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1 I n t r o d u c t i o n 

Red giant stars on the asymptotic giant branch (AGB), AGB-stars, lose copious 
amounts of matter in a slow stellar wind (Olofsson 1993). Mass loss rates in excess 
of 1 0 - 4 M o y r - 1 have been measured. The primary observational consequence 
of this mass loss is the formation of an expanding envelope of gas and dust, a 
circumstellar envelope (CSE), that surrounds the star. This is a truly extended 
atmosphere that continues thousands of stellar radii away from the star. At the 
highest mass loss rates (which probably occur at the end of the AGB evolution) 
the CSE becomes so opaque that the photosphere is hidden and essentially all 
information about the object stems from the circumstellar emission. At some 
point on the AGB a star may change from being O-rich (i.e., the abundance 
of 0 is higher than that of C) to becoming C-rich (i.e., a carbon star where 
the abundance of C is higher than that of 0 ) as a result of nuclear-processed 
material being dredged up to the surface. The chemical composition of the CSE 
will follow that of the central star, although with some time delay so that there 
may be some rare cases of O-rich CSEs around carbon stars. The mass loss 
decreases and changes its nature as the star leaves the AGB and starts its post-
AGB evolution. Eventually the star becomes hot enough to ionize the inner part 
of the AGB-CSE and a planetary nebula (PN) is formed. The ultimate fate of 
the star is a long life as a slowly cooling white dwarf. The CSE will gradually 
disperse and its metal-enriched matter will mix with the interstellar medium, 
and thereby it contributes to the chemical evolution of a galaxy. The intense 
mass loss makes it possible for stars as massive as 8 M©, i.e., the bulk of all stars 
in a galaxy, to follow this evolutionary sequence. Similar CSEs are also found 
around supergiants. 

The AGB-CSEs form relatively well defined astrophysical laboratories. They 
appear to have an over-all spherical geometry. The gas expansion velocity is 
roughly constant throughout the envelope and it is typically of the order 10 to 
15kms_ 1. The gas density falls as r - 2 , where r is the radius, if the mass loss 
rate and expansion velocity are constant with time and radius, respectively, i.e., 
the number density spans quite a range within a CSE. The kinetic temperature 
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is determined mainly by adiabatic cooling as a consequence of the expansion and 
heating due to gas-grain collisions as the dust grains stream through the gas, 
but there is also an additional cooling contributed by line radiation and there 
are other possible heating sources (see e.g., Truong-Bach et al. 1990). The inner 
region of a CSE may have temperatures as high as 1000 K, while the external 
teneous parts may be as cool as 10 K or less. The molecules are exposed to 
radiation from two sources. First, radiation from the central star which has 
characteristics, depending on the evolutionary stage, that fall somewhere in the 
range from a luminous (104 L 0 ) , cool (2500 K) red giant to a much less luminous 
(< 102LQ), but hot (> 30000 K) star on its way to becoming a white dwarf. 
Second, the interstellar radiation field which is relatively isotropic, but there 
may be local anisotropics. 

2 C i r c u m s t e l l a r m o l e c u l e s d e t e c t e d a t r a d i o w a v e l e n g t h s 

The first circumstellar molecule to be detected at radio wavelengths was OH in 
1968, i.e., 25 years ago (Wilson & Barrett 1968). Initially the progress was slow, 
but in 1971 Solomon et al. (1971) detected CO from an infrared bright object, 
IRC+10216. This is probably the most nearby carbon star, and it happens to 
have a very high mass loss rate, of the order a few 10 - 5 M© y r - 1 (Troung-Bach 
et al. 1992). It was quickly realized that a CSE around an evolved star, in 
particular a C-rich one, can be extremely rich in different molecular species. 
The reason being that the circumstellar dust effectively shields the molecules 
that are formed both in the stellar atmosphere and in the CSE itself, and in 
the C-rich case the carbon excess leads to an efficient organic chemistry. At this 
epoch 45 circumstellar molecules have been detected at radio wavelengths, of 
these 38 in the envelope of IRC+10216, Table 1. Indeed, some of them (16) are 
only detected in IRC+10216, and most of them (31) in fewer than five sources. 
The fact that so few sources completely dominate the picture means that most 
of what will be dicussed below is based on meagre statistics. 

Among the most interesting of these circumstellar molecules are the long 
carbon-chain ones, the cyanopolyynes HCnN (n = 3, 5, 7, 9,11), the related hy
drocarbons C„H (n = 2,3,4,5,6) and H2C,, (n = 3,4), as well as HC2N. Also 
nitrogen-carbon chains CnN (n = 1,3), silicon-carbon chains C„Si (n — 1,4), 
and sulphur-carbon chains C„S (n = 1, 2, 3) are present. Simple ring molecules, 
like the triangular molecules SiC2 and cydic-C^S.^, have been detected, but 
branched molecules are notably absent. On the more spectacular side we have 
the detections of the refractory species NaCl, A1C1, A1F, and KC1 (Cernicharo 
& Guelin 1987; Lucas k, Guelin 1990), and most recently the identification of 
three lines towards IRC+10216 as due to MgNC (Kawaguchi et al. 1993). The 
O-rich CSEs are apparently less rich in molecules. Here H2O and OH dominate, 
but also sulphur-bearing species, in particular SO, SO2, and H2S, are frequently 
found (Sahai k Wannier 1992; Omont et al. 1993). 
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Table 1. Circumstellar molecules detected at radio wavelengths 

Molecule 
A1C1 
A1F 
CO 
CN 
CP 
c s 
KC1 
NaCl 
OH 
SiC 
SiN 
SiO 
SiS 
so 
C2H 
C2S 
HCN 
HCO+ 
H20 
H2S 
HNC 
MgNC 
NH+ 

No of objects 
1 
1 

«420 
17 
1 
21 
1 
1 

>1500 
2 
1 

w50 (th), w200 (maser) 
6 
9 
4 
4 

a l i o 
7 

«400 
20 
10 
1 
1 

Molecule 
OCS 
SiC2 

so 2 

f-C3H 
C3N 
c 3 s 
HC2N 
H2CO 
NH3 

C4H 
C4Si 
c-C3H2 

HC3N 
H2C3 

C5H 
CH3CN 
H2C4 
C6H 
HC5N 
HC7N 
HC9N 
HCnN 

No. of objects 
1 
4 
17 
2 
5 
1 
1 
2 
4 
5 
1 
7 
7 
1 
1 
3 
1 
1 
4 
2 
1 
1 

3 T h e n a t u r e of t h e c i r c u m s t e l l a r m o l e c u l a r r a d i o l ine 

e m i s s i o n 

In order to derive reliable molecular abundances from the line emission one 
requires "well behaved" emission, i.e., one tries to avoid emission from transi
tions that are anomalously excited. The extreme example of the latter is maser 
emission, i.e., amplified line radiation due to a transition with a population 
inversion, which unfortunately is not an uncommon phenomenon in the circum
stellar medium (Elitzur 1992). We will not give an exhaustive discussion of this 
problem, but rather in brief, state our current knowledge. 

There is strong maser emission from the 2773/2, J = 3/2 yl-doubling tran
sitions of OH (Cohen 1989), from several rotational transitions and one vibra
tionally excited rotational line of H2O (Menten fc Melnick 1989, 1991; Cernicharo 
et al. 1990; Menten et al. 1990; Lewis k, Engels 1991), from several vibrationally 
excited rotational lines of SiO and also the rare isotope variants 29SiO and 30SiO 
(Cernicharo k, Bujarrabal 1992; Cernicharo et al. 1993), and at least two vibra
tionally excited rotational transitions of HCN (Guilloteau et al. 1987; Lucas k. 
Cernicharo 1989). This means that in the case of OH and H2O, where no non-
masing lines have been detected, there exists no observational estimate of their 
circumstellar abundances. Weak maser emission from vibrationally excited ro-
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tational lines are found towards IRC+10216 for CS (Turner 1987a), SiS (Turner 
1987b), and HCN (Lucas & Cernicharo 1989). Strong maser emission is usu
ally easy to identify because of the complex line profile and/or the strong time 
variability. 

Maser emission from ground-state transition lines is more of a problem since 
these are normally the ones used for estimating abundances. Fortunately, in 
most cases this maser emission contributes to only a minor fraction of the total 
line intensity. Weak maser emission has been found in the HCN(J=l-0) line 
towards tenuous, C-rich CSEs (Izumiura, 1990; Olofsson et al. 1993b), and the 
same applies to the H1 3CN(J=l-0) line although here the statistics is poor 
(Izumiura et al. 1987; Nyman et al. 1993). The frequently observed SiO(J=2-
1) line only occasionally shows evidence for weak maser features (Nyman & 
Olofsson 1985), while the less frequently observed SiO(J=l~0) line appears to be 
more affected by maser emission (Jewell et al. 1991). Surprisingly, strong maser 
emission has been found for 29SiO and 30SiO in the J = l - 0 , 2-1, and 5-4 lines 
(Alcolea k, Bujarrabal 1992). The CS(J=2-1) line shows evidence for a maser 
feature in one case (Nyman et al. 1993). The SiS(J=l-0) line of IRC+10216 
shows relatively strong maser components (Nguyen-Q-Rieu et al. 1984), and the 
SiS(J=5-4) line has a remarkable behaviour towards the same object that may 
indicate contributions from maser emission (Carlstrom et al. 1990). 

That is, maser emission is a surprisingly common phenomenon, and even 
though its contribution to the total line intensity may be small, it does show 
that we can in general expect an excitation that is far from LTE. 

4 C i r c u m s t e l l a r m o l e c u l a r a b u n d a n c e s : t h e o r y 

4.1 Abundance formula 

In principle, a fairly detailed modelling is required, which in some cases includes a 
complex non-local radiative transfer analysis (see e.g., Truong-Bach k, Nguyen-
Q-Rieu 1989), to obtain the abundance of a circumstellar molecule. However, 
for most molecules in Table 1 this is a too cumbersome approach, e.g., radiative 
transition rates and collisional cross sections are missing, and a simpler method 
is usually adopted. The model is based on the assumption that a spherical CSE 
of gas, expanding at a constant velocity, ve, is formed by a constant stellar mass 
loss rate M. The molecules are thermally excited at a temperature Tex inside 
a shell of inner radius r; and outer radius re. Molecules outside this shell do 
not contribute to the emission. The response of the telescope is assumed to 
be described by a Gaussian denned by the FWHM of the beam, B. Reasonably 
reliable estimates of molecular abundances are only obtained using optically thin 
lines, and in this limit (and in the Rayleigh-Jeans regime) the abundance of the 
molecule X with respect to H2, /x , is obtained using (see e.g., Olofsson et al. 
1993b) 

/ x - 1.7X10 ^ ^ / ; ; e _ 4 1 n 2 ^ r f x (1) 
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where I is the line intensity integrated over velocity in units of K k m s - 1 , ve 

is given in k m s - 1 , B in arc seconds, D is the distance to the source in pc, 
M H 2 is the mass loss rate of molecular hydrogen [the assumption that the ma
jor constituent of hydrogen in CSEs is molecular hydrogen is usually justified, 
Glassgold k Huggins (1983)] given in MQ yr_ 1 , Q is the partition function, uul 

is the frequency in GHz, gu is the degeneracy of the upper level, Aui is the 
Einstein A-coefficient for the transition, Ei is the energy of the lower level, and 
x = r/BD and xhe = r^/BD. Usually the emitting region is smaller than the 
beam and we may simplify further to get 

/ x = 2 . 5 , 1 0 - = / H ^ « & « i ^ : (2) 
MH 2 9UAUI re - n 

where r\ and re are given in cm. Essentially all reported circumstellar molecular 
abundances are based on Eq.(2) or variants thereof, see Sect. 4.3. 

The molecular abundance estimate, obtained using Eq.(l) or Eq.(2), is criti
cally dependent on such uncertain quantities as Tex, D, Mn2, r\, and re, and we 
proceed now to discuss these. 

4.2 The source size 

The size of the emitting region, i.e., r\ and re, is crucial in the calculation of 
the molecular abundance. Unfortunately, it has been measured only for a few 
sources and for a very limited number of molecular species. Additionally, the size 
is dependent on the particular transition in question. In principle, the only data 
with reasonable statistics are those on SiO (Lucas et al. 1992; Sahai k Bieging 
1993), and OH (Bowers et al. 1980, 1983). For a number of species, e.g., SiS, 
HCN, HNC, HC3N, C2H, C4H, C3N, and SiC2, there exist high-quality maps for 
only a single object, IRC+10216 (Bieging et al. 1984; Bieging k Nguyen-Q-Rieu 
1988, 1989; Gensheimer et al. 1992; Takano et al. 1992; Bieging k Tafalla 1993; 
Dayal k Bieging 1993). Thus, in most cases the size of the emitting region has 
to be estimated in a different way. 

The initial circumstellar abundance of a parent species is determined by the 
upper stellar atmosphere chemistry, f\(R*). The abundance remains at this 
value until some point in the envelope where the interstellar UV photon density 
becomes high enough to dissociate the molecules. The location of this point is 
determined by the effectiveness of the dust shielding and whether the molecule is 
self-shielding, i.e., whether it is photodissociated in lines, or through continuous 
absorption. The abundance as a function of radius is determined by (Huggins k 
Glassgold 1982) 

dr ve \ r J 

where Go,x is the unshielded photodissociation rate for a given interstellar UV 
field, and the shielding distance d(Nx, T"d) is dependent on the outward dust 
optical depth r j , and , if self-shielding dominates, the outward column density 
N\ of the molecule in question (for some self-shielding molecules there is an 
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additional shielding due to line absorption from other molecules, e.g., H2 helps 
shielding CO). The shielding distance for pure dust absorption is given by (see 
e.g., Olofsson et al. 1993b) 

d = ]_ i 3(Qab5/a)x Md 

4pd ATTVA 

where Qabs is the dust absorption efficiency, a is the size of a dust grain and pd 

its density, Md is the dust mass loss rate, and vd the dust expansion velocity 
(the factor 1.4 approximately takes into account the three-dimensionality of the 
problem). By far, the largest molecular envelopes are found for the self-shielding 
species CO (Mamon et al. 1988) and H2 (Glassgold k Huggins 1983). The result 
for CO can be approximated by 

For comparison, a mass loss rate of 10 - 5 M© yr_ 1 leads to Re(CO) « 4x 1017cm 
while i?e(HCN) as 1016cm (Olofsson et al. 1993b). For parent species we have 
ri -C re and re < Re (re is the outer radius of the brightness distribution in 
the simple model discussed in Sect. 4.1). The exact value of re depends on the 
molecule and the mass loss rate, i.e., whether the emitting region is photodisso-
ciation limited or brightness limited. In the former case one usually chooses re 

as the e-folding radius, i.e., such that fx{re) — fx(R*)/e- Typical examples of 
parent species are CO, SiO, HCN (in C-rich objects), and H2S. 

The abundance of a photodissociation product is initially very low, but it 
increases at the radius where the parent species Xp becomes photodissociated. 
A peak is reached since eventually the photodissociation product also becomes 
photodissociated, i.e., these molceules are distributed in a shell. The abundance 
as a function of radius is given by (Huggins k Glassgold 1982) 

dfx G0,x / d(Nx,rd)\ G0,xP ( d(NXf,rd) — - - —•— exp - - i '- + v- exp £ 
dr ve \ r J ve \ r 

In the event that the brightness distribution is photodissociation limited one 
usually chooses r; and re as the inner and outer radii where the abundance has 
dropped to /x.peak/e. Typical examples of photodissociation products are CN, 
C2H, and C3N. 

This model for circumstellar photodissociation has a number of weaknesses. 
The three dimensional geometry of the problem is often treated in a relatively 
crude way (Jura k. Morris 1981). Only dust absorption is taken into account, 
and even so the absorbing properties, as well as the actual amount, of the dust 
particles are poorly known. The effectiveness of the self-shielding is dependent on 
the kinematics of the molecules in the external parts of the CSE. The interstellar 
UV radiation field is highly uncertain and may vary from place to place, and in 
certain locations it may even be anisotropic (van Dishoeck 1988, and references 
therein). In general, while the photodissociation coefficients are well determined 
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for some species like H2, CO, H2O, and OH, they are poorly known for many 
molecules (see e.g., van Dishoeck 1988). We have also ignored the possibility that 
the photodissociation product of the parent species rapidly reacts chemically 
with another species. However, the major error source may be the actual density 
distribution of the molecules in the CSE. In a highly clumped medium, for which 
there is growing evidence (Olofsson et al. 1992; Bieging & Tafalla, 1993), the 
molecules may survive to a much bigger distance from the star than given by 
the above model, which is based on the assumption of a homogeneous density 
distribution (Bergman et al. 1993). 

Finally, there are molecules whose existence depends on a circumstellar chem
istry initiated by the photodissociation processes (see e.g., Millar 1988). Their 
radial distributions are more difficult to predict since they depend on a com
plicated mixture of chemical reactions. For instance, the ionization of acetylene 
leads to a complex ion-molecule chemistry in C-rich CSEs (Nejad & Millar 1987; 
Howe & Millar 1990; Glassgold et al. 1992). Neutral-neutral reactions may be 
responsible for the production of some carbon-chain molecules (Howe & Mil
lar 1990). Likewise, the photodissociation of H2O in O-rich CSEs produces OH 
which rapidly reacts to form other species like SO and SO2 (Scalo & Slavsky 
1980). Another interesting example concerns the production of C-bearing species 
in O-rich CSEs (Nejad & Millar 1988; Nercessian et al. 1989). In the latter cases 
the chemistry is of the neutral-neutral type and it becomes critically dependent 
on the existence of activation energy barriers and therefore becomes particularly 
uncertain. The actual choice of r; and re therefore depends on relatively complex 
models. It is probably true that the majority of the molecules in Table 1 is due 
to a circumstellar chemistry. For some species we have the additional problem 
that grain surface reactions may be of importance. Typical examples of this kind 
are CH4 (Clegg et al. 1982) and SiH4 (Betz 1987). 

In summary, the dependence of the estimated molecular abundance on r; 
and re will lead to substantial uncertainties. In future, the situation is likely 
to improve considerably as more and more source sizes are actually measured 
observationally. 

4.3 The excitation temperature 

The discussion in Sect. 3 implies that a relatively complex non-LTE excitation 
analysis is required to obtain the excitation temperature and the correct parti
tion function. However, at present it seems that such a detailed analysis for each 
molecular species is not warranted considering all other uncertainties in the cir
cumstellar model, and in many cases it is not even possible. A similar treatment 
of all data based on the simplifying assumption of a uniform excitation temper
ature still seems appropriate. The excitation temperature Tex can be estimated 
in the following way by observing two or more optically thin lines from the same 
species. Equation (1) may be rewritten in the form 

l n ( w M ) + l n ( 1 . 8 x l „ . . w y ) a 
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where rj — f*' e~4ln2x dx and Nx is the beam-averaged column density defined 
by 

NX = / X M H * (8) 

and it is given in cm - 2 , and / is given in K k m s - 1 , and vui in GHz. For two 
arbitrary lines this results in 

k Kgui-A-unhJ 

It is assumed that the emitting regions of the two lines are the same (this is a 
questionable assumption in many cases, since one expects a line from high-lying 
energy levels to emanate from a smaller area than a line from low-lying energy 
levels). Furthermore, they must be unresolved by the telescope beam. We have 
also used the fact that the beam size is inversely proportional to the frequency 
(i.e., both lines are observed with the same telescope). A statistically more re
liable value for the excitation temperature is obtained by combining data from 
many transitions in a rotation temperature diagram where \n((I/r])i'^l/guAui) is 
plotted versus E\jk (see e.g., Cernicharo et al. 1987b). A fit of a straight line to 
the data in such a diagram, y = a-\-j3Ei/k, leads to an estimate of the excitation 
temperature 

^ex = " i (10) 

and also of the beam averaged column density 

7Vx = 1 .8xl0 1 0 Q(T e x )e a (11) 

which is an alternative way of expressing the molecular abundance. In fact, this 
gives a statistically more reliable abundance estimate than that obtained from 
Eq.(l) or Eq.(2) which is based on a single line. 

However, in most cases a reasonable value for Tex is simply assumed, and 
in the worst case this is a pure guess. This is particularly unfortunate since the 
dependence of fx on Tex is quite strong, roughly Tex exp(Ei/kTex) for linear 
rotors and Tex exp(Ei/kTex) for symmetric and asymmetric top molecules. 

4.4 The mass loss rate and the distance 

The mass loss rate is often highly uncertain (van der Veen &; Olofsson 1990; 
Olofsson 1993). It is not unrealistic to expect an uncertainty that approaches 
an order of magnitude in many cases. This quantity enters into the calculation 
of the abundance not only through Ma2 but also via the size of the emitting 
region since the photodissociation radius, the chemistry, and the excitation are 
all dependent on it. The combined effect is that the mass loss rate of the star 
is probably the major error source in the abundance estimate. In fact, it can be 
concluded from studies of circumstellar HCN and CS (Olofsson et al. 1993b), 
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and SO and SO2 (Sahai k Wannier 1992), that the mass loss rates of the stars 
in their samples are probably significantly higher than the accepted values. 

The distances to the stars of interest here, are notoriously uncertain, but 
often the mass loss rate estimate has a dependence on distance which is close to 
D2 and this significantly decreases the dependence of fx on distance. 

4.5 A note on the column density 

Interstellar molecular abundances are frequently given in terms of column den
sities, i.e., the number of molecules within a column of given cross section. Oc
casionally, this is also done in the circumstellar case, but the relation between 
column density and abundance is not straightforward. If the mass loss rate, 
and the gas expansion velocity and the molecular abundance are assumed to be 
constant with time and radius, respectively, then the molecular density varies as 

nx(r) = nXoR
2
0^ (12) 

where nx0 is the number density of species X at the arbitrary radius R0, and 
TIXORQ is related to the abundance fx via 

"Xo#o = n ~ • (13) 
oirmnve 

The column density JVx towards the star is given by 

Nx = nxoRl ( i ~ 4 - ) « rixoRl ± (14) 

where R\ and Re are the inner and outer radii of the molecular distribution (note 
that -R; and Re are not necessarily the same as r\ and re) . The column density 
and the abundance are consequently related through 

Nx = £¥*- ± (15) 
07TmH'tfe Ri 

i.e., via the observationally ill-defined quantity R\. Infrared absorption line mea
surements naturally lead to A x̂, while the radio observations are dependent on 
the number of molecules within the beam, and hence are better defined by the 
abundance fx or the beam averaged column density Nx, defined in Eq.(8). It 
is apparent from this discussion that a comparison between radio and infrared 
data is not straightforward, nor is the comparison between radio data taken with 
different beam sizes. 
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5 C i r c u m s t e l l a r m o l e c u l a r a b u n d a n c e s : o b s e r v a t i o n a l 
e s t i m a t e s 

We have in Table 2 summarised a number of molecular abundances in the CSEs 
of AGB-stars. Practically all data have been obtained using the method outlined 
in Sect. 4, but it should be borne in mind that the data set is relatively heteroge
neous, and in many cases the entry applies to a single CSE, that of IRC+10216. 
The majority of the data comes from Cernicharo et al. (1987a,b), Lindqvist et 
al. (1988, 1992), Sahai k Wannier (1992), Nyman et al. (1993), Olofsson et al. 
(1993b), and Omont et al. (1993). The values given should be used with great 
care. If one is interested in the study of a number of molecules it is advisable 
to go back to the original data sets. It is notable that, in general, the circum
stellar abundance of a molecule is much higher, often by two orders of magni
tude, than its interstellar abundance (Cernicharo et al. 1987b). For essentially 
all species, except CO, the abundance is drastically different in C-rich and 0 -
rich CSEs. In C-rich CSEs the linear carbon-chain molecules dominate, and the 
abundance decreases only weakly with increasing size of the molecule. However, 
only slight modifications like the substitution of CH3 for H lower the abundances 
substantially, e.g., [CH3CN]/[HCN] « 4x 10 - 4 (the interstellar ratio is « 10_1), 
and other more hydrogen-saturated species like ClbCHCN, CH3CH2CN, and 
CH3C2H have not been detected. The abundances of the refractory molecules 
are low, possibly due to depletion on grains. 

The circumstellar molecular abundances in the envelopes of post-AGB ob
jects may differ substantially from those given in Table 2. This will be discussed 
further in Sect. 8. 

6 A c c u r a c y of e s t i m a t e d c i r c u m s t e l l a r m o l e c u l a r 

a b u n d a n c e s 

A key question in this connection is the accuracy of the reported molecular abun
dances. This problem is probably best illuminated by a practical example taken 
from a study by Olofsson et al. (1990, 1993b). Their sample of carbon stars con
tains a sub-sample of 30 bright carbon stars whose photospheric characteristics, 
in particular, the CNO abundances and the effective temperatures, have been 
reasonably well determined (Lambert et al., 1986). The photospheric HCN, CN, 
and CS abundances were estimated using the appropriate CNO abundances (a 
solar abundance of S was assumed) and effective temperatures in static LTE 
model atmospheres. The abundances at lograoss = —4 were adopted. The large 
spread in carbon excess [(C/O-l) ranges from <0.01 to 0.8] leads to a relatively 
large spread in the photospheric abundances (e.g., 6 x 10 - 6 < /HCN < 5 X 10 - 5 

and 10 - 8 < /cs < 3 x 10- 5) , which is an advantage in a study of this type. 

These stars were observed in radio lines of CO, HCN, CN, and CS. The 
CO data provided the mass loss rates, i.e., the molecular hydrogen mass loss 
rate assuming that the photospheric and circumstellar CO abundance (relative 
to H2) are equal (Olofsson et al. 1993a). The HCN, CN, and CS circumstellar 
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Table 2. Molecular abundances in AGB-CSEs 

Molecule 
CN 

10-9 10-8 10-7 1<H 10-5 10-4 10-3 

-+ 

o / c a 

o 
c 
0 
c 
c 
0 
c 
c 
c 
c 
o 
c 
0 
c 
0 
c 
c 
o 
c 
c 
o 
c 
c 
c 
c 
0 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

P/C*> 

c? 
c 
p 
p 
c? 
c? 
p 
p 
c? 
c? 
p 
p 
c? 
p 
c? 
c 
c? 
c 
p 
c? 
p 
p 
c 
c? 
c 
c? 
c? 
c 
c? 
c? 
c? 
c 
c? 
c? 
c 
c? 
c 
c? 
c? 
c? 
c? 
c? 
c? 
c? 

a O-rich or C-rich CSE 
b Photospheric or circumstellar origin. ? indicates that no observations exist that conclusively 

show that the molecule is formed in the CSE. 
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abundances were estimated using the model outlined in Sect. 4. It is reasonable 
to assume that the photospheric and circumstellar abundances of HCN should 
agree, since there is no known efficient mechanism for producing HCN in the 
envelope. The same should apply to CS. Olofsson et al. (1993b) also found a 
hint of a correlation between the two HCN abundances (after eliminating five 
somewhat peculiar stars: two 13C-rich stars, Y CVn and RY Dra, and three stars 
whose CSEs may have detached, R Scl, U Cam, and V Hya), but the estimated 
circumstellar HCN abundances are almost an order of magnitude higher than 
the corresponding photospheric ones. Olofsson et al. argue that this is due to 
uncertainties in the circumstellar model, partly based on the fact that the cir
cumstellar CS abundance is also higher than the photospheric one by about the 
same amount (here the statistics is much worse), but one cannot completely ex
clude that there is a circumstellar chemistry that affects the abundance in the 
relatively tenuous and hot CSEs in this sample, and that the photospheric abun
dances are underestimated (in particular that of N). Hence, it seems that even 
in this relatively well defined problem the estimated circumstellar abundances 
are off by at least a facto* of five. 

On the other hand, the results for R Scl and V Hya (and to some extent those 
for U Cam, Y CVn, and RY Dra) differ so markedly from the expected, that 
there is every reason to believe that these stars are different from the majority 
of the stars in the sample, in some way. However, this difference may not be one 
of elemental composition, but rather a difference in the structure of the CSEs 
and hence the excitation of the molecules. 

It appears that abundance ratios are more reliable than individual abun
dances. In the case of CN Olofsson et al. (1993b) found circumstellar abun
dances that are about three orders of magnitude higher than the photospheric 
ones. This is likely to be much larger than the estimated uncertainties, and hence 
CN cannot be a parent molecule. Indeed, the estimated CN/HCN circumstellar 
abundance ratio is about 0.6, which is roughly the expected ratio if CN is formed 
from photodissociation of HCN. 

Another study of interest in this connection is the one by Nyman et al. (1993). 
They observed the same molecular species in two carbon stars, IRC+10216 and 
IRAS15194—5115, with similar characteristics, including relatively high mass 
loss rates of the order a few 10 - 5 MQ yr_ 1 . The major difference is that the latter 
source is about five times more distant. Using the model described in Sect. 4, 
they conclude that for the 13 species observed, the abundances in the two sources 
agree within a factor of four. A reliable result is also that the 12C/13C-ratio is at 
least five times lower in IRAS15194-5115 than in IRC+10216, where the best 
data suggest a value in the range 40-50 (see Sect. 7.2). This puts some faith to 
the model, at least as long as the comparison is made within a homogeneous 
data set. Furthermore, it shows that IRC+10216 is not a unique object; it just 
happens to be very nearby. 

Finally, an illuminating comparison is offered by two recent studies of SO and 
SO2 (Sahai k, Wannier, 1992; Omont et al., 1993). For some stars the estimated 
abundances disagree by a factor of ten between the two studies, and for some 
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stars Sahai k, Wannier obtain values that differ by a factor of ten depending on 
the assumptions made. 

7 C i r c u m s t e l l a r m o l e c u l a r l ine e m i s s i o n : a m e a s u r e of 
e l e m e n t a l c o m p o s i t i o n ? 

The elemental composition of red giants with very thin CSEs is preferrably esti
mated using visual and near-IR high-resolution spectra combined with detailed 
stellar atmosphere models (see e.g., Lambert et al. 1986; Gustafsson 1989; Smith 
& Lambert 1990; Lazaro et al. 1991). However, this procedure runs into difficul
ties as the opacity, and consequently the dust emission, of the CSE increases, 
and it becomes useless when the mass loss rate is so high that the star is com
pletely obscured. Thus, the elemental composition of the most extreme objects 
can only be inferred from circumstellar emission, and preferably line emission. 
However, this is not an easy task since, according to the discussion above, it is 
difficult to reliably estimate circumstellar molecular abundances. Furthermore, 
elemental abundances are obtained from these only if the circumstellar chemistry 
is known. Finally, the circumstellar gas-phase elemental composition may differ 
appreciably from the stellar atmosphere elemental composition due to selective 
depletion on grains. 

7.1 The C/O-ratio 

The simplest, and to some extent the most basic, problem would be to distinguish 
between O-rich and C-rich objects. It is preferable if this can be done using 
simple line intensity ratios rather than abundance estimates of an individual 
species. It seems that SiO and HCN are the best candidates for this problem 
if one also takes into account the strength of the lines. In O-rich CSEs we 
expect SiO to be abundant while little HCN should be present since most of 
the carbon is tied up in CO. In C-rich CSEs we expect the opposite behaviour: 
HCN is abundant while little SiO is present since most of the oxygen is tied up 
in CO. Both species are presumably radiatively excited except at the highest 
mass loss rates, and so they should respond in the same manner to different 
excitation conditions (one potential problem here is that HCN in O-rich objects 
is of circumstellar origin). Thus, we expect the /HCN/^SIO line intensity ratio 
to be a strong discriminator between O-rich and C-rich CSEs. Bujarrabal et 
al. (1993a) and Olofsson et al. (1993c) have recently studied samples of O-rich 
and C-rich red giants. Olofsson et al. found /HCN,J=i-o/-fsiO,v=o,J=2-i-ratios in 
the range 0.05-0.3 and 3-10 for the 19 O-rich objects and the 6 C-rich objects, 
respectively, where both lines were detected. The results of Bujarrabal et al. 
agree with this. Thus, the discrimination between the two types of objects is 
clear and unambiguous. 

Next in line stands the question whether a more detailed determination of 
the C/O-ratio can be made. This is a considerably more difficult problem. The 
effects of trends in the C/O-ratio are likely to be much smaller than those due 
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to whether C is larger than O or vice versa. This is because the stability of the 
CO molecule, and hence its ability to store C and O, has such a profound effect 
on the chemistry. 

In view of this we may ask whether the scatter in the /ncN/^SiO-ratio within 
the O-rich and C-rich samples discussed above carries any additional informa
tion related to the C and O abundances. This question cannot as yet be answered. 
Only marginal detections of SiO in two carbon stars that belong to the sample 
of Lambert et al. (1986) have been made (Bujarrabal et al. 1993b) and there
fore no comparison between the IHCN/ISIO and C/O ratios can be made. For 
the O-rich stars Olofsson et al. (1993c) found that sources with high ^25/^12 
and F§o/F2snm flux ratios have only high, in a relative sense, /HCN/^SIO-ratios. 
This is interesting since the stars with 2.51ogF60/F25 > —1.8 fall in a region of 
the far-IR two-colour diagram of van der Veen k, Habing (1988) that is mainly 
occupied by carbon stars. On the other hand, the trend of increasing /HCN/^SJO 
with increasing i^s /^nA™ Aux ratio may indicate that it is the mass loss rate 
that plays the major role. In this connection it is worth noting that Bujarra
bal et al. (1993a) found that the S-type stars have line intensity ratios that fall 
equidistant between those of O-rich and C-rich sources. 

Olofsson et al. (1993b) in their study of HCN in bright carbon stars, also had 
in mind the possibility of actually determining the C/O-ratio from circumstellar 
HCN and CO data. The main problem here, apart from the previously discussed 
difficulty of estimating the HCN abundance, is that the CO lines are usually quite 
optically thick and hence should be relatively insensitive to the CO abundance. 
However, models suggest that the mass loss rate scales linearly with the CO 
line intensity and it is almost inversely proportional to the CO abundance. If 
such a relation is used in (2) when estimating the HCN abundance one obtains 
directly an estimate of the circumstellar HCN/CO abundance ratio. Of course, 
this estimate is likely to have an associated appreciable uncertainty. Indeed, for 
the moment it is much larger than acceptable if the aim is to determine the C/O-
ratio. It is also important to realize that even if the uncertainty in / H C N / / C O 
can be mastered, the problem remains that the relation between / H C N / / C O a n d 
C/O is unique only for low values of C/O (for solar abundances of N and O 
this critical value is 0.12). For high values of C/O the /HCN//co-ratio becomes 
essentially a measure of the N-abundance, and it has in fact been used for this 
purpose (Jura, 1991). 

Unfortunately, one has to conclude that there is still a long way to go before 
circumstellar data can be used to obtain detailed information about the elemen
tal composition. However, the reward seems high enough to pursue this research 
with continued large efforts. 

7.2 Isotope rat ios 

Another side of the elemental composition concerns the isotopic ratios of various 
elements. Here the observational data, i.e., line intensities of the same chemical 
species but with different isotopic substitutes (isotopomers), are usually more 
easily converted into astrophysically interesting quantities, the reason being that 
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one expects the corresponding lines from the isotopomers to respond in the 
same way to the physical conditions. In most cases one simply lets line intensity 
ratios obtained for the isotopomers reflect also the isotope ratios, i.e., n X / m X = 
7(nXA)/J(mXA). Minor corrections for the small differences in beam size and 
transition probability between the two isotopomers are usually introduced. This 
method is probably fairly reliable provided (i) that the observed lines from the 
two isotopomers correspond to the same transition, (ii) that great care is taken 
in selecting optically thin lines, and (iii) that there is no difference in the spatial 
distribution and in the excitation of the two isotopomers. To this we shall add 
that since the lines are weak there is an increased possibility of blending with 
other lines, or even misidentifications. 

In general, the rare isotope lines from CSEs are very weak, and hence the 
statistics is poor, and, in fact, even worse than in the case of molecular abun
dances. Only in IRC+10216 does there exist an isotope-ratio setup that is worth 
discussing. The results for this source obtained by Wannier k, Sahai (1987), 
Cernicharo k Guelin (1987), Kahane et al. (1988, 1992), and Wannier et al. 
(1992) are summarized in Table 3. The uncertainties are of the order ±25% or 
less. Major deviations from the terrestrial values are found for N (15N is highly 
underabundant) and O ( 1 8 0 is underabundant and 1 7 0 is overabundant, and 
so 1 7 0 / 1 8 0 is « 8 times higher than the terrestrial value). Data for 15N have 
been obtained in five more C-rich CSEs (Wannier et al. 1992), and for 1 7 0 and 
1 8 0 in four C-rich CSEs (Kahane et al. 1992), but the majority of these sources 
are post-AGB objects. The results are in line with, but not identical to, those 
for IRC+10216. These data show the potential, but also the problem that the 
weakness of the lines severely limits the number of sources that can be studied. 

Table 3. Isotope ratios in IRC+10216 

Isotope ratio Ratio IRC/Solar Species used 

47 
5300 
840 

1300 
19 
29 

100 
20 
2 

0.5 
20 
0.3 
3 
1 
1 
1 
1 
1 

1 3cs , c3 4s 
H13CN, HC15N 
13CO, C170 
1 3 co , c 1 8 o 
28SiS, 29SiS, 28SiC2,

 29SiC2 
28SiS, 30SiS, 28SiC2,

 30SiC2 

Si32S, Si33S 
Si32S, Si34S 
Na36Cl, Na37Cl, A135C1, A137C1 

In principle, one could expect that the statistics for the 12C/13C-ratio would 
be relatively good since there is a fair number of detections of 12CO and 13CO in 
the same objects, and there is some confidence that the modelling of the optically 
thick 1 2 C0 emission is mastered. However, there are two additional problems. 
Isotope selective photodissociation and fractionation is particularly problematic 

12C/13C 
UN/1SN 
1 6 0 / 1 7 0 
1 6 o / 1 8 o 
28Si/29Si 
28 Si/30 Si 
32S/33S 
32S/34S 
35CW37C1 
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in the case of CO, and the two isotopomers are expected to have different spatial 
distributions. Furthermore, it is expected that 12CO and 13CO are differently 
excited. Taken together this results in large uncertainties in the estimates of the 
12C/13C-ratio from CO data (Knapp k Chang 1985; Sopka et al. 1989). 

8 C i r c u m s t e l l a r m o l e c u l a r l ine e m i s s i o n : a m e a s u r e of 
s t e l l a r e v o l u t i o n ? 

In this section we will discuss to what extent there are differences in the appear
ance of different molecular species as a function of evolutionary stage. Ultimately, 
it would perhaps be possible to use the appearance and disappearance of vari
ous molecular lines to devise a molecular line chronology of stellar evolution on 
and beyond the AGB. In this we include also the possibility that lines from the 
same species but with different excitation requirements may contain important 
information. Since these types of studies are still in their infancies, we will here 
restrict ourselves to discuss whether there are differences between the "thermal" 
circumstellar molecular line emission from AGB-stars, post-AGB objects, and 
planetary nebulae (PNe). Lewis (1989, 1990) has made a similar, but much more 
detailed, study for the strong maser lines. 

It should not come as a surprise that the molecular abundances in the CSE 
around a post-AGB object may differ substantially from those in an AGB-CSE. 
The reason is twofold. First, the mass loss decreases drastically as the star leaves 
the AGB, and consequently the CSE detaches from the star. This leads to a 
rapidly decreasing opacity of the envelope, roughly given by 

* - » ( i o = f e i ) ( ^ ) ™ 6 (16» 

where Ay is the visual extinction (the relation Nna = 102Mv c m - 2 m a g - 1 which 
seems appropriate for interstellar clouds have been used, Bohlin et al. 1978), and 
t is the time elapsed since the mass loss terminated. Thus, photodissociation 
rapidly sets in. Second, eventually the photodissociation increases substantially 
due to the increasing UV flux from the now much hotter central star. The effect 
is that the molecular abundances change rapidly as the star leaves the AGB. In 
general, the abundances decrease, but also new chemical reactions are initiated 
and the behaviour becomes quite complex. To this we shall add changes in the 
excitation conditions, which will also have an effect on the molecular line pattern. 
There is also the possibility that some change in elemental composition may be 
associated with the termination of the AGB phase. 

There is observational evidence that the effects discussed above do lead to 
changes in the molecular line emission appearance. A nice example is provided 
by the observations by Bujarrabal et al. (1988) of three C-rich objects in differ
ent evolutionary stages, IRC+10216 (AGB-object), CRL2688 (post AGB-object, 
probably less evolved than CRL618), and CRL618 (post AGB-object, a good 
pre-PN candidate), (see their Fig. 1). IRC+10216 has been detected in at least 
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38 molecular species at radio wavelengths. CRL2688 and CRL618 are still de
tectable in a fair number of molecular species, 18 and 14, respectively, and this 
despite the fact that they are at least a factor of four more distant. Bujarrabal 
et al. conclude that the molecular abundances in the CSEs of the two latter 
sources are lower than those in the CSE of IRC+10216, but not drastically so. 
This is somewhat surprising, but it may indicate that the circumstellar medium 
is clumped and that therefore the photodissociation is less effective. However, in 
the young C-rich PN NGC7027, in which the CO lines are still very strong, the 
number of detections has decreased to five, and the most prominent line, except 
for those of CO, is one of HCO+ (see e.g., Deguchi et al. 1990). Another (proba
bly C-rich) young PN is IRAS21282+5050, it shows detectable CO and HCO+ 
but no HCN. This is drastically different to the results for IRC+10216 where 
the HCN line is very strong, while the HCO+ line is just marginally detected 
(Lucas k. Guelin 1990). Observations of the more evolved (probably C-rich) PNe 
NGC2346 (Bachiller et al. 1989) and NGC6072 and IC4406 (Cox et al. 1992) fur
ther amplify the situation. HCO+ is remarkably strong and it appears that HCN, 
and in particular CN, regain strength as the object becomes more evolved. We 
have tried to summarize these findings in Table 4. Listed are the line intensity 
ratios 7 X , J = I - O / ^ C O , J = I - 0 ! except for CN and C2H where the A ^ l - 0 transition 
has been used, of lines observed with the same telescope. This normalization 
with respect to the CO line is not meant to reflect changes in abundance with 
respect to CO (the CO line is normally too optically thick for this), but merely 
to show the large changes in line intensity for other species than CO, which is 
known to be easily excited and difficult to destroy. Information on other line 
intensity ratios is easily extracted from the presented data. Some of the more 
interesting trends are presented in Fig. 1. 

Table 4. Line intensity ratios, Ix,i-o/Ico,i-
stages 

for objects in different evolutionary 

HCN HNC HCO+ CN C2H Evolutionary stage Source 
IRC+10216 
CRL2688 
CRL618 
NGC7027 
21282+5050 
NGC2346 
NGC6072 
IC4406 

0.71 
0.66 
0.18 
0.13 

<0.005 
0.08 
0.22 
0.20 

0.087 
0.054 
0.17 

0.08 
0.049 
0.042 

0.0015 
<0.0075 

0.13 
0.30 
0.014 
0.064 
0.18 
0.16 

0.89 
0.39 

0.04 

0.71 
0.38 

0.16 
0.094 
0.019 

<0.01 

<0.013 
<0.015 

AGB 
early post-AGB 
post-AGB 
young PN 
young PN 
PN 
PN 
PN 

The trends are much larger than the uncertainties, and it seems inescapable 
that most of them are due to photodissociation beyond the AGB and the initi
ation of a post-AGB circumstellar chemistry (Howe et al. 1992). These results 
indicate that the molecular line signature of the CSE can be of help in establish
ing the evolutionary stage of an object. One may also be impressed by the ability 
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Fig. 1. Line intensity ratios as a function of the evolutionary stage. Open symbols are 
upper limits. See text for details 

of the molecules to survive in even the harshest environments. The results for 
NGC6072 and IC4406 are astonishingly similar in view of this, and it is probable 
that there is substantial clumping in the circumstellar medium. 

In many post-AGB objects there is evidence for the presence of a higher-
velocity wind (ve RS 50 to 200 kms - 1 ) that may have a bipolar structure rather 
than a spherical outflow (Olofsson 1993). It would be of great interest to compare 
the abundances in this wind and the AGB-CSEs. An example of this is provided 
by the observations of CRL2688 by Jaminet et al. (1992). They claim that the 
12C/13C-ratio is four times lower in the fast wind than in the AGB-CSE. If 
true, this would indicate a change in this isotopic ratio on a time scale of a few 
hundred years or less. Also the HCN/CO abundance ratio appears lower in the 
fast wind. 

9 C o n c l u s i o n s 

The CSEs of stars on the AGB and beyond show a remarkably rich variety of 
different molecular species. However, only about a third of them have been de
tected in more than five sources. The relatively simple geometry and kinematics 
of the CSEs make it possible to use rather uncomplicated methods for estimat
ing molecular abundances that are accurate to within a factor of about five or 
slightly worse in some cases. The methods have not yet reached the level of 
sophistication that allows the circumstellar data to be used to obtain detailed 
information about the the elemental composition. However, the results on iso
tope ratios are already of high quality. It is clear that different molecular species 
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behave differently as the object evolves, and there is good hope that one may 
eventually be able to use this as a kind of molecular line chronology for stellar 
evolution on and beyond the AGB. 

There remains much to be done in the improvement of the circumstellar mod
els used. In particular, a detailed non-LTE, non-local radiative transfer analysis 
is required, but for the majority of the molecules the spectroscopic data and the 
collisional cross sections are lacking. Another important quantity for which the 
uncertainty must be considerably lowered is the mass loss rate. Also, the actual 
distribution of matter in a CSE, e.g., to what extent is the material clumped, 
may have a profound effect on the resulting abundance estimates. 
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