 15082-4808
T re fx T re fx T re fx T re fx
fem] [em]  [XI/H2] fem] em]  [XI/H] fem] [em]  [XI/[H2] fem] [em]  [XI/[H2
CN(1-0) 2.6(16) 7.1(16)  3.4(-06) 2.6(16)  7.1(16) 2.1(-06) 3.5(16) 9.6(16) 2.1(-06) 2.0(16)  6.2(16) 3.2(-06)
13cN(1-0) 2.6(16)  7.1(16) 7.6 (-08) 26(16)  7.1(16) 4.6 (-08) 3.5(16)  9.6(16) 3.0(-07) 2.0(16)  6.2(16).3(-08)
CN(2-1) 26(16)  7.1(16) 9.6 (-07) 26(16)  7.1(16) — 35(16)  9.6(16) 3.5(-07) 2.0(16) 6.2(16) 3.8(-07)
CS(2-1) 40(16)  9.9(-07) 4.0(16) 4.6 (-07) 5.5(16) 2.3(-06) 3.3(16) 2.2 (-06)
13cs(2-1) 4.0(16) 2.2(-08) 4.0(16) — 5.5(16) 5.0 (-07) 3.3(16)<3.1(-08)
C345(2-1) 4.0(16) 3.7(-08) 4.0(16) — 5.5(16) — 3.3(16) —
CS(5-4) 4.0(16) 1.2(-06) 4.0(16) — 5.5(16) 1.6 (-06) 3.3(16) 9.0(-07)
C,5(6,7-5,6) 1.2(16)  4.0(16) <4.6(-09) 12(16)  4.0(16) <4.5(-09) 8.0(15) 5.5(16) <2.4(-08) 7.4(15)  3.3(16) <3.1(-08)
CS(8,9-7,8) 12(16)  4.0(16) <4.1(-09) 12(16) 4.0(16) <9.5(-09) 8.0(15) 55(16) <3.5(-08) 7.4(15)  3.3(16) <4.8(-08)
C3S(15-14) 1.2(16)  4.0(16) <1.2(-08) 12(16) 4.0(16) <1.5(-08) 8.0(15) 5.5(16) <7.2(-08) 7.4(15)  3.3(16) <1.3(-06)
Sio(2-1) 2.0(16) 1.3(-07) 2.0(16) 9.6 (-08) 1.3(16) 1.7 (-06) 3.3(16) 7.2(-07)
SiS(5-4) 2.0(16) 1.2 (-06) 2.0(16) 8.1(-07) 1.3(16) 4.9 (-06) 3.3(16) 3.3(-06)
SiS(6-5) 2.0(16) 9.0(-07) 2.0(16) 9.0(-07) 1.3(16) 4.2 (-06) 3.3(16) 2.0 (-06)
SO(3-2) 26(16) 7.1(16) <3.5(-09) 2.6(16)  7.1(16) — 3.5(16)  9.6(16) — 2.0(16) 6.2(16) —
HCN(1-0) 3.4(16)  1.4(-05) 3.4(16) 1.1(-05) 4.6(16) 1.2 (-05) 2.7(16) 1.0 (-05)
HI3CN(1-0) 3.4(16) 3.1(-07) 3.4(16) 2.5(-07) 4.6 (16) 2.0 (-06) 2.7(16) 2.9(-07)
HNC(1-0) 2.4(16)  8.4(16) 7.2(-08) 24(16)  8.4(16) 3.8(-08) 1.6(16) 5.6(16) 3.3(=07) 15(16) 5.2(16) 1.6 (-07)
HN13C(1-0) 2.4(16) 8.4(16) <1.9(-09) 24(16)  8.4(16) — 1.6(16) 5.6(16) 1.1(-07) 15(16)  5.2(16)1.2(-08)
SiC,(4,04-3,03) 2.4(16)  6.0(16) 1.6(-07) 2.4(16)  6.0(16) — 1.6(16)  4.0(16) — 15(16)  3.7(16) 3.3(-07)
SiCy(4,22-3,21) 2.4(16)  6.0(16) 3.2(-07) 2.4(16)  6.0(16) — 1.6(16)  4.0(16) — 15(16)  3.7(18)1.8(-07)
SiCy(5,05-4,04) 2.4(16)  6.0(16) 1.7(-07) 2.4(16)  6.0(16) 1.7 (-07) 1.6(16)  4.0(16) 1.2 (-06) 15(16)  3.7(16) 4.9(-07)
CoH(1-0) 2.3(16) 5.6(16) 2.8(-06) 2.3(16)  5.6(16) 2.4 (-06) 1.6(16)  4.8(16) 1.5 (-05) 1.7(16)  4.8(16) 8.3 (~06)
C3H(9/2-712) 2.4(16)  8.4(16) 5.5(-08) 24(16)  8.4(16) 5.9 (-08) 1.6(16) 5.6(16) 9.2 (-08) 15(16)  5.2(16).7(-08)
C3N(9-8) 24(16)  8.4(16) 3.0(-07) 2.4(16)  8.4(16) — 1.6(16)  5.6(16)<4.9(-08) 15(16) 5.2(16) <1.0(-07)
C3N(11-10) 2.4(16)  8.4(16) 5.9(-07) 2.4(16)  8.4(16) 7.6(-07) 16(16)  5.6(16) 9.2 (-07) 15(16)  5.2(16) 9.5(-07)
C4H(9-8) 2.4(16)  8.4(16) 3.7 (-06) 2.4(16)  8.4(16) — 1.6(16) 5.6(16) — 15(16)  5.2(16)6.6 (-07)
C4H(10-9) 2.4(16)  8.4(16) 2.7(-06) 2.4(16)  8.4(16) 3.2(-06) 16(16) 5.6(16) 2.8(-05) 15(16)  5.2(16) 6.9 (-06)
C3Ho(2,12-1,01) 2.4(16)  8.4(16) 3.2(-08) 2.4(16)  8.4(16) — 1.6(16) 5.6(16) 6.0 (-07) 15(16)  5.2(169.3(-08)
HC3N(10-9) 12(16) 6.0(16) 1.1(-06) 1.2(16)  6.0(16) 4.4(-07) 8.0(15)  4.0(16) 1.9 (-06) 7.4(15)  3.7(16) 2.3(-06)
HCCl3CeN(10-9) 1.2(16)  6.0(16) 2.4(-08) 1.2(16)  6.0(16) <2.8(-09) 8.0(15)  4.0(16) 3.9(-07) 7.4(15)  3.7(16) <2.7(-08)
HCI3CCN(10-9) 1.2(16)  6.0(16) 2.4(-08) 12(16)  6.0(16) <2.8(-09) 8.0(15)  4.0(16) 3.9(-07) 7.4(15)  3.7(16) <2.7(-08)
HC3N(11-10) 1.2(16)  6.0(16) 7.5(=07) 1.2(16)  6.0(16) — 8.0(15)  4.0(16) — 7.4(15)  3.7(16) —
HC3N(12-11) 1.2(16) 6.0(16) 1.9(-06) 1.2(16)  6.0(16) — 8.0(15)  4.0(16) 2.2 (-06) 7.4(15)  3.7(16) 2.1(-06)
HCCI3CN(12-11) 1.2(16)  6.0(16) 4.1(-08) 1.2(16)  6.0(16) 1.5(-08) 8.0(15)  4.0(16) 2.8(-07) 7.4(15) 3.7 (:8).0(-08)
HC3CCN(12-11) 1.2(16)  6.0(16) 4.1(-08) 1.2(16)  6.0(16) 1.5(-08) 8.0(15)  4.0(16) 2.8(-07) 7.4(15) 3.7 (:®0(-08)
CH3CN(6(1)-5(1)) 1.2(16)  6.0(16) 1.2(-08) 12(16)  6.0(16) <2.0(-09) 8.0(15) 4.0(16) <2.5(-08) 7.4(15)  3.7(16) <4.3(-08)
CH3CN(12(0)-11(0))  1.2(16)  6.0(16) <1.2(-07) 12(16)  6.0(16) — 8.0(15)  4.0(16) <2.4(-06) 7.4(15)  3.7(16) <1.5(-06)
HC5N(32-31) 12(16)  6.0(16) 3.9(-06) 1.2(16)  6.0(16) — 8.0(15)  4.0(16)<4.5(-06) 7.4(15) 3.7(16) <3.8(-06)
HC5N(34-33) 1.2(16)  6.0(16) 4.2 (-06) 1.2(16)  6.0(16) <7.6(-07) 8.0(15)  4.0(16) — 7.4(15)  3.7(16) <7.4(-06)
HC5N(35-34) 1.2(16)  6.0(16) 1.3(-05) 1.2(16)  6.0(16) — 8.0(15)  4.0(16) — 7.4(15) 3.7 (1631.1(-05)

an this tablex (y) represents x 10/.
b Bold face indicates an abundance calculated by scaling the abundancé3 thetope of the same species by the modelled
2CO/**CO-ratio (see Sect. 5.5).

Generally, it seems that IR€10216 has lower abundance®f ~3 in IRC+40540 compared to those derived in Bujarrabal
than IRAS 15194-5115, IRAS 15082-4808, IRAS 07454et al. (1994).
7112 and CIT 6. However, it is very similar, physically and
chemically, to AFGL 3068 and IR€40540. 6. Discussion

The three northern sources observed at OSO have also
been studied in the literature, and abundances derived. thé. Chemistry
Bujarrabal et al. (1994) paper includes data relating to CIT g, . . .
AFGL 3068 and IRG-40540. All abundances calculated byg'l'l' Presence of shocks in the inner wind?
Bujarrabal et al. in these three sources are greater than thosé/Mieen thermal equilibrium (TE) prevails the molecular content
rived here. Distances and mass-loss rates are reasonably coina gas can be readily calculated from its elemental chemi-
parable between this paper and that. Generally, this means ttadtcomposition. This is the case in the stellar photosphere and
the calculated abundances in this paper are lower by a faatear the inner boundary of the envelope of an AGB-star, where
of ~2 in CIT 6, a factor of~5 in AFGL 3068, and a factor the gas density and temperature are high. The variable nature
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Table 7.continued.
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Molecule IRAS 07454-7112 CIT6 AFGL 3068 IRE10540

ri re fx ri re fx ri re fx ri re fx

cm cm [XV[H2] cm cm [XV/[H2] cm cm [XV/[H2] cm cm [XV[H2]
CN(1-0) 13(16)  4.1(16) 5.3 (-06) 1.6(16) 5.1(16) 2.0(-05) 32(16) 8.3(16) 4.6(-07) 32(16) 83(16) 1.0 (-06)
13cN(1-0) 13(16) 4.1(16) 4.8(-07) 1.6(16)  5.1(16) 5.8(-07) 3.2(16)  8.3(16%2.6(-08) 3.2(16) 8.3(16) <9.9(-09)
CN(2-1) 1.3(16)  4.1(16) 1.6 (-06) 1.6(16)  5.1(16) — 3.2(16) 8.3(16) — 3.2(16) 8.3(16) —
CS(2-1) 2.2(16) 1.6 (-06) 2.7(16) 2.5(-06) 4.8(16) 3.7(-07) 4.9(16) 5.4 (-07)
13cs(2-1) 2.2(16) <2.9(-08) 2.7(16) — 4.8(16) — 4.9(16) —
C34s (2-1) 2.2(16) — 2.7(16) — 4.8(16) — 4.9(16) —
CS(5-4) 2.2(16) 1.6 (-06) 2.7(16) — 4.8(16) — 4.9(16) —
C,S(6,7-5,6) 56(15) 2.2(16) <9.1(-08) 43(15) 27(16) <1.0(-07) 1.6(16) 4.8(16) <8.1(-08) 1.6(16) 4.9(16) <3.0(-08)
C,S(8,9-7,8) 56(15) 2.2(16) <1.1(-07) 43(15) 2.7(16) <2.0(-07) 1.6(16) 4.8(16) <8.0(-08) 1.6(16) 4.9(16) <5.6(-08)
C3S(15-14) 56(15) 2.2(16) <3.6(-07) 43(15) 2.7(16) <2.5(-07) 1.6(16) 4.8(16) <3.5(-07) 1.6(16) 4.9(16) <8.9(-08)
Sio(2-1) 9.4 (15) 4.4(-07) 7.2(15) 1.0(-06) 2.6 (16) <4.7 (-08) 2.6(16) 5.6 (-08)
SiS(5-4) 9.4(15) 4.8 (-06) 7.2(15) 1.0 (-06) 2.6(16) 3.3(-07) 2.6 (16) 1.4 (-06)
SiS(6-5) 9.4(15) 3.4(-06) 7.2(15) 5.2 (-06) 2.6(16) 1.0(-06) 2.6(16) 4.9(-07)
HCN(1-0) 1.8(16)  7.8(-06) 2.2(16) 1.1(-05) 4.2(16) 6.3(-06) 4.2(16) 6.5 (~06)
H13CN(1-0) 1.8(16) 5.6 (-07) 2.2(16) 3.0(-07) 4.2(16) 2.1(-07) 4.2(16) 1.3(-07)
HNC(1-0) 1.1(16)  4.0(16) 1.0 (-07) 8.6(15)  3.0(16) 2.3(-07) 3.1(16) 1.1(17) 3.0(-08) 3.1(16) 1.1(17) 2.2(-08)
HN13C(1-0) 1.1(16) 4.0(16) <1.8(-08) 8.6(15) 3.0(16) <2.1(-08) 3.1(16) 1.1(17) <1.4(-08) 3.1(16) 1.1(17) <4.4(-09)
SiC,(4,04-3,03) 1.1(16)  2.8(16) 2.3(=07) 8.6(15)  2.2(16) — 3.1(16)  7.8(16) — 3.1(16)  7.8(16) —
SiCy(4,22-3,21) 1.1(16) 2.8(16) <2.7(-07) 8.6(15)  2.2(16) — 3.1(16)  7.8(16) — 3.1(16)  7.8(16) —
SiC,(5,05-4,04) 1.1(16) 2.8(16) <3.2(-07) 86(15)  2.2(16) 3.1(-06) 3.1(16)  7.8(16) <7.5(-08) 3.1(16) 7.8(16) <5.3(-08)
CoH(1-0) 1.1(16) 3.2(16) <4.3(-07) 1.4(16)  4.1(16) 6.9 (-06) 2.8(16)  6.7(16) 5.7 (-06) 2.7(16)  6.7(16%1.0(-07)
C3H(9/2-7/2) 1.1(16) 4.0(16) <3.1(-08) 8.6(15) 3.0(16) <7.4(-08) 3.1(16) 1.1(17) <1.4(-08) 3.1(16) 1.1(17) <1.2(-08)
C3N(9-8) 1.1(16) 4.0(16) <1.6(-07) 8.6(15)  3.0(16) — 3.1(16) 1.1(17) — 3.1(16) 1.1(17) —
C3N(11-10) 1.1(16)  4.0(16) 7.3(=07) 8.6(15)  3.0(16) 2.6 (-06) 3.1(16) 1.1(17) 5.5(-07) 3.1(16) 1.1(17) 1.1(-07)
C4H(9-8) 1.1(16)  4.0(16) — 8.6(15)  3.0(16) — 3.1(16) 1.1(17) — 3.1(16) 1.1(17) —
C4H(10-9) 1.1(16) 4.0(16) <8.8(-07) 8.6(15) 3.0(16) <1.7(-06) 3.1(16) 1.1(17) — 3.1(16) 1.1(17) —
C3H(2,12-1,01) 1.1(16)  4.0(16) — 8.6(15)  3.0(16) — 3.1(16) 1.1(17) — 3.1(16) 1.1(17) —
HC3N(10-9) 5.6(15)  2.8(16) 1.7 (-06) 43(15) 2.2(16) 2.4(-06) 1.6(16)  7.8(16) 5.0(-07) 1.6(16)  7.8(16).5(-06)
HCCI3CN(10-9) 56(15) 2.8(16) 1.5(-07) 43(15)  2.2(16) <4.9(-08) 1.6(16) 7.8(16) <1.5(-08) 1.6(16)  7.8(16) 3.1(-08)
HC13CCN(10-9) 5.6(15) 2.8(16) 1.5(-07) 43(15)  2.2(16) <4.9(-08) 1.6(16) 7.8(16) <1.5(-08) 1.6(16)  7.8(16) 3.1(-08)
HC3N(11-10) 56(15) 2.8(16) — 43(15)  2.2(16) — 1.6(16)  7.8(16) — 1.6(16)  7.8(16) —
HC3N(12-11) 56(15)  2.8(16) 2.4(-06) 43(15)  2.2(16) — 1.6(16)  7.8(16) — 1.6(16)  7.8(16) —
HCCL3CN(12-11) 5.6(15) 2.8(16) 1.3(-07) 43(15)  2.2(16) 2.7(-07) 1.6(16)  7.8(16%2.9(-08) 1.6(16)  7.8(16) <1.1(-08)
HC13CCN(12-11) 5.6(15)  2.8(16) 1.3(-07) 43(15)  2.2(16) 2.7(-07) 1.6(16)  7.8(16)2.9(-08) 1.6(16)  7.8(16) <1.1(-08)
CH3CN(6(1)-5(1)) 5.6(15)  2.8(16) <2.4(-07) 43(15) 2.2(16) <1.3(-07) 1.6(16)  7.8(16) <1.2(-07) 1.6(16)  7.8(16) <6.4(-08)
CH3CN(12(0)-11(0))  5.6(15)  2.8(16) <4.6(-06) 43(15)  2.2(16) — 1.6(16)  7.8(16) — 1.6(16)  7.8(16) —
HCsN(32-31) 56(15) 2.8(16) — 43(15)  2.2(16) — 1.6(16)  7.8(16) — 1.6(16)  7.8(16) —
HCsN(34-33) 56(15) 2.8(16) 9.2 (-06) 43(15)  2.2(16) <1.3(-05) 1.6(16) 7.8(16) <4.1(-06) 1.6(16) 7.8(16) <4.5(-06)
HC5N(35-34) 5.6(15) 2.8(16) <8.8(-06) 43(15) 2.2(16) — 1.6(16)  7.8(16) — 16(16) 7.8(16) —

@ 1n this tablex (y) representx x 10/.
b Bold face indicates an abundance calculated by scaling the abundancéd6f thetope of the same species by the modelled
2COA3CO-ratio (see Sect. 5.5).

of AGB-stars induces pulsation-driven shocks that propagaignificantly depleted in the outer envelope due to freeze-out

outwards and suppress TE from the point of shock formatioonto dust grains. The average abundances derived for HCN,

Non-equilibrium chemical modelling has been performed WS, and SiO in the sample arex110™°, 1.5 x 107, 7x 1077,

Willacy & Cherchnéf (1998, for IRC+10216), and shows thatrespectively. The SiO abundance shows the largest spread

shocks can strongly alter the chemical abundances in the inarong the sources reflecting its sensitivity to the shock strength

regions of the CSE from their TE values. In particular, SiO Bnd possible variation in the/QG-ratio among the sample

strongly enhanced whereas HCN and CS are destroyed. Omirces. CS might, however, not be particularly well suited as

species, e.g., CO and SiS are relativelyfimeted. a probe of shocked chemistry. Olofsson et al. (1993a) found,
In Table 10 the abundances obtained by Willacy &henmodelling alarge sample of optically bright carbon stars,

Cherchné& (1998) for TE and non-equilibrium chemical modthatin their photospheric LTE models the CS abundance varied

elling (shock strength of 11.7 km’ are compared to the val- considerably with adopted stellar temperature.

ues obtained in the analysis. Given the uncertanties, about a

factor of five, the abunda_nces _obtained from the observatigfg o Photochemistry in the outer envelope

clearly favour a scenario in which a shock has passed through

the inner £5R,) parts of the wind. The SiO and SiS abunMany photochemical models have been developed for the

dances which are derived are lower limits since they could bater envelope of IRG10216 (e.g. Millar & Herbst 1994;
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Table 8. Molecular isotope abundance ratios.

IRC+10216 (S) IRCr10216 (O) IRAS 15194 [|RAS07454 CIT6 IR@I0540

HC3N/HCCCN(10-9) 32.6 — 4.9 11.1 — 17.9
HC3N/HCCCN(12-11) 22.1 — 7.9 17.8 — —
CY=CS(2-1) 22.7 — 4.6 — — —
CN/ACN(1-0) 251 46.6 6.7 11.0 12.4 —
Average 25.6 46.6 6.0 13.3 12.4 17.9
Modelling of CO (Table 4) 45.0 45.0 6.0 14.0 35.0 50.0

Table 9. Abundance ratios, compared to IRC0216 observed with the SEST.

IRC+10216 IRAS 15194 IRAS 15082 |IRAS 07454 CIT6 AFGL 3068 IRM540

Molecule SEST 0OSO

CN(1-0) 1.0 1.1 1.1 1.7 2.8 3.8 0.2 0.5
13CN(1-0) 1.0 0.6 4.0 — 6.3 7.6 — —
CN(2-1) 1.0 — 0.4 0.4 1.7 — — —
CS(2-1) 1.0 0.9 4.6 4.3 3.2 5.1 0.7 1.1
BCs(2-1) 1.0 — 22.7 — — — — —
CS(5-4) 1.0 — 1.4 0.8 1.4 — — —
SiO(2-1) 1.0 0.7 12.8 5.4 3.3 7.8 — 0.4
SiS(5-4) 1.0 0.7 4.0 2.7 3.9 0.8 0.3 1.1
SiS(6-5) 1.0 1.0 4.7 2.2 3.8 5.7 1.1 0.5
HCN 1.0 0.8 0.9 0.7 0.6 0.8 0.5 0.5
H3CN(1-0) 1.0 0.8 6.4 0.9 1.8 1.0 0.7 0.4
HNC(1-0) 1.0 0.5 4.6 2.2 14 3.2 0.4 0.3
SiC,(4,04-3,03) 1.0 — — 2.0 1.5 — — —
SiC,(5,05-4,04) 1.0 1.0 6.9 2.8 — 17.7 — —
C,H(1-0) 1.0 0.9 5.6 3.0 — 2.5 2.0 —
C3H(9/2-7/2) 1.0 1.1 1.7 — — — — —
C3N(11-10) 1.0 1.3 1.5 1.6 1.2 4.4 0.9 0.2
C4H(10-9) 1.0 1.2 10.4 2.6 — — — —
CsH,(2,12-1,01) 1.0 — 18.6 — — — — —
HC3N(10-9) 1.0 0.6 2.4 3.0 2.2 3.1 0.6 0.7
H(13)C3N(10—9)"l 1.0 — 16.3 — 6.4 — — 1.3
HC3N(12-11) 1.0 — 25 2.3 2.6 — — —
HAIC;N(12-11}F 1.0 0.4 6.9 — 3.3 6.6 — —
HCsN(34-33) 1.0 — — — 2.2 — — —

Bold face signifies a factor of more than 5.
a signifies blend of HCECN and HG3CCN.

Doty & Leung 1998; Millar et al. 2000). The physical conto the sample of Olofsson et al. (1993a), which on the whole
ditions in the outer parts of the windz{00R,) allow for tend to have a low mass-loss ratel(~’ M yr1), the agree-

the penetration of ambient ultraviolet radiation that inducesngent in derived abundances for the star in common, CIT 6, is
photochemistry. In Table 11 the derived column densities feery good. There is less than a factor Eelience in the calcu-
IRC+10216 for a number of species produced in the envelola¢ed abundances of HCN, CN and CS. However, in general,
are compared to those from the photochemical model of Milldlre sample of low mass-loss rate stars has calculated abun-
et al. (2000). In general the abundances agree well, given ttances which are systematically an order of magnitude greater
uncertainties. than those calculated here. It must be noted that Olofsson et al.
5_993a) use an excitation temperature of 20 K, twice that used

tively little variation within the sample. Most apparent is th this analysis. Moreover, Sofer & Olofsson (2001) show

over-abundance of Si-bearing molecules in CIT 6 (Sect. 6. ?tf the m?ssl—loiggr;\tes in thed low tr_nasts—(ljozs ratL)te c:bnafctst n
Some of the abundances of IRAS 15194-5115 also stand E‘E sson et al. ( 4) are underestimated by about a factor

and will be separately discussed in Sect. 6.2. There are no Qp2 on average. This would explain the apparent discrepancy

parent trends with the stellar or circumstellar parameters. Tmscalculated abundances between the high mass-loss rate ob-

would suggest that the physical structure in these sources!fffts here and the lower mass-loss rate objects in Qlofsson etal.
deed is much the same and that the initial atomic abundan 93a). Hence there seems not to be a markerdnce in the

are similar. When comparing the present sample of carbon st§iyecular composition of high and low mass-loss carbon stars.

It is remarkable that the abundances generally show re.q
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Table 10. Fractional abundances for IR€10216 for species of pho- Table 11.Radial column densities (ctf) for species of circumstellar

tospheric origin. origin towards IRG-10216.

Species  Observéd ModeP Species  Observéd MHB®?  Obs/MHB

TE Shock CN 8.3(14) 1.0(15) 0.8

CO 1.063) 9.8(-4) 1.063) HNC 2.0(13) 8.4(13) 0.2

HCN 1.3¢5) 5.15) 3.1¢-6) CH 8.9(14) 5.7(15) 0.2

Cs 9.9¢7) 1.35) 7.1¢7) CsH 2.1(13) 1.4(14) 0.2

Sis 9.5¢7) 1.065) 2.5¢5) CsN 2.0(14) 3.2(14) 0.6

SiO 1.1¢7) 1.98) 2.7¢7) CH 9.3(14) 1.0(15) 0.9

CsH; 1.2(13) 2.1(13) 0.6

® From Table 7. HCsN 9.1(14) 1.8(15) 0.5

b From chemical modelling by Willacy & Cherchfig1998). CHsCN 9.9(12) 3.4(12) 29

¢ Assumed value that determines molecular hydrogen densities. HCsN 5.8(15) 7.1(14) 8.2

a Calculated from Tables 4 and 7.
b From chemical modelling by Millar et al. (2000).

The large spread in the abundance of isotopomers contain-
ing 13C follows from the varying?C/*3C-ratio among the sam-
ple sources. Th&C/*3C-ratio is related to the nucleosynthesis
rather than the chemistry and reflects the evolutionary sta
of these stars. However, chemical fractionation mi@gc this %J% IRAS 15194

ratio in certain molecules, in particular CO. Of the derived abundances those obtained for IRAS 15194
CN/HCN and HNGHCN ratios can also be used to esti5115 stand out the most. In particular, the SiO angHC
mate the evolutionary status of carbon stars. CN is producgslindances, in addition to the isotopomers contaiffi@
via the phOtOdiSSOCiation of HCN by ultraviolet radiation, angppear Significanﬂy enhanced towards this SOUI’@H2®.|SO
as stellar radiation increases with evolution from AGB star #ppears to be greatly enhanced in this source, but, however,
PPN to PN, so the GMICN ratio will increase (e.g., Bachiller this molecule is only observed in one other star, HRID216.
etal. 1997a; Cox et al. 1992). HNC, formed from the dissocighe2c/13CO-ratio of 6 derived for IRAS 15194-5115 s sig-
tive recombination of HCNH, behaves in a similar way. In thispjficantly lower than that of the others and that which is com-
sample there is arather large spread in th¢lIBN ratio, from monly derived for carbon stars. This value is certain, with the
0.07-0.68, and a value of 1.82 for CIT 6 (see Sect. 6.3). Thifodelling of the CO emission being supported by intensity ra-
large spread is in contrast to Olofsson et al. (1993a), for &jgs for another four species, which agreet80% (Table 8).
ample, who found a very narrow range (G1CN ~0.65-0.70) The evolutionary status of this star is undetermined. Ryde et al.
in low mass-loss stars. However, there is excellent agreemerggg) speculated that IRAS 15194-5115 might be a massive
with the results of Lindqvist et al. (2000). For the carbon stay§_g M) star in the last stages of evolution where its low
IRC +10216, CIT 6 and IRG40540 they derive ratios of 0.16,12C/13C_rati0 is the result of hot bottom burning (HBB) The
1.5 and 0.17, respectively, in comparison with the 0.22, 1.§2rease of'“N from the CNO cycle is a signature of HBB
and 0.15 derived here. A GNCN ratio of ~0.5 is typical in  (Marigo 2001; Ventura et al. 2002), but given the uncertainty in

C-rich AGB stars (Bachiller et al. 1997b) , increasing®in  the data presented here, this suggestion cannot be confirmed.
PPNe. In fact, a ratio of 0.6—-0.7 is predicted by the photodis-

sociation model, with only a weak dependence on mass-loss
rate (see Fig. 8 of Lindqvist et al. 2000). The HMCN ra- 6.3. CIT 6
tio seems to be split into two ranges in the present sample of

carbon stars. IRG10216, AFGL 3068 and IR@40540 have C!T 6 is another object outstanding in the sample. It has a
HNC/HCN ratios of<0.005, whilst the remaining stars hav&VHCN ratio of~1.8, which suggests an advanced evolution-

ratios of 0.01-0.03. The value derived for IRC0216 is in ry Status, but a low HNEICN ratio (-0.02), which suggests
agreement with that quoted in Cox et al. (1992). This seefh§ contrary. Certainly the idea that CIT 6 is well on its way to
to indicate that the sample stars are not well evolved, sinc®&coming a PPN has been put forward before (e.g., Trammell
HNC/HCN ratio of ~1 is expected in PPNe (e.g., Cox et aletal- 1994; Monnier et al. 2000; Za et al. 2001).
1992). Having said this, the HNBCN ratio does rapidly be- ~ The modelled**?CO/**CO ratio in this source agrees well
come of the order 1, as can be seen in models of PPN chemistith that carried out previously (Groenewegen et al. 1996;
(Woods et al. 2003). Scloier & Olofsson 2000). This ratio, however, does not
Generally, it seems that to use the term “carbon chemist§@ree with'?C/**C ratios derived from observations of other
to refer to a paradigm of chemistry in C-rich evolved staf§olecules and thef°C isotopes, both in this paper (Table 8)
is reasonable. Of the sample stars here, given the variety@dfl elsewhere (Kahane et al. 1992; Groenewegen et al. 1996).
molecular species, there is very littleffdirence in molecular A further point worth note is the comparative over-
abundances, save for two slightly curious sources, as detagdxindance of Si-bearing species which possibly indicates a less
in the following subsections. efficient freeze-out onto dust grains in this particular source.

-5115
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