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- The central stars
- The circumstellar envelopes
- The circumstellar molecules
- The termination of the AGB, early post-AGB



The importance of AGB stars

- The final stellar evolutionary stage for stars in 
  the mass range ≈0.8-8 Msun

  => the majority of all stars that have died in 
      our universe have done this as AGB stars

- They have a large mass return and so are 
  important for the cosmic gas/dust cycle:
  - they produce heavy elements (3α, s-process)
  - they produce dust particles
  - they produce complex molecules (PAHs, ...)



The importance of AGB stars
- They are very luminous and old
  => probes of galaxy structure, kinematics, and 
     SF history

- Their CSEs provide excellent astrophysical and
  astrochemical laboratories
  => C/O<1, C/O≈1, C/O>1

- They are intricate objects
  => a full description requires a complex interplay
     between different physical/chemical processes
     with different time scales



The structure of an AGB-object

1011 in size
107 in temp.
1029 in density

nucleosynthesis region

mass loss determined



AGB stars are dynamical objects

- stellar pulsation          1 yr

- super-period effects    5 yr

- clump ejection            1 yr

- gas-dust interaction   < 100 yr

- thermal pulsing          102-3 yr and 104-5 yr

- termination of AGB    < 100 yr

ο Ceti visual lightcurve



AGB stars are dynamical objects

This applies even more to post-AGB objects:

  - fast winds
  - bipolar outflows
  - jets
  - shocks
  - ionization fronts
  - dissociation fronts



The central stars

Flux density of an AGB star:

Observational space (1 hour, 5σ = 50 mJy, 200 μm):
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The central stars
A “radio photosphere” appears to exist, and it is 
larger than R* (≈2R*; Reid & Menten)

Lim et al. Nature 392, 575

α Ori, VLA, 7 mm
size ≈ 0.1”
S ≈ 28 mJy
Tb ≈ 3500 K

Radio emission is an 
excellent probe of
the complicated, 

inhomogeneous stellar 
atmosphere



The stellar mass loss

The mass loss is the process that deter-
mines it all:

 - the lifetime on the AGB
 - the luminosity reached
 - the gas/dust return
 - the chemical composition of 
    the returned gas



The mass loss properties

M-stars C-stars

M-stars C-stars

dN/dM

M vs P(MMS)

M vs vexp

C-stars



The circumstellar envelopes

M(t,θ,φ,MMS,Z,P, ...) & dN/dM

The probes of this process are:

 - circumstellar atomic/molecular line emission
 - circumstellar dust continuum emission



AGB circumstellar environment

spherical geometry

constant expansion velocity

densities follow r-2 law, temperatures follow r-(0.4-1) law

radiation fields: central star and CS dust

C/O<1 and C/O>1; two chemical environments

expansion makes possible temporal evolution studies

Well-defined conditions of the environment:



High T => small spatial scales
- Tkin = 500(r/1015 cm)-1 K

- hBJ(J+1)/k = Tkin  (linear rotor)

For CO where B=2.75 K the result is

J=1, 115 GHz, r=5x1016 cm, θ=10”(500 pc/D)

J=13, 1.5 THz, r=5x1014 cm, θ=0.1”(500 pc/D)

The same arguments apply to dust emission



High J => small spatial scales

J=1-0 J=13-12

τtan

brightness
contribution

M = 10-5 Msun/yr model (D=1 kpc)



‹

The circumstellar envelopes
F. L. Schöier et al.: Properties of detached shells around carbon stars 637

Fig. 2. Observed SEDs for the seven carbon stars with detected detached molecular shells. Best-fit models to the observed SEDs are overlayed
(solid line). The model SEDs are composed of a stellar part (dashed line), a present-day wind (dotted line), and a detached shell (dash-dotted
line). The model SEDs have been corrected for interstellar extinction. Stellar and envelope parameters are summarized in Tables 3 and 4.

for the densest winds encountered in this project, and they are
found to agree within the numerical accuracy of the code itself
(<∼5%).

In the optically thin limit the contribution to the SED can be
separated into a stellar component Fstar

ν , a component from the
present-day wind Fwind

ν , and that from the detached shell Fshell
ν ,

which are solved for individually. The total SED is then ob-
tained from Fν = Fstar

ν +Fwind
ν +Fshell

ν (note that the violation of
energy conservation introduced in this way is negligible,<∼5%).
Note that we ignore any beam filling effects (see Sect. 2.2).

The flux Fwind
ν received by an observer located at a

distance D from an expanding, spherically symmetric wind
produced by a constant rate of mass loss is

Fwind
ν =

4π2a2
grQν

D2

∫ Re

Ri

ndust(r)Bν(Tdust(r))r2dr, (2)

where Qν is the absorption efficiency of a spherical dust grain
with radius agr, ndust the number density of dust grains, Bν the
blackbody brightness at the dust temperature Tdust, and the in-
tegration is made from the inner (Ri) to the outer (Re) radius of
the CSE.

For an extended, geometrically thin, isothermal shell at
constant density, adequate for describing the detached shells
treated here, Eq. (2) reduces to

Fshell
ν =

9Qν
4agrρgrD2 Bν(Tdust)Mdust, (3)

where the dust mass of the shell, Mdust, and the specific density
of a grain, ρgr, have been introduced.

The local dust temperature, Tdust(r), is determined by bal-
ancing the heating (H) provided by absorption of infalling

radiation and cooling (C) by subsequent re-emission. The heat-
ing term can be expressed as

H = πa2
grndust(r)

∫
Fstar
ν (r)Qνdν, (4)

where the dust grains are assumed to be of the same size and
spherical. The dust grains are assumed to locally radiate ther-
mal emission according to Kirchoff’s law and the resulting
cooling term is

C = 4π2a2
grndust(r)

∫
Bν(Tdust(r))Qνdν. (5)

Modelling the SED provides information only on the den-
sity structure of the dust grains, ∝Ṁdust/vdust, where Ṁd is the
dust-mass-loss rate and vdust the dust velocity. In order to calcu-
late Ṁdust, and eventually the gas mass-loss rate Ṁgas, one has
to rely upon some model describing the dynamics of the wind.
There are now growing evidence that the winds of AGB stars
are driven by radiation pressure from stellar photons exerted
on dust grains. Through momentum-coupling between the dust
and gas, molecules are dragged along by the grains. The sta-
tionary solution to such a problem has been extensively studied
(e.g., Habing et al. 1994). The terminal (at large radii) gas
velocity, vgas, is given by

vgas =
√

2GM$(Γ − 1)/r0, (6)

where G is the gravitational constant, M$ the stellar mass, L$
the luminosity, and Γ the ratio of the drag force and the
gravitational force on the gas, given by

Γ =
3(QF/agr)L$Ψ

16πGcMρgr

vgas

vdust
, (7)
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star

present
mass loss

detached
shell

Long-λ dust emission 
is optically thin also 
at high mass loss 
rates (S scales as ν3)

Long-λ dust emission 
is a very good tracer 
also of fossile dust 
shells, i.e. M(t)



Flux density of a dusty CSE (optically thin):

Observational space, 1 hour (5σ = 50 mJy, 200 µm):

- 10-7 Msun/yr in GC in 5 hours
- 10-5 Msun/yr in LMC in 4 hours

The circumstellar envelopes
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Flux density of a gaseous CSE:

(based on detailed modelling)

The circumstellar envelopes
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The THz CO lines are relatively saturated.

- Probes of the present mass-loss rate
- Possible to detect stars with low mass-loss
  rates [S(13-12)/S(1-0) ≈ 100]



CO brightness distributions

V Cyg CO(1-0) TX Cam CO(1-0) TX Cam CO(2-1)

R Cas CO(1-0) V Hya CO(1-0) X Her CO(1-0)

30” 
to
60”
in

size

PdB large project, syst. vel. maps, Castro-Carrizo et al.



Highly episodic mass loss
TT Cyg PdB map

shell diameter = 68”
shell age ≈ 8000 yr

CO(1-0)
High-J lines are 
important probes 

of the region 
where the mass 
loss is initiated



Observational space (1 hour, 2 km/s, 5σ = 20 Jy,
                          Tsys = 5000 K):

- 10-7 Msun/yr to 1 kpc in 5 hours
- 10-6 Msun/yr to 1 kpc in 2 hours
- 10-5 Msun/yr to 1 kpc in 1 hour 

The circumstellar envelopes

DCO(13−12) ≈ 0.7
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Circumstellar molecules

unique to post-AGB, ∑ = 11
CH, CH+, CO+, H2, N2H+,

OCS, HC4H, HC6H, 
CH3C2H, CH3C4H, C6H6

∑ = 70 circ. species

= only IRC+10216* !!!!

*IRC+10216: the most 
nearby C-star, and it has 
a high mass-loss rate

4

Table 1 Molecules detected in AGB CSEs

2-atoms: AlCl CN NaCl SiN

AlF CP OH SiO

C2 CS PN SiS

CO KCl SiC SO

3-atoms: AlNC CO2 HNC SiC2
C3 HCN MgCN SiCN

C2H H2O MgNC SiNC

C2S H2S NaCN SO2

4-atoms: !-C3H C3S H2CO NH3
C3N C2H2 H2CS SiC3
C3O HC2N

5-atoms: C5 c-C3H2 HC3N HNC3
C4H CH2CN HC2NC SiH4
C4Si CH4 H2C3

6-atoms: C5H C2H4 HC4N H2C4
C5N CH3CN

≥7-atoms: C6H C8H HC5N HC9N

C7H CH2CHCN HC7N H2C6

Ions: HCO+ C6H
−

3.3 Circumstellar molecules

Presently, 69 molecular species are detected in AGB CSEs.

A large fraction are unique to the circumstellar medium (com-

pared to the interstellar medium), Table 1. About 80% are

detected at radio wavelengths, and the rest (except C2) are

detected at IR wavelengths. This is impressive considering

that AGB CSEs are low-mass objects, but about half of them

have been detected in only IRC+10216 (probably the most

nearby C-star,≈120 pc, and it has a very highmass-loss rate,

≈ 2×10−5 M% yr
−1). This is far from satisfactory if we aim

for an understanding of circumstellar chemistry. Measured

brightness distributions are limited to a dozen species, in a

single line each, observed towards IRC+10216.

The first more detailed study of circumstellar abundances

in a larger sample of sources were performed by [11]; SiO

in about 40 M-stars. This was extended by [28] to include

also 20 C-stars. The results are a large spread in estimated

circumstellar SiO abundances (although it is unclear how

much of this is real, due to the difficulty in establishing a

proper circumstellar model for each star) and no apparent

difference between the two chemistries, indicating that non-

LTE chemistry plays a role. Recent interferometric results

show that a more complicated SiO abundance distribution

is required to explain the data, an inner component of high

abundance, and an outer, extended component of low abun-

dance [25,27], indicating that adsorption onto grains plays a

role. This shows that our knowledge of stellar/circumstellar

chemistry is not complete by studying only one object, and

observations with ALMAmay considerably increase the ob-

servational data base.

Table 2 Isotope ratios in the CSE of IRC+10216

Isotope ratio Ratio IRC/Solar Species

12C/13C 45 0.5 CS, SiC2
12C/14C > 63000 CO
14N/15N 5300 20 HCN
16O/17O 840 0.3 CO
16O/18O 1300 3 CO
28Si/29Si > 15 > 0.8 SiS, SiC2
28Si/30Si > 20 > 0.7 SiS, SiC2
32S/33S > 60 > 0.5 SiS
32S/34S 22 1 CS, SiS
32S/36S 2400 2.7 CS, SiS
35Cl/37Cl 2 0.7 AlCl, NaCl, KCl
24Mg/25Mg 8 1 MgNC
24Mg/26Mg 7 1 MgNC

ALMAmay also lead to discoveries of new species. Crude

estimates of what is detectable is obtained using this formula

S ≈ 6guAul

[

fX

10−8

][

Ṁ

10−6

][

Re

1016

][

15

ve

]2

e−El/kTx

Q(Tx)

[

1

D

]2

Jy (10)

which is based on the assumption of optically thin emission,

a Boltzmann population distribution at an assumed temper-

ature Tx, as well as an assumption of the size of the emitting

region Re (gu is the degeneracy of the upper level, Aul the

Einstein A-coefficient, fX the abundance with respect to H2,

El the energy of the lower level, and Q the partition func-

tion). As an example, a low-abundance species like H2CO

( f = 10−8 in IRC+10216) is detectable with ALMA in the

312− 211 line at 226GHz in 1 hour of observing time out

to about 1 kpc in a 10−5M% yr−1 object (5! = 4mJy at

4 km s−1 resolution; assuming Tx = 25K, Re = 10
16 cm, and

ve = 15 km s
−1).

The problem of line crowding is not as bad as for star

formation sources, but it cannot be ignored for the more

nearby, high-mass-loss rate, C-rich objects. In particular, lines

from vibrationally excited states of the more complex species

may be abundant. Methods for interpreting spectra of many

molecular lines may have to be used.

3.4 Circumstellar isotopic ratios

Another, and very important, side of abundance estimates is

the isotopic ratios of various elements. Only for IRC+10216

there exists a reasonable setup of isotope ratios; see Table 2

where various isotope ratios are compared to the correspond-

ing solar values [16,17,34]. These data show the potential,

but also the problem that the weakness of the lines severely

limits the number of sources that has been possible to study

so far.

C4H-



Circumstellar molecules, brightness distributions

IRAM PdB data towards 
IRC+10216

(Guelin et al. 1996)

Some molecules are of 
photospheric origin (e.g., SiS), 

some are photodissociation 
products (e.g., CN), and 

some are due to circumstellar 
chemistry (e.g., HNC)

For chemical reasons, 
these emissions should 
not coincide (Guelin et 
al. 1993).



Circumstellar molecules

Search for new molecules at high 
frequencies:

- Hydrides, e.g., CH, OH, CH+, OH+, NH3

- Bending mode transitions of large 
  molecules, e.g., C7 and C8 at 200 µm

- Flopping mode transitions of e.g. PAHs



Circumstellar SiO abundance estimates

132 D. González Delgado et al.: SiO thermal emission from M-type AGB stars

Fig. 3. SiO photodissociation radii (obtained using the unshielded
photodissociation rate G0 = 2.5× 10−10 s−1) versus the estimated sizes
of the SiO envelopes (IRV: square; SRV: circle; Mira: triangle). The
dashed line shows the one-to-one relation.

we will only use the results of Lucas et al. to compare with our
modelling results.

We have six stars in common with Lucas et al. (1992)
(RX Boo, R Cas, W Hya, R Leo, WX Psc, IK Tau). Figure 4
shows the intensity radii as a function of the density mea-
sure Ṁ/ve, using our derived mass-loss rates, gas expansion
velocities, and distances. The minimum least-square correla-
tion between these intensity radii and the density measure is

log rI/2 = 18.8 + 0.49 log
(

Ṁ
ve

)
, (14)

(the correlation coefficient is 0.88) where rI/2 is given in cm, Ṁ
in M# yr−1, and ve in km s−1.

Thus, the scaling with the density measure of the intensity
radii is in perfect agreement with our modelling result for the
envelope sizes. The estimated SiO envelope sizes that are re-
quired to model the data are about three times larger than the
SiO(J = 2→1) brightness region. This may at first seem some-
what surprising, but a test using the 10−6 M# yr−1 model star
of Sect. 4.4, which has an SiO envelope radius of 1.′′7, shows
that the resulting SiO(J = 2→1) brightness distribution has a
half-intensity radius of 0.′′4, i.e., about four times smaller.

7. Results of the SiO line model fits

7.1. The fitting procedure

The radiative transfer analysis produces model brightness dis-
tributions. These are convolved with the appropriate beams to
allow a direct comparison with the observed velocity-integrated
line intensities and to search for the best fit model. As observa-
tional constraints we have used the data presented in this paper
and the high-frequency data obtained by Bieging et al. (2000).

Fig. 4. The sizes of the SiO envelopes estimated from the SiO line
modelling are plotted versus a density measure (open circles). The
dashed line gives the relation between the SiO envelope size and the
density measure given in Eq. (13). Half intensity radii derived from
interferometric SiO(J = 2→1) observations are shown as solid circles.
The solid line is the fit to the data given in Eq. (14).

With the assumptions made in the standard circumstellar model
and the mass-loss rate and dust properties derived from the
modelling of circumstellar CO emission, there remains only
one free parameter, the SiO abundance (for all stars re is taken
from Eq. (13)). The SiO abundance was allowed to vary in steps
of ≈10% until the best-fit model was found. The quality of a
particular model with respect to the observational constraints
can be quantified using the chi-square statistic,

χ2
red =

1
N − p

N∑

i=1

[(Imod,i − Iobs,i)]2

σ2
i

, (15)

where I is the total integrated line intensity, σi the uncertainty
in observation i, p the number of free parameters (2 in the cases
of multi-line CO modelling, but only 1 for the SiO line mod-
elling, except in the cases discussed above where also re was
a free parameter), and the summation is done over all inde-
pendent observations N. The errors in the observed intensities
are always larger than the calibration uncertainty of ≈20%. We
have chosen to adopt σi = 0.2Iobs,i to put equal weight on all
lines, irrespective of the S/N-ratio. The final chi-square val-
ues for stars observed in more than one transition are given
in Table 4. They are, in many cases, rather large suggesting
that our circumstellar model may not be entirely appropriate
for the modelling of the SiO radio line emission, see Sect. 8.
The line profiles were not used to discriminate between mod-
els, but differences between model and observed line profiles
are discussed in Sects. 7.4 and 8.
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Fig. 4. χ2 maps showing the sensitivity of the excitation analysis to the adopted SiO fractional abundance ( f0) and envelope size (re). Contours are
drawn at the 1, 2, and 3σ levels. Also indicated is the lowest reduced χ2 (χ2

red = χ
2
tot/(N − 2)) in the map.

Fig. 5. SiO envelope sizes (re) estimated from the excitation analysis
plotted against a density measure (Ṁ/ve). The solid line is the relation
found for a larger sample of M-type AGB stars (Eq. (5)).

as CW Leo the line intensities change by <∼5% and for a low-
mass-loss-rate object such as R Lep by <∼20%. Thus, no sig-
nificant systematic trends are introduced through the choice of
the SiO abundance description. Typically, we believe the abun-
dances to be accurate to about±50%, within the adopted circum-
stellar model.

3.5. Importance of vibrational excitation

The excitation analysis includes the possibility of populating
also the first vibrationally-excited state of SiO through the ab-
sorption of 8 µm photons, primarily, from dust emission. This
can significantly change the derived line intensities of transi-
tions within the ground vibrational state as illustrated in Table 5

for CW Leo (and R Lep) for selected transitions. The calcula-
tions were performed for a 15 m telescope. Neglecting to take
account of the dust leads to about 50% lower integrated (over
the line) intensities, which translates into at least a doubled frac-
tional abundance of circumstellar SiO to produce the same flux.
Interestingly, in this example approximating the dust emission
using a single low-temperature (T = 510 K) blackbody contain-
ing the total luminosity of the source produces only about 10%
higher intensities compared with the full model taking the dust
emission/absorption fully into account. This is not always the
case and great caution should be taken when such approxima-
tions are made. It should be noted that CW Leo is a high-mass-
loss-rate object and that the importance of the circumstellar dust
radiation in relation to that of the stellar radiation field is less for
a lower-mass-loss-rate object such as R Lep (Table 5).

4. Discussion

4.1. Comparison with chemical models

LTE stellar atmosphere models predict that the SiO fractional
abundance in carbon stars is relatively low, typically ∼5 × 10−8

(see reviews by Glassgold 1999; Millar 2003, and references
therein) about three orders of magnitudes lower than in M-type
AGB stars. The relatively high SiO fractional abundances, de-
rived in Sect. 3, of 1 × 10−7−5 × 10−5 can generally not be ex-
plained by LTE chemistry.

Departure from LTE could be caused by the variable na-
ture of AGB stars that induces shocks propagating through
the photosphere thereby affecting its chemistry. Models of
shocked carbon-rich stellar atmospheres performed by Willacy
& Cherchneff (1998) and Helling & Winters (2001) indicate that
the SiO fractional abundance can be significantly increased by
the passage of periodic shocks. There is also a strong depen-
dence on the shock strength and possibly this mechanism can ex-
plain the observed fractional abundances, and their large spread,
of SiO in carbon stars.

Accurate abundance estimates requires a knowledge of the size 
of the molecular envelope:
Low-J lines sensitive to the envelope size and the abundance, 
while high-J lines sensitive only to the abundance

9 lines
estimated sizes

measured
brightness sizes

fSiO

size



Circumst. SiO abund. of 43 M- and 17 C-type stars

Circumstellar SiO abundance estimates

Schöier et al. , A&A 454, 247

IRC+10216 is not rep-
resentative of C-stars

IRC+10216

abundance in C-stars
>> eq. value, while in M-
stars it is << eq. value,
abundance decline with M

254 F. L. Schöier et al.: SiO in C-rich circumstellar envelopes of AGB stars

Fig. 6. Best-fit models (solid lines; parameters given in Table 3) for R Lep and R For overlayed on observed spectra (histograms).

Table 5. Importance of IR pumping in the excitation of SiO.

I(2→ 1) I(3→ 2) I(5→ 4) I(8→ 7)
Model with [K km s−1] [K km s−1] [K km s−1] [K km s−1]

CW Leo
no (star + dust) 11.2 22.8 41.1 74.3
star 13.1 28.0 46.8 81.0
star + dust 16.5 47.3 98.9 159.2
510 K BB 20.4 51.5 100.3 172.6
R Lep
no (star + dust) 0.27 0.60 1.1 2.0
star 0.34 0.88 1.7 2.8
star + dust 0.34 1.08 2.6 4.5

From the results reported in Table 3 it is clear that the frac-
tional abundance of SiO varies substantially between the carbon
stars in the sample, from as low as 1 × 10−7 up to 5 × 10−5.
As illustrated in Fig. 7 (solid circles) there is a clear trend that
SiO becomes less abundant as the density, Ṁ/ve, in the wind
increases. Even more intriguing, when compared to the distri-
bution of SiO fractional abundances for M-type AGB stars de-
rived by González Delgado et al. (2003) (Fig. 7; filled squares),
there appears to be no way of distinguishing a C-rich chemistry
from that of an O-rich based on an estimate of the circumstel-
lar SiO abundance alone. Also, the puzzling division of high-
mass-loss-rate stars, into distinct low- and high-SiO fractional
abundance groups, found by González Delgado et al. (2003) for
M-type stars is reenforced by the excitation analysis of the car-
bon stars.

The non-detection of SiO maser emission (e.g., from the v =
1, J = 2→ 1 transition) towards carbon stars (e.g., Lepine et al.
1978) is interesting in light of the high circumstellar SiO abun-
dances found. Since SiO maser emission detected from M-type
AGB stars emanates very close to the photosphere and well
within the acceleration region (e.g., Cotton et al. 2004) this could
suggest that in carbon stars the SiO molecules form somewhat
further out in the wind where pumping by IR photons, and hence
excitation of vibrationally excited states, is less effective.

Fig. 7. SiO fractional abundance ( f0) obtained from an excitation anal-
ysis, as a function of a density measure (Ṁ/ve), for carbon stars (filled
circles) and M-type (O-rich) AGB stars (filled squares). The horizontal
lines mark the abundances predicted from equilibrium chemistries. The
dashed line shows the expected f (∞) (scaled to 5 × 10−5, roughly the
expected fractional abundance from stellar equilibrium chemistry when
C/O < 1) for a model including adsorption of SiO onto dust grains (see
González Delgado et al. 2003, for details).

4.2. Condensation onto dust grains

The importance of dust grains in regulating the circumstel-
lar fractional abundance of SiO is supported by the observed
trend that the SiO fractional abundance decreases with increas-
ing density (Ṁ/ve) of the wind (Fig. 7). This trend is expected
from a classical treatment of the condensation process, as de-
scribed in González Delgado et al. (2003), where the condensa-
tion efficiency strongly depends on the dust mass-loss rate. In
Fig. 7 a depletion curve based on the simple model presented in
González Delgado et al. (2003) is shown. Since the theoretical

Only detailed study of a species in a large sample of stars

3 orders of magnitude 
spread in abundance

fSiO



Rad. transf. modelling of interferometric SiO data

Schöier et al. A&A 422, 651, 2004

red line is the best-fit 
model using: 
i) a compact high-
abundance (4x10-5) 
region (eq. value) 
ii) an extended low-
abundance (3x10-6) 
region (SiO depleted)

only compact
comp.

single-dish
model

compact and extended comp.
R Dor

Circumstellar SiO abundance estimates



High-J lines are 
important probes of 

the region where non-
equilibrium chemistry 
and dust condensation 

takes place

Circumstellar SiS abundance estimates
6 F. L. Schöier et al.: SiS in circumstellar envelopes around AGB stars

Fig. 2. Upper panel - SiS fractional abundance ( f0) obtained from an

excitation analysis, as a function of a density measure (Ṁ/ve), for

carbon stars (filled circles) and M-type (O-rich) AGB stars (filled

squares). Middle panel - Same as above for SiO for the same sam-

ple of stars (Schöier et al. 2006b; Schöier et al., in prep.). Lower panel

- The SiS/SiO-abundance ratio.

where I is the integrated line intensity and σ the uncertainty

in the measured value (usually dominated by the calibration

uncertainty of ±20%), and the summation is done over N inde-

pendent observations.

The size of the SiS molecular envelopes are assumed to be

the same as those for SiO, i.e., it is assumed to behave in the

same way to photodissociation (e.g., Wirsich 1994). González

Delgado et al. (2003) and Schöier et al. (2006b) found that a

scaling law

log re = 19.2 + 0.48 log

(

Ṁ

ve

)

, (3)

where Ṁ is the mass-loss rate and ve the expansion velocity

of the wind, provide a good fit in the case of SiO for a large

sample of M-type and carbon stars. Using this scaling law only

one free parameter remains, the fractional abundance of SiS

( f0). The adopted sizes using Eq. 3 are reported in Table 3. In

Sect. 4.3.1 the validity of this approximation is tested for the

two carbon stars CW Leo and RW LMi which are the only

sources where high angular interferometric observations of SiS

line emission exist.

4. Results

4.1. SiS abundances

The derived abundances for the sample of 19 AGB stars where

SiS line emission has been detected are reported in Table 3 and

Fig. 2. It is found that the fractional abundance of SiS varies

substantially between the carbon star (filled circles in Fig. 2)

and M-type samples (filled squares in Fig. 2). The mean frac-

tional abundance of SiS in carbon stars of 3.1× 10−6 (11 ob-

jects) is about an order of magnitude higher than found for the

M-type AGB stars (on average 2.7× 10−7; 8 objects).

The fractional abundances of SiS derived agrees well, typ-

ically within a factor of two, with those obtained by Woods

et al. (2003) using a simple excitation model, for the five high

mass-loss rate objects in common. The abundances derived in

the present analysis are usually higher than the ones reported

by Woods et al. (2003) possibly a result of their adopted ex-

citation temperature being too high. Bujarrabal et al. (1994)

find SiS fractional abundances that on average are higher for

the carbon stars than for the M-type AGB stars, supporting the

findings in this paper. However, they only detect SiS emission

for two M-type AGB stars and four carbon stars. The fractional

abundances that Bujarrabal et al. (1994), through a simple anal-

ysis, derive agree within a factor of five with the values given

in Table 3 for the 6 sources in common.

The fits to the SiS multi-transitional data are generally not

as good as for CO or SiO. As examples we show the best-fit

models for the carbon star CW Leo and the M-type AGB star

IK Tau in Fig. 3. For CW Leo a reasonably good fit to the ob-

servations, both in term of the velocity-integrated line inten-

sity (χ2
red
= 2.5) as well as line profile, is found. In contrast,

for IK Tau both the line intensities (χ2
red
= 9.9) and line profiles

poorly fit the observations. In particular for the high-J tran-

sitions, where the signal-to-noise is high, the models predict

line profiles that are clearly much more flat-topped than what

is actually observed. In Sect. 4.3 possible causes for the gen-

erally high χ2-values will be discussed, including a compact,

high fractional abundance region close to the star which will

naturally produce parabolic line profiles.

Results from the SiS excitation analysis in the case of the

carbon star CW Leo are shown in Fig. 4, where the excitation

temperature, Tex, and the tangential optical depth at the line
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Fig. 2. Upper panel - SiS fractional abundance ( f0) obtained from an

excitation analysis, as a function of a density measure (Ṁ/ve), for

carbon stars (filled circles) and M-type (O-rich) AGB stars (filled

squares). Middle panel - Same as above for SiO for the same sam-

ple of stars (Schöier et al. 2006b; Schöier et al., in prep.). Lower panel

- The SiS/SiO-abundance ratio.
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two carbon stars CW Leo and RW LMi which are the only

sources where high angular interferometric observations of SiS

line emission exist.
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substantially between the carbon star (filled circles in Fig. 2)

and M-type samples (filled squares in Fig. 2). The mean frac-
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jects) is about an order of magnitude higher than found for the

M-type AGB stars (on average 2.7× 10−7; 8 objects).

The fractional abundances of SiS derived agrees well, typ-

ically within a factor of two, with those obtained by Woods

et al. (2003) using a simple excitation model, for the five high

mass-loss rate objects in common. The abundances derived in

the present analysis are usually higher than the ones reported

by Woods et al. (2003) possibly a result of their adopted ex-

citation temperature being too high. Bujarrabal et al. (1994)

find SiS fractional abundances that on average are higher for

the carbon stars than for the M-type AGB stars, supporting the

findings in this paper. However, they only detect SiS emission

for two M-type AGB stars and four carbon stars. The fractional

abundances that Bujarrabal et al. (1994), through a simple anal-

ysis, derive agree within a factor of five with the values given

in Table 3 for the 6 sources in common.

The fits to the SiS multi-transitional data are generally not

as good as for CO or SiO. As examples we show the best-fit

models for the carbon star CW Leo and the M-type AGB star

IK Tau in Fig. 3. For CW Leo a reasonably good fit to the ob-

servations, both in term of the velocity-integrated line inten-

sity (χ2
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= 2.5) as well as line profile, is found. In contrast,

for IK Tau both the line intensities (χ2
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= 9.9) and line profiles

poorly fit the observations. In particular for the high-J tran-

sitions, where the signal-to-noise is high, the models predict

line profiles that are clearly much more flat-topped than what

is actually observed. In Sect. 4.3 possible causes for the gen-
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8. Attachments (Figures)

Fig. 1: Illustration of the magnetic field collimating the 22 GHz H2O maser jet of W43A. The toroidal field is
indicated by the ellipses around the precessing jet. The ellipses are scaled with magnetic field strength. The
solid black circles denote the observed H2O masers and the vectors are the direction of the magnetic field as
determined from the maser linear polarization.

Fig. 2: The biconical distribution of the 43 GHz SiO masers close to the stellar photosphere of W43A.
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