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ABSTRACT

Context. Sulphur has long been known to form different molecules depending on the chemical composition of its environment. More
recently, the sulphur-bearing molecules SO and H,S have been shown to behave differently in oxygen-rich asymptotic giant branch
(AGB) circumstellar envelopes of different densities.

Aims. By surveying a diverse sample of AGB stars for CS and SiS emission, we aim to determine in which environments these sulphur-
bearing molecules most readily occur. We include sources with a range of mass-loss rates and carbon-rich, oxygen-rich, and mixed
S-type chemistries. Where these molecules are detected, we aim to determine their CS and SiS abundances.

Methods. We surveyed 20 AGB stars of different chemical types using the APEX telescope, and combined this with an IRAM 30 m
and APEX survey of CS and SiS emission towards over 30 S-type stars. For those stars with detections, we performed radiative transfer
modelling to determine abundances and abundance distributions.

Results. We detect CS towards all the surveyed carbon stars, some S-type stars, and the highest mass-loss rate oxygen-rich stars,
(M >5x107° M, yr™"). SiS is detected towards the highest mass-loss rate sources of all chemical types (M > 8 x 1077 M, yr~"). We
find CS peak fractional abundances ranging from ~4 x 1077 to ~2 x 107> for the carbon stars, from ~3 x 107 to ~1 x 1077 for the
oxygen-rich stars, and from ~1 x 1077 to ~8 x 107° for the S-type stars. We find SiS peak fractional abundances ranging from ~9 x 10~
to ~2 x 1073 for the carbon stars, from ~5 x 1077 to ~2 x 107 for the oxygen-rich stars, and from ~2 x 1077 to ~2 x 107 for the S-type
stars.

Conclusions. Overall, we find that wind density plays an important role in determining the chemical composition of AGB circumstellar
envelopes. It is seen that for oxygen-rich AGB stars both CS and SiS are detected only in the highest density circumstellar envelopes
and their abundances are generally lower than for carbon-rich AGB stars by around an order of magnitude. For carbon-rich and S-type
stars SiS was also only detected in the highest density circumstellar envelopes, while CS was detected consistently in all surveyed

carbon stars and sporadically among the S-type stars.

Key words. stars: AGB and post-AGB — circumstellar matter — stars: mass-loss — stars: evolution

1. Introduction

After leaving the main sequence and passing through the red
giant branch, low- to intermediate-mass stars become asymp-
totic giant branch (AGB) stars. These stars are characterised
by intense mass loss, ejecting matter in a stellar wind which
forms a circumstellar envelope (CSE) around the star (Hofner &
Olofsson 2018). These CSEs are known to be rich in different
molecular species and are also a site of dust formation (Habing &
Olofsson 2003). The matter ejected in this manner contributes to
the chemical enrichment of the interstellar medium (ISM) and
the chemical evolution of galaxies (Herwig 2005).

The chemical characteristics of the CSE depend in large part
on the chemical type of the AGB star, classified based on the
photospheric carbon-to-oxygen ratio (C/O). Carbon-rich stars

* The reduced spectra (FITS files) are only available at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg. fr/viz-bin/qcat?J/A+A/617/A132

** Postdoctoral Fellow of the Fund for Scientific Research (FWO),
Flanders, Belgium.

Article published by EDP Sciences

and oxygen-rich (M-type) stars have larger proportions of carbon
and oxygen, respectively. S-type stars are believed to be interme-
diary transition objects with C/O ~ 1. The CSEs of carbon stars
are known to contain a variety of carbon-bearing molecules (see,
for example, Olofsson et al. 1993; Cernicharo et al. 2000; Gong
et al. 2015), while the CSEs of oxygen-rich stars are typified by
the presence of a variety of oxygen-bearing molecules (see, for
example, Velilla Prieto et al. 2017). S-type stars display a mix-
ture of the more common oxygen- and carbon-bearing molecules
(Schoier et al. 2011; Danilovich et al. 2014). However, it is now
known that high or low C/O do not preclude the formation of
oxygen- or carbon-bearing molecules, respectively. For example,
H,O0 and SiO have been detected and found to have unexpect-
edly high abundances towards carbon stars (Schoier et al. 2006;
Lombaert et al. 2016), while HCN has been detected towards
oxygen-rich stars (Schoier et al. 2013).

Sulphur is a relatively abundant element which forms molec-
ular bonds with both oxygen and carbon, among other species,
and is hence found in a variety of molecules in the CSEs of
AGB stars. For example, SO and SO, are commonly found in
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the CSEs of oxygen-rich AGB stars (Danilovich et al. 2016),
while CS has been found to be very abundant in carbon-rich
AGB stars (Olofsson et al. 1993). However, molecular abun-
dances in AGB CSEs have been found to not only depend on
the C/O of the CSE, but also on other factors, such as the den-
sity of the stellar wind, which is related to the mass-loss rate.
For example, Danilovich et al. (2016) found different radial dis-
tributions of SO for low mass-loss rate AGB stars compared with
higher mass-loss rate AGB stars, indicating that SO was formed
at larger radii in the latter case. H,S, which contains neither car-
bon nor oxygen, is preferentially detected in higher mass-loss
rate oxygen-rich stars (Danilovich et al. 2017) and, to date, has
only been detected, weakly, towards one carbon-rich AGB star,
CW Leo (Cernicharo et al. 1987, 2000; Omont et al. 1993). Simi-
lar patterns of different molecular occurrences between high and
low mass-loss have also been seen for other molecules such as
Si0O, which has been found to have higher abundances for lower
mass-loss rate AGB stars (Gonzélez Delgado et al. 2003; Schoier
et al. 2006).

Previously, SiS was studied in a sample of oxygen-rich and
carbon-rich AGB stars by Schoier et al. (2007), in which they
generally find abundances of SiS in carbon-rich stars about
an order of magnitude higher than in oxygen-rich stars. This
strongly suggests that SiS is preferentially formed in carbon-rich
CSEs. Although their initial models were based on a Gaussian
abundance distribution profile, they find they needed to include
a “core” component with a higher abundance and a small radius
to properly fit their SiS observations. Decin et al. (2010) found
a similar result with a high-abundance inner component and a
lower-abundance outer component when modelling SiS for the
oxygen-rich star IK Tau.

Danilovich et al. (2015) observed the SiS (6 — 5) line con-
currently with the CO (1 — 0) line towards 29 AGB stars of
various chemical types and mass-loss rates. They detected SiS
towards 12 of the sample stars with the general trend being that
SiS was only detected towards the higher mass-loss rate stars.
Part of our goal in this work is to confirm whether such a mass-
loss rate or density dependent trend exists for SiS. Lindqvist
et al. (1988) searched for both CS and SiS (among other
molecules) in a sample of 31 oxygen-rich stars. They detected CS
(2 — 1) in only four sources and SiS (5 — 4) in only one source
(TX Cam). Bujarrabal et al. (1994) searched for CS (3 — 2)
and (5 — 4), and SiS (5 — 4) in a diverse sample of evolved
stars. They detected CS in six of the highest mass-loss rate
oxygen-rich stars, all three S-type stars and the majority of their
carbon-rich stars. They detect SiS in three nearby high mass-
loss rate oxygen-rich stars, five carbon stars, and none of the
S-type stars.

Olofsson et al. (1993) surveyed a large sample of carbon-rich
stars for several molecules and derived photospheric SiS abun-
dances, and both circumstellar and photospheric CS abundances
for many of them. In general, they found that the circumstellar
abundances tended to be higher by factors of five to ten than
the photospheric abundances. In some cases they found circum-
stellar CS abundances high enough to account for or exceed the
total amount of sulphur expected to be present based on the
solar sulphur abundance (Asplund et al. 2009). They suggest
this may be due to under-predicting mass-loss rates, which affect
the derived abundances, or the effect of a simplified radiative
transfer analysis.

To properly constrain the occurrences of the most common
sulphur-bearing molecules in AGB CSEs, we performed a sur-
vey of 20 AGB stars, which covered all three chemical types and
a range of mass-loss rates (low mass-loss rates: ~1078 to a few
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1077 M, yr~!, intermediate mass-loss rates: ~107® M yr~!, and
higher mass-loss rates: up to a few 10> Mg yr~'). Our sam-
ple does not include the highest mass-loss rate OH/IR stars,
which will be studied separately. We focussed our search on
rotational transitions of CS, SiS, SO, SO,, and H,S and car-
ried out thesurvey using the Atacama Pathfinder Experiment
(APEX!; Giisten et al. 2006). The first results from this sur-
vey, for H,S, are presented in Danilovich et al. (2017). This
survey was supplemented with a smaller survey of 9 M-type
AGB stars with the Onsala 20 m telescope (OSO), focussing
on SO,, SO, and SiS at low frequencies. Additionally, a survey
of CS and SiS towards 33 S-type stars has also been included
in this study, with observations gathered from the IRAM 30 m
telescope and APEX. In this paper we focus on the detec-
tions of SiS and CS and perform radiative transfer analyses to
determine the abundances and abundance distributions of these
two molecules.

2. Sample and observations
2.1. APEX sulphur survey

We surveyed several rotational emission lines of sulphur-bearing
species in a chemically diverse sample of 20 AGB stars, includ-
ing seven M-type stars, five S-type stars, and eight carbon
stars and covering mass-loss rates from ~9 x 10~% My yr!
to ~2 x 107 Mg yr~!. The first results from this survey have
already been presented in Danilovich et al. (2017) for H,S,
which also further describes the observing programme carried
out in March—April and August-December of 2016, using the
Swedish-ESO PI receiver (SEPIA Band 5; Billade et al. 2012;
Belitsky et al. 2018) for APEX (Giisten et al. 2006) and the
Swedish Heterodyne Facility Instrument (SHeFI; Belitsky et al.
2006; Vassilev et al. 2008). In this study, we have focussed
on the SiS and CS observations obtained during this survey.
SO and SO, results will be presented in future papers in
this series.

The full sample of stars for which SiS and CS were sur-
veyed are listed in Table 1 along with the stars from the other
observations discussed below. The lines that were included in
the survey are listed in Table 2, as are other available lines from
other telescopes that we used to constrain our models. Table A.1
includes all the detected SiS lines and their integrated main beam
intensities and Table A.2 lists the rms noise at 1 kms™' for each
observed SiS line, whether or not it was detected. The integrated
main beam intensities for the CS lines are listed in Table A.3, as
are the rms noise values for all observed lines.

2.2. S-star survey

A total of 33 S-type stars were surveyed in CS and SiS emission
using two telescopes. The stars from this sample are listed in the
bottom part of Table 1. The CS (3 — 2) and (5 — 4) line emis-
sion was observed at the IRAM 30 m telescope simultaneously
with the HCN observations analysed in Schoier et al. (2013). SiS
(19 — 18) was observed at the APEX 12 m telescope using the
SHeFI receiver in August—October, 2012. SiS (5 — 4), (6 — 5),
(12 — 11), and (13 — 12) was observed at IRAM June 22-24,
2013.

! This publication is based on data acquired with the Atacama
Pathfinder Experiment (APEX). APEX is a collaboration between
the Max-Planck-Institut fiir Radioastronomie, the European Southern
Observatory, and the Onsala Space Observatory.
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Table 1. Basic parameters of surveyed stars.

Star RA Dec ULSR Distance M Test Voo Ref.
(kms™)  (pe) Moy (K)  (kms™h

Carbon stars

R Lep 04:59:36.35  —14:48:22.5 11 432 8.7x 1077 2200 18 1
V1259 Ori 06:03:59.84  +07:25:54.4 42 1600 8.8x 107 2200 16 1
Al Vol 07:45:02.80  —71:19:43.2 -39 710 49x 107 2100 12 1
X TrA 15:14:19.18 —70:04:46.1 -2 360 1.9x 1077 2200 6.5 1
II Lup 15:23:04.91  -51:25:59.0 -15.5 500 1.7x 107 2400 21.5 1
V821 Her 18:41:54.39  +17:41:08.5 -0.5 600 3.0x 107 2200 13.5 1
U Hya 10:37:33.27  —13:23:04.4 =32 208 8.9x 1078 2400 6.5 1
RV Aqr 21:05:51.68  —00:12:40.3 1 670 23x107% 2200 15 1
M-type stars
R Hor 02:53:52.77  —49:53:22.7 37 310 59x 1077 2200 4 1
IK Tau 03:53:28.87  +11:24:21.7 34 265 5.0x 1076 2100 17.5 2
TX Cam 05:00:50.39  +56:10:52.6 11.4 380 40x107° 2400 17.5 2
NV Aur 05:11:19.44  +52:52:33.2 2 1200 2.5%x 107 2000 18 1
BX Cam 05:46:44.10  +69:58:25.2 -2 500 44x107° 2800 19 1
GX Mon 06:52:46.91  +08:25:19.0 -9 550 8.4x107% 2600 19 1
W Hya 13:49:02.00  —28:22:03.5 40.5 78 1.0x 1077 2500 75 3
RR Aql 19:57:36.06  —01:53:11.3 28 530 23x107% 2000 9 1
V1943 Sgr 20:06:55.24  —-27:13:29.8 -15 200 9.9x 107 2200 6.5 1
V1300 Aql 20:10:27.87  —-06:16:13.6 -18 620 1.0x 10 2000 14 1
T Cep 21:09:31.78  +68:29:27.2 -2 190 9.1x107% 2400 55 1
R Cas 23:58:24.87  +51:23:19.7 25 176 8.0x 1077 1800 10.5 2
S-type stars
T Cet 00:21:46.27  —20:03:28.9 22 240 6.0x 107 2400 7 5
R And 00:24:01.95  +38:34:37.4 -16 350 5.3x1077 1900 8 1
V365 Cas 01:00:53.16  +56:36:45.2 -2.1 625 3x107% 2400 6.2 7
S Cas 01:19:41.99  +72:36:40.8 -30 570 2.8x107° 1800 19 1
W And 02:17:32.96  +44:18:17.8 -35 450 2.8x 1077 2400 6 1
T Cam 04:40:08.88  +66:08:48.7 -11.7 540 1.0x 1077 2400 3.8 7
DY Gem 06:35:57.81 +14:12:46.1 -16.7 680 7.0x 1077 2400 8 7
R Lyn 07:01:18.01 +55:19:49.8 16 850 33x 1077 2400 7.5 6
R Gem 07:07:21.27 +22:42:12.7 -60 820 43x 1077 2400 5 1
AA Cam 07:14:52.07  +68:48:15.4 —46.8 780 5.0x 107 3000 5 5
Y Lyn 07:28:11.62  +45:59:26.2 -0.5 253 1.7x 1077 2400 8 1
TT Cen 13:19:35.02  —60:46:46.3 4 1180 40x107° 1900 20 5
GI Lup 15:06:16.31 —41:28:13.8 6 690 5.5x 1077 2400 10 7
ST Her 15:50:46.63  +48:28:58.9 -4.5 293 1.3x 1077 2100 8.5 5
ST Sco 16:36:36.22 -31:14:02.4 —4.5 380 1.5x 1077 2400 55 7
RT Sco 17:03:32.55  -36:55:13.7 —47 400 45x 1077 2100 11 5
TV Dra 17:08:24.50  +64:19:08.7 22 390 5x107% 2400 4.7 7
IRC-10401 18:10:24.82 —10:34:16.1 19 585 2x107% 1800 17 74
ST Sgr 19:01:29.20  —12:45:34.0 55.7 540 2.0x 1077 2400 6 6
S Lyr 19:13:11.80  +26:00:27.8 49 2000 3.5x 107 1800 13 5
W Aql 19:15:23.35  -07:02:50.4 =23 395 3.0x107° 2300 16.5 4
EP Vul 19:33:17.84  +23:39:19.6 0 510 23x 1077 2800 6 5
R Cyg 19:36:49.38  +50:11:59.5 -17 690 9.5x 1077 2600 9 1
AFGL 2425  19:39:00.74  —16:51:56.5 57 610 3.0x 1077 1800 8.7 7
CSS2 41 19:39:07.77  +29:02:38.6 21.5 880 5.8x 1077 1800 17 7
x Cyg 19:50:33.92  +32:54:50.6 9 150 7.9%x 1077 2600 8.5 8
AA Cyg 20:04:27.61  +36:49:00.5 27.5 480 29x 1077 2400 4.5 7
DK Vul 20:06:33.96  +24:25:60.0 -15 750 2.0x 1077 2900 4.5 5
RZ Sgr 20:15:28.41  —44:24:375 =31 730 3.0x107% 2400 9 6
AD Cyg 20:31:36.51  +32:33:52.4 21 980 2.1x 1077 1800 8 7
RZ Peg 22:05:52.97  +33:30:24.8 -234 970 46x 1077 2400 12.6 6
RX Lac 22:49:56.90  +41:03:04.3 -154 310 8x 1078 2400 6.5 7
V386 Cep 22:53:12.33  +61:17:00.4 -51.8 470 2.0x 1077 1800 16 7
WY Cas 23:58:01.31 +56:29:13.5 7 600 1.I1x107° 2200 13.5 6

Notes. Upper section contains APEX sulphur survey sources, lower section details S-star survey, omitting duplicates. References give details of
mass-loss rate, M, stellar effective temperature, T, distances, and dust properties. “Indicates that stellar properties were updated in this work.
References: (1) Danilovich et al. (2015); (2) Maercker et al. (2016); (3) Khouri et al. (2014a) and Danilovich et al. (2016); (4) Danilovich et al.
(2014) and Ramstedt et al. (2017); (5) Ramstedt & Olofsson (2014); (6) Schoier et al. (2013); (7) Ramstedt et al. (2009); (8) Schoier et al. (2011).
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Table 2. Observational parameters for the SiS and CS lines included in
this study.

Mol. Line Freq. Tel. 0  nm Eu
(GHz) ) (K

8532 453 72618 0OSO 45 055 9

54 90.772 IRAM 27 0.81 13

6—>5 108924 IRAM 21 078 18

8 —>7 145227 IRAM 17 065 31

958 163377 APEX 38 068 39

109 181.525 APEX 34 0.68 48

11> 10 199.672 APEX 31 068 58

12> 11 217818 APEX 29 0.75 68

12> 11 217818 IRAM 11 063 68

13512 235961 IRAM 10 0.59 79

14 -5 13 254.103 APEX 25 075 92

16 > 15 290381 APEX 22 075 119

19 > 18 344779 APEX 18 0.73 166

854S 109 176.555 APEX 35 0.68 38

11 > 10 194205 APEX 32 0.68 47

2328 352 146969 IRAM 17 073 14

453 195954 APEX 32 0.68 24

554 244936 IRAM 10 059 35

6—>5 293912 APEX 21 075 49

756 342883 APEX 18 0.73 66

2c33s 65 289382 APEX 22 075 49

Notes. 6 is the HPBW and 7., is the main beam efficiency.

The IRAM 30 m telescope observations were performed in
dual beamswitch mode using a beam throw of about 2’, while
at APEX position-switching was used with a reference position
at +3’. The pointing was checked regularly using strong CO and
continuum sources and found to be consistent within ~3” of the
respective telescope pointing model.

At the telescope, the antenna temperature has been cor-
rected for the attenuation of the atmosphere and spectra are first
delivered in T'5-scale. They have been converted to Ty, scale
using Tmp = Tinb/Mmp, Where 1y is the main-beam efficiency.
The adopted beam efficiencies and full-width at half-max beam
sizes (fmp) are given in Table 2. The uncertainty in the absolute
intensity scale is estimated to be about +20%.

The IRAM CS (3 — 2) and (5 — 4) observations are listed
in Table A.4, the APEX SiS (19 — 18) observations are listed in
Table A.5, and the IRAM SiS (5 — 4), (6 — 5), (12 — 11), and
(13 — 12) observations are listed in Table A.6.

2.3. OSO 4 mm observations of M-type stars

A sample of eight northern M-type AGB stars, covering a
range of mass-loss rates from ~9 x 1078 to ~3 x 107> Mg yr~!,
were observed in the period 18-22 February, 2016 as part of
science verification for the new 4 mm HEMT amplifier receiver
(Belitsky et al. 2015) on the 20 m telescope at Onsala Space
Observatory? (OSO). The observations covered the SiS (4 — 3)
emission line at 72.618 GHz for the eight sources listed in
Table A.7, which also includes rms noise levels. The line was
undetected in all sources except for BX Cam, for which it was
tentatively detected. We have not included BX Cam in our

2 The Onsala 20 m telescope is operated by the Swedish National
Facility for Radio Astronomy, Onsala Space Observatory at Chalmers
University of Technology.

A132, page 4 of 21

modelling since it is too northern to observe from APEX, and
one tentatively detected line forms a dataset of insufficient
quality to model well. However, we included the non-detected
SiS (4 — 3) lines in our models of IK Tau and GX Mon, to
place additional constraints on those models.

2.4. Supplementary observations

For the carbon star AI Vol we included two additional SiS
lines, (11 — 10) and (10 — 9), which were observed with
APEX/SEPIA Band 5 as part of an unbiased line survey whose
results are yet to be published in full (De Beck et al., in prep).
To better constrain our models, we included some previously
published observations. These include IRAM 30 m observations
of the SiS (6 — 5) line at 108.924 GHz from Danilovich et al.
(2015). We also included observations of IK Tau previously pub-
lished by Decin et al. (2010) and a few lines taken from the APEX
archive. The full list of archival observations used in our study is
found in Table A.8.

3. Modelling
3.1. Established parameters

The bulk of our APEX sulphur survey and OSO samples was
chosen from the stars with mass-loss rates determined through
CO modelling by Danilovich et al. (2015), while most of the
S star survey came from Ramstedt et al. (2009) and Ramstedt &
Olofsson (2014). We use the circumstellar model results from
those studies as the basis for our SiS and CS modelling. For the
stars not included in these studies, we used a variety of previ-
ously obtained mass-loss rates, as noted in Table 1. W Aql is
included in our observing sample, however, the modelling results
for this star presented here are based on line radiative transfer
modelling of ALMA observations of CS and SiS by Brunner
et al. (2018).

Some of the key stellar and circumstellar quantities for our
sample — systemic velocity (v sgr), distance, mass-loss rate (M),
stellar effective temperature (7.g), and terminal expansion veloc-
ity (v) — are listed in Table 1. In one instance, IRC-10401, we
recalculated the mass-loss rate based on newer data, which is
explained in more detail in Appendix B.1. A detailed discus-
sion on the uncertainties in mass-loss modelling can be found
in Ramstedt et al. (2008).

The referenced studies in Table 1 also include models of the
dust surrounding each star. Similar dust modelling methods are
used in all the studies and the specific dust properties of each
source can be found in its referenced study.

3.2. Molecular data

For both SiS and CS, we performed our radiative transfer anal-
ysis using molecular descriptions including rotational energy
levels from J = 0 — 40 in the ground and first excited vibrational
states. These energy levels are shown in Fig. 1 and are connected
by 160 radiative transitions and 820 collisional transitions. For
SiS, the energy levels and radiative transition parameters were all
taken from the JPL spectroscopic database® (Pickett et al. 1998),
while the collisional rates for SiS-H, are adopted from SiO-H,
rates, which were themselves scaled and extrapolated from the
SiO-He rates of Dayou & Balanca (2006). For CS, the energy
levels and radiative transition parameters were all taken from the

3 https://spec.jpl.nasa.gov
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Fig. 1. Rotational energy levels in the ground and first vibrationally
excited states for SiS (left panel) and CS (right panel) included in
our modelling. For both molecules the most energetic rotational level
included is at J = 40.

Cologne Database for Molecular Spectroscopy (CDMS*; Miiller
et al. 2005; Endres et al. 2016). The adopted collisional rates
come from those of CO-H; computed by Yang et al. (2010) and
an assumed H; ortho-to-para ratio of three.

3.3. Modelling procedure

We performed our radiative transfer modelling using a one-
dimensional accelerated lambda iteration method code (ALI),
which is described in detail by Maercker et al. (2008) and
Schaier et al. (2011), and is based on the ALI scheme described
by Rybicki & Hummer (1991). ALIis able to deal with high opti-
cal depths and has been used to model other S-bearing molecules
such as SO, SO,, and H,S (Danilovich et al. 2016, 2017).

ALI is one-dimensional so we assumed a smooth, spheri-
cally symmetric wind with a constant mass-loss rate and velocity
profile based on the stellar parameters listed in Table 1 which
are described in more detail in Danilovich et al. (2015). To fit
our models to the observed data, we first assume a Gaussian
molecular abundance distribution,

2
£) = foexp (—(RL) ] M

where fj is the peak central abundance and R, is the e-folding
radius at which the abundance has dropped to fy/e. As we
have no a priori constraints on the e-folding radius, we leave
both f; and R, as free parameters in our modelling, to be
adjusted to best fit the available data. This is only possible for
the sources for which we have detected at least two different
transitions with sufficiently distinct emitting regions. Gaussian
abundance profiles have been shown to be adequate fits for vari-
ous molecules in the past, such as SiO (Gonzélez Delgado et al.
2003), H,O (Maercker et al. 2016), and others (Schoier et al.
2011; Danilovich et al. 2014). In the absence of more detailed
information as to the radial distributions of CS and SiS (such as
spatially resolved observations), we have chosen to use Gaussian
abundance distribution profiles here based on these past results

4 http://www.astro.uni-koeln.de/cdms

and due to the ease with which they can be adjusted to find the
best fit for the data.

To determine which models best fit the data, we minimised a
x? statistic, which we define as

X2 — ZNl (Imod,ia__zlobs,i)z’ (2)
i=1 i

where [ is the integrated main beam line intensity, o is the uncer-
tainty in the observed line intensities, and N is the number of
lines being modelled. In general, we assumed an uncertainty of
20% in line intensity for our observed lines, except for those
we identify as being tentatively detected, for which we assumed
a 50% uncertainty. The uncertainties calculated for our model
results are for a 90% confidence interval using this y* formu-
lation. To better allow us to compare between stars for which
differing numbers of observed lines might be available, we fur-
ther defined a reduced-y? statistic: ,\/fed = y?/(N — p) where
p = 2 is the number of free parameters in our models (and hence
for N < 3 we leave y2, = x?). In the cases where only one line
was detected for a particular source and molecule, we cannot cal-
culate a y? value and our uncertainties are based on a 20% shift
in model integrated intensity.

3.4. Modelling results

We were able to successfully model the SiS and CS line emission
in the CSEs of all the stars in our sample for which at least two
lines per molecule were detected with only one exception. I Lup
proved difficult to model using a spherically symmetric model
with a smoothly accelerating wind and will be discussed in more
detail in Appendix B.4. For the stars with only one detected line
or with only two lines from adjacent SiS transitions detected, it
was not possible to determine an e-folding radius. In these cases,
we obtained the e-folding radius from a fit to our other results.
This is discussed in more detail in Sect. 4.

The abundances, fj, and e-folding radii, R,., that we have
derived are listed in Table 3. A summary of the results is shown
in Fig. 2. In Fig. 3, we plot both SiS and CS abundances against
wind density and in Fig. 4 we plot CS abundance against SiS
abundance for the stars towards which both molecules were
detected. The SiS results are discussed in more detail in Sect. 4.1
and the CS results in Sect. 4.2. Isotopologue modelling is
discussed in Appendix C.

4. Analysis
4.1. SiS

In the APEX survey, SiS was detected towards five out of the
eight surveyed carbon stars and three out of seven M-type stars.
In the S star survey, SiS was detected in five sources. The low-
energy SiS (4 — 3) line was only tentatively detected for one
of the stars observed with the OSO 20 m telescope, although
higher energy transitions were detected for the two stars overlap-
ping with the APEX sulphur survey (IK Tau and GX Mon). In
all cases, these were among the highest mass-loss rate sources in
each category. The implications of this will be discussed further
in Sect. 5. The SiS observations and model results for a repre-
sentative carbon star, Al Vol, are plotted in Fig. 5 with the same
for the remaining carbon stars plotted in Figs. A.1-A.3. The SiS
results for a representative oxygen-rich star, V1300 Aql, are plot-
ted in Fig. 6 with the same for the remaining oxygen-rich stars
plotted in Figs. A.4 and A.S5. In general, we see higher abun-
dances of SiS for carbon stars than for oxygen-rich or S-type
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Fig. 2. Abundances of CS and SiS with uncertainties for the carbon-rich stars (left panel), the S-type stars (right panel), and including H,S
abundances from Danilovich et al. (2017 assuming an ortho-to-para ratio of three) for the oxygen-rich stars (middle panel). Fractional abundances
relative to H, are given by the left vertical axis and mass-loss rates are indicated by the black stars and the right vertical axis. The dashed, grey,
horizontal line represents the maximum sulphur abundance expected based on the Asplund et al. (2009) solar abundance.

Table 3. Modelling results.

Star SiS CS
fo R, X Nsis fo R, N X Ncs
(x107%  (x10" cm) (cm™?) (x107%) (x10" cm) (cm™)

S

Carbon stars

R Lep 0o .. 7438 9.2*7) 2 000 12x107
V1259 Ori 9.03% 13+3 5 34 1.1x10" 134 ¢ 80*7," 3059 1.7x108
Al Vol 24%;8 6.2*11 7 32 12x10" 18%7 ¢ 10*¢ 2 0.03 89x107
X TrA 0o .. 11+7 4.0133 2001 32x107
V821 Her 94+26 57+¢10 5 29 28x107 3.3 28+¢ 3 054 9.9x10'
U Hya 0o .. O.42J_’8:(1)3 4.8%31 3071 1.1x109
RV Agr 11+6 29723 071 25x107 7.0%8} 22766 2000 1.7x10"
Oxygen-rich stars
IK Tau 1.7+04 53+10 7 LI  11x107  0.11+0.04 2372 2002 6.1x10"
GX Mon 0.53+0.12 13+4 5 20 35x10'° 0.083f8:8g§ > 200” 2 036 56x10
V1300 Aql 1.1+0.3 12+3 5 14 7.6x10% 0.029+0.023 40*2,° 2000 25x10"
S-type stars
R And 0o .. 0.15+0.5 18%2° 2001 1.4x109
S Cas 1.1f81§ 3.6 2 11 24x10'° O.74J_’8:§2 16f2 2 00 1.7x10'%
IRC-10401 0.60 £ 0.12 3.0° 1 3.7x 10" 0
S Lyr 0o .. 8.23:; 19% 1 . 34x10Y
W Aql° 1.5+£0.05 6.0 e e 59x10' 1.2 +£0.05 7.0 o 47x10'°
EP Vul 0o .. 0.18 £ 0.04 8.6 1 1.1 x 105
x Cyg 0.18 £ 0.06 2.5° 2 14 15x10%  0.10+0.03 15f$4 2 001 57x10"
RZ Sgr 0.28 + 0.06 7.2° 1 .. 1.0x10'

Notes. fj is the peak abundance relative to H, and R, is the e-folding radius. n is the number of observed lines included in our radiative transfer
analysis. N is the column density obtained from our radiative transfer modelling. indicates models for which upper limits cannot be placed on the
uncertainties due to optical depth effects that come into play at higher abundances of CS. ?indicates models which cannot be radially constrained
with the available data. Where only one observed line is available, R, is calculated from whichever is applicable out of Egs. (3) and (4). ©W Agl is
originally modelled in Brunner et al. (2018), based in part on ALMA observations, and is only included here for completion. Hence, uncertainties,
N and x?2  are omitted for this source since the fit to a radial profile derived from an ALMA image is not comparable to fits based only on single-dish
data.
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Fig. 3. Abundances of both SiS and CS plotted against stellar wind
density, given by the mass-loss rate divided by the terminal expansion
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Fig. 4. Derived CS fractional abundances plotted against derived SiS
fractional abundances.

stars. SiS abundances range from ~9 x 107% to ~2 x 107> for
carbon stars, from ~3 X 1077 to ~2 x 1076 for oxygen rich stars,
and from ~2 x 1077 to ~1 x 107 for the S-type stars.

From the stars for which we were able to constrain the
SiS e-folding radius, we found the following relation between
e-folding radius and wind density when weighting with the
uncertainties listed in Table 3,

logg(Resis) = (21.3 £ 0.2) + (0.84 + 0.03) log,, (uﬂ) , 3)
where R, is given in cm, Min M, yr’l, Voo 1IN kms’l, and the
errors are 1o uncertainties. This fit is represented by the dashed
black line in the left panel of Fig. 7. When modelling the S stars
with only one SiS detection, or with only the SiS (12 — 11) and
(13 — 12) lines detected, it was not possible to fit the e-folding
radius with the available data. Hence, we derived R, for these
sources using Eq. (3) and then fitted the peak abundance, fj, to
the available data.

4.2.CS

In the APEX survey, CS is detected in all of the surveyed carbon
stars and in three out of the seven surveyed M-type stars. In the
S star survey it is detected towards six sources.

Tmb [K]

—0.05 1

-60 -40 -20 0 -60 -40 -20 0

0201 gis
0154 (1211)

0.10 4
0.05
0.00

—0.05 1

-60 -40 -20 0 -60 -40 -20 0

Tmo [K]

—-60 —-40 -20 0
Velocity [km/s]

—-60 —-40 -20 0
Velocity [km/s]

Fig. 5. Observations (black histograms) and model results (blue lines)
for SiS towards Al Vol, a carbon star, plotted with respect to LSR
velocity.

For each source we have only two or three observed CS
lines with which to constrain our models. However, in each
case there was at least a pair of lines with transitions sep-
arated by AJ = 2 which corresponded to an increase in
upper energy level by a factor greater than two and dif-
ferent emitting regions within the CSE. This proved to be
sufficient to constrain the e-folding radius for most of our
sources. Some example, CS results for AI Vol (carbon star),
IK Tau (M-type), and y Cyg (S-type) are plotted in Figs. 8, 9,
and A.14, respectively. The remaining carbon-rich CS models
are plotted in Figs. A.6—A.11, while the remaining oxygen-rich
CS models are plotted in Figs. A.12 and A.13. CS abundances
range from ~4 x 1077 to ~2 x 1073 for carbon stars, from only
~3x 1078 to ~1 x 1077 for oxygen-rich stars, and from ~1 x 107’
to ~8 x 107° for the S-type stars.

We had some difficulty finding a conclusive e-folding radius
for CS towards three of our sources: the carbon-rich V1259 Ori,
and the oxygen-rich GX Mon and V1300 Aql. The main diffi-
culty with the two oxygen-rich stars was the low signal-to-noise
ratio for the CS lines, leading to ambiguity in fitting the models.
The case of V1259 Ori is more complicated and is discussed in
more detail in Appendix B.2.

From the stars for which we were able to constrain the CS
e-folding radius, we find the following relation between e-folding
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Fig. 6. Observations (black histograms) and model results (blue lines)
for SiS towards V1300 Aql, an M-type star, plotted with respect to LSR
velocity.

radius and wind density when weighting with the uncertainties
listed in Table 3

logo(Recs) = (18.9 £0.2) + (0.40 + 0.03) log, (vﬂ) , @)
where R, is given in cm, Min M, yr’l, Vs 1N kms_l, and the
errors are 1o uncertainties. This fit is represented by the dashed
black line in the right panel of Fig. 7.

We also ran models for V1259 Ori, GX Mon, and V1300 Aql
with the R, as obtained from Eq. (4). While we were able to find
adequate models with this added restriction, the )(2 values of the
new models were consistently higher than for the models listed
in Table 3. The new models also had systematically higher f;
values by about 10-20%, but this increase does not change our
overall conclusions. We generally refer to the original models,
with R, as a free parameter, when we discuss results.

5. Discussion
5.1. Limitations of the modelling

As mentioned in Sect. 4.2, we did not have access to many
CS lines, making the modelling uncertain. The accuracy of all
our CS models would improve with access to higher J lines
or interferometric data to better constrain the extents of the CS
envelopes. When experimenting with high CS abundances, we
found the issue that very high CS abundances (22 x 1073) lead
to the model lines becoming fainter with increased abundance
rather than brighter, as would ordinarily be expected, most likely
due to high optical depths leading to saturation. This explains
why, for some of the highest CS abundances, we were not able
to find an uncertainty to the upper limit of the abundance in our
models (see the results marked with a in Table 3). We did not run
into similar problems with SiS since, over a given energy range,
SiS energy levels are more numerous, allowing the molecules to
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be spread over a larger number of states and hence reducing the
optical depth of the lines. This is also why SiS lines are inher-
ently less intense than CS lines (Miiller et al. 2005). Two stars for
which we found somewhat anomalous results, AI Vol and II Lup,
are discussed in more detail in Appendices B.3 and B.4.

5.2. Trends seen in our results

The estimated SiS and CS fractional abundances are summarised
in Fig. 2, and the abundances shown as a function of CSE
density in Fig. 3. SiS is only detected for the higher mass-loss
rate objects for all three chemical types. Its abundance is 107
for the carbon stars, and hence CS and SiS combined can account
for almost all of the sulphur in these stars. For the oxygen-rich
and S-type stars, the average SiS abundance is about one order
of magnitude lower. Based on our detection limits, we calculated
an upper limit on the fractional SiS abundance for W Hya of
1 x 107, for RV Agr of 3 x 1077, for R Lep of 6 x 107°, and for
S Lyr of 1.5 x 107. W Hya is the lowest mass-loss rate M-type
star, RR Aql and R Lep are the highest mass-loss rate M-type and
carbon stars, respectively, for which SiS was not detected, and
S Lyr is the highest mass-loss rate S-type star with a CS detec-
tion but not an SiS detection. These upper limits do not rule out
abundances comparable to those for similar stars for which SiS
was detected. We note, in particular, that the upper limit for SiS
towards S Lyr is a similar amount (in dex) above the calculated
CS abundance in Fig. 3 as seen for the other S-type stars as well
as the carbon stars with similar densities.

The CS abundances are ~107> for the carbon stars indepen-
dent of the CSE density (only the star with the lowest mass-loss
rate is a significant exception to this). For the oxygen-rich stars,
CS was only detected for the higher mass-loss rate objects, and
here the abundances are more than two orders of magnitude
lower than for the carbon stars. The upper limits we calculated
for W Hya, RR Agl, and RZ Sgr were 9 x 1078, 6 x 1078, and
1.5 x 1077, respectively. For the M-type stars this is comparable
to the abundances for the M-type stars with detected CS. For
RZ Sgr, the CS upper limit is just below the SiS abundance,
giving a similar difference between SiS and (upper limit) CS
abundances as found for the other S-type stars. For the S-type
stars as a whole, there is a trend such that the CS abundances for
the lower mass-loss rate stars are almost two orders of magnitude
lower than for the carbon stars, which increase to values similar
to that of carbon stars at the higher mass-loss rates. However,
RZ Sgr does not comply with this trend if the CS upper limit is
taken into account. Similarly, a trend in SiS abundances could
be seen with higher abundances correlated with higher densities
if RZ Sgr were to be excluded. It is unclear from the available
data, especially considering the small number of detections for
CS and SiS towards S stars, whether RZ Sgr is an outlier due
to inaccurate input parameters (such as mass-loss rate and/or
distance) or whether it truly belies the apparent trends seen for
the other S stars. Higher sensitivity observations of the S stars,
providing a larger sample of detections, would help to confirm
whether the trends we see here are real or a coincidental product
of the sample. The potential anomaly of RZ Sgr aside, the abun-
dances of CS for the S-type stars fall between those of carbon
and oxygen-rich stars.

In Fig. 4, we plot the modelled abundances of CS against
those of SiS. The points appear to be grouped by chemical
type with the carbon stars clustered in the top right, exhibit-
ing the highest abundances of both molecular species. For the
M-type and S-type stars there may be a correlation between the
abundances of SiS and CS, possibly following slightly different
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Fig. 8. Observations (black histograms) and model results (blue lines)
for CS towards AI Vol, a carbon star, plotted with respect to LSR
velocity.
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Fig. 9. Observations (black histograms) and model results (blue lines)
for CS towards IK Tau, an M-type star, plotted with respect to LSR
velocity.

trends. However, the small number of sources involved renders
this only a tentative result.

While it might be expected that S-type stars with greater
amounts of photospheric carbon — such as those classified as SC
stars — would be more likely to produce circumstellar CS, there
is no clear relationship in our results between spectral type and
the detection of CS in the S-type stars. For example, TT Cen
and S Lyr are both SC stars, but CS was only detected in S Lyr,
despite the expectation that (assuming a similar abundance) it
should be easier to detect in TT Cen, which is a closer source
and has a similar (even slightly higher) mass-loss rate.

As can be seen in Fig. 7, we find generally smaller e-folding
radii for SiS than for CS. This is most likely due to the fact
that the binding energy of CS is higher than that of SiS (7.8 eV
compared with 6.4 eV; Herzberg 1989; Gail & Sedlmayr 2013),
making SiS more readily photodissociated by the interstellar
radiation field.

We also note the results of Gonzalez Delgado et al. (2003),
Schoier et al. (2006), and Ramstedt et al. (2009) who observed
and modelled the abundances of SiO in oxygen-rich, carbon-
rich, and S-type AGB stars, respectively. Those studies find a
trend of decreasing SiO abundance with increasing wind den-
sity, most clearly seen for the oxygen-rich and carbon-rich stars
(since fewer high mass-loss rate S-type stars have been iden-
tified). A similar trend was found by Massalkhi et al. (2018)
for SiC, abundance decreasing with carbon star wind density.
Although we do not see a clear trend in SiS abundance with den-
sity (see Fig. 3), it is possible that the detection of SiS only in
the highest mass-loss rate AGB stars is linked to the decreased
abundances of SiO and/or SiC, in the same stars. Also, consid-
ering only the S-type stars and excluding RZ Sgr (see discussion
above), there is a possible trend of increased SiS abundance
with increased density, the opposite of the trend seen for SiO
by Ramstedt et al. (2009). For the carbon stars that have very
high SiS abundances, accounting for roughly half the available S
(for a solar abundance of S, taken from Asplund et al. 2009),
the SiS abundance can also account for a significant portion
of the available Si (the solar abundance of which is approx-
imately twice that of S). For some of the low mass-loss rate
stars included in the Gonzdlez Delgado et al. (2003) and Schoier
et al. (2006) studies, however, the abundances of SiO approaches
the solar abundance of Si. For W Hya, a nearby low mass-loss
rate star for which we did not detect SiS, Khouri et al. (2014b)
found an SiO abundance high enough to account for almost all
of the Si, while Danilovich et al. (2016) found that SO and SO,
combined account for almost all of the S. As Si, O, and C are
all known to play a part in dust formation, the depletion of
these elements onto dust grains may play a part in the sulphur
chemistry, especially if we consider that larger quantities of dust
are generally associated with higher mass-loss rate AGB stars
(Justtanont & Tielens 1992). In any case, it seems from both ear-
lier studies and from this work that the wind density plays an
important role in determining the chemical composition of AGB
CSEs.

5.3. Comparison with other observational studies

Schoier et al. (2007) surveyed a sample of carbon- and oxygen-
rich AGB stars and detected SiS towards eleven carbon stars
and eight M-type AGB stars. They do not explicitly list any
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non-detections, but their presented SiS lines are mostly5 seen
towards high mass-loss rate stars. In their radiative transfer
modelling, Schoier et al. (2007) assumed the same photodis-
sociation radius for SiS as for SiO. Therefore, they used the
Gonzélez Delgado et al. (2003) SiO empirical relation between
mass-loss rate, wind velocity, and photodissociation to find
e-folding radii of SiS for their sample stars. They were unable
to find good fits to the observed data using this assumption and
found better fits by adding a central component with radius out
to 1 x 10" cm and with a high SiS abundance of 2 x 107, With
this distribution SiS would account for most of the sulphur in
the inner CSE. In contrast, we were able to find good fits with
Gaussian SiS abundance distributions by leaving the e-folding
radius as a free parameter. This approach did not require the
inclusion of a central component of higher SiS abundance. For
those sources which overlap with the Schéier et al. (2007) sam-
ple, we found smaller e-folding radii than they did and fractional
abundances larger than their Gaussian components but smaller
than their inner components. It is not surprising that leaving
the e-folding radius as a free parameter gives a better fit to the
observations than using the SiO e-folding radius does, since the
dissociation energy of SiS is 6.4 eV, compared with 8.28 eV
for SiO (Gail & Sedlmayr 2013). These are sufficiently different
that the extents of the corresponding molecular envelopes ought
not to be identical.

Decin et al. (2010) modelled several molecules, including
SiS and CS, for the oxygen-rich AGB star IK Tau. They find
an inner abundance for CS of 8 x 1078, relative to the H, abun-
dance, and use a non-Gaussian distribution based partly on the
results of chemical modelling. Their CS result is in good agree-
ment with ours, within a factor of ~1.4, although we find a
smaller extent for the CS envelope. This is mostly likely due
to the addition of the lower J line CS (4 — 3) in our study,
compared with the use of only the (7 — 6) and (6 — 5) in
the Decin et al. (2010) study. For SiS, Decin et al. (2010)
found a similar core and extended plateau abundance distribu-
tion to that used by Schdaier et al. (2007). They found a high
inner abundance of SiS of 1.1 x 107>, relative to H,, which
drops to 8 x 10~ at ~1.5 x 10'> cm and does not decrease again
until ~3 x 10'® cm. While this agrees well with Schoier et al.
(2007), despite having been calculated using different method-
ology, it does not agree with our result for the same reasons
discussed above. Our abundance of 1.7 X 107 is intermediate
to their two extremes and the extent of our SiS envelope is
significantly smaller.

Olofsson et al. (1993) surveyed a sample of about 40 car-
bon stars and detected the CS (2 — 1) line in 11 of them. The
only stars in both their sample and ours were U Hya, X TrA, and
R Lep, for which they did indeed also detect CS. The CS abun-
dances they calculated for all sources were upper limits, and our
results fall well below these for U Hya and X TrA. For R Lep our
calculated CS peak fractional abundance is in good agreement
with the upper limit they found, although we find the e-folding
radius to be larger by about a factor of two. In addition to the
radio data, Olofsson et al. (1993) also collected infrared pho-
tometry for about 60 stars and, based on local thermodynamical

3> Indeed, the only star for which they detected SiS and which had
a lower mass-loss rate (M = 5 x 1077 M, yr~') than our lower-limit
for SiS detections is the oxygen-rich R Cas. However, a more recent
study of R Cas using higher J CO lines from Herschel/HIFI to deter-
mine the mass-loss rate, conducted by Maercker et al. (2016), found
M =8x 1077 My yr!, equal to the lowest mass-loss rate star with an
SiS detection in our sample.
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equilibrium (LTE) model atmospheres, calculated photospheric
molecular abundances for a few species, including CS and SiS.
For the three overlapping stars they found relatively high pho-
tospheric SiS abundances, while we did not detect SiS in their
CSEs (in fact, they were the only three carbon stars for which
we did not detect SiS). For CS, the photospheric abundance
found for R Lep is more than two orders of magnitude smaller
than our CSE abundance, for U Hya it is an order of magnitude
larger than our CSE abundance, and for X TrA it is compara-
ble with our CSE abundance, being only a factor of two larger.
As Olofsson et al. (1993) note, the photospheric CS abundance
is very sensitive to temperature, and hence is likely to change
significantly between different phases of pulsation.

In a search for both CS and SiS (among other molecules) in
a sample of 31 oxygen-rich stars, Lindqvist et al. (1988) detected
the CS (2 — 1) line towards only four sources and the SiS
(5 — 4) line only towards TX Cam. They estimated CS abun-
dances in the order of a few 1077, with their IK Tau result a
factor of about two higher than what we found for that source,
and an SiS abundance of ~1 x 107, in agreement with our
results. Bujarrabal et al. (1994) surveyed a sample of evolved
stars (mostly AGB stars) using the IRAM 30 m telescope to
observe several molecular species including CS and SiS. They
estimated molecular abundances based on the integrated intensi-
ties of their observed lines and assuming a constant abundance
within a given radius. They note that their estimates only hold for
optically thin lines. Where their sample overlapped with ours,
we found higher SiS abundances for IK Tau and V1300 Aql
by factors of four and two, respectively, while our CS abun-
dances were in agreement for IK Tau and y Cyg, a factor of a
half smaller for V1300 Aql, V1259 Ori, and W Aql, a factor of
about three smaller for R And, and almost a factor of 6 higher
for V821 Her. In the case of SiS in the oxygen-rich stars (no car-
bon star SiS observations overlapped with our sample and they
did not detect SiS towards any S-type stars) and CS towards the
carbon stars and W Aql, the discrepancies are most likely due
to optical depth effects since our models indicate optically thick
emission in these cases. For CS towards the oxygen-rich stars
and in y Cyg, which our models indicate to be optically thin,
our results are in better agreement, with the discrepancy in the
V1300 Aql and R And abundances most likely due to uncer-
tainties caused by the weak emission in the case of both our
observations and those of Bujarrabal et al. (1994). It should also
be noted that Lindqvist et al. (1988), Olofsson et al. (1993) and
Bujarrabal et al. (1994) all used similar and simple methods for
estimating abundances.

5.4. Comparison with chemical models

Since CS and SiS have long been known to occur in AGB CSEs,
they are regularly included in chemical models of these stellar
winds. Indeed, SiS and CS are commonly assumed to be parent
species — molecules formed in the innermost regions, from which
other species are subsequently formed — sometimes for CSEs
of all chemical types. In this section we discuss some different
existing chemical modelling results and compare them with our
results.

5.4.1. LTE models of the mid- and outer-CSE

Willacy & Millar (1997) modelled the chemistry in the cooler
outer regions of the CSE of an oxygen-rich AGB star. They
used the characteristics of TX Cam (M = 3 x 107 M yr™!,
Ve = 18 kms™") as the basis for their models, although they
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also give some model results based on IK Tau and R Dor. They
take SiS and H,S as parent species and model the CSE from
2 x 10" cm outwards. They predict a more extended SiS enve-
lope than we find, by about an order of magnitude, but with a
peak SiS abundance in reasonable agreement with ours: about
twice the abundance we find for IK Tau. The SiS column den-
sity they find for IK Tau, using a similar mass-loss rate and
slightly higher expansion velocity than those used in our study
(M =45x%x10"° M, yr‘l, U = 20 kms_l), is more than an
order of magnitude lower than ours. They also predict CS to
be located in a shell around the star, with the peak in abun-
dance falling at a few 10'® cm for TX Cam. The peak appears to
be roughly in agreement with the e-folding radii we find for the
oxygen-rich stars in our sample. For IK Tau, they find a peak
abundance for CS of ~3 x 107, which is about three times what
we calculate for our centrally peaked CS distribution. Their col-
umn density for IK Tau is about two orders of magnitude lower
than what we find. The CS lines that we observe are formed in
relatively cool regions, so they are not sensitive to a possible
lower CS abundance in the inner regions.

Li et al. (2016) model a similar outer region of an
oxygen-rich CSE, focussing on UV photochemistry, and using
IK Tau as their fiducial model (with a similar mass-loss
rate, M = 4.5x 107 M, yr™!, and higher expansion velocity,
Voo =24 kms™!, than used in the present study). Their par-
ent species abundances are taken from observations, where
available, and shock-induced non-LTE predictions otherwise.
They include several S-bearing molecules in their list of parent
species: SiS, CS, H,S, SO, SO,, and HS. Their initial abun-
dance of SiS, in particular, accounts for a significant portion of
the sulphur budget and is about an order of magnitude higher
than the peak abundance we found for IK Tau. Like Willacy &
Millar (1997), they find a more extended SiS envelope, which
declines more slowly than our IK Tau model, resulting in their
model being about an order of magnitude more extended than
ours. Considering CS, however, their results are in reasonable
agreement with ours, with a similar (centrally peaked) inner
abundance of CS and a similarly large extent, although at very
large extents their model deviates from our Gaussian assumption.

5.4.2. Chemistry in a clumpy medium

Agindez et al. (2010) investigated the effects of clumpiness
on AGB chemistry and, in particular, the penetration of UV
photons. They included SiS and CS as parent species for the
carbon-rich models and SiS, SO, and H,S in their oxygen-rich
models. They concluded that UV penetration in clumpy and low
mass-loss rate CSEs (up to a few 1077 Mg, yr™!) can trigger pho-
tochemistry in the warm inner regions of the CSEs, allowing the
formation of CS (and HCN and NHj3) in oxygen-rich CSEs (as
well as H,O and NHj in carbon-rich CSEs). Their predictions of
CS abundances in the range 1078—1077 for all mass-loss rates
are in agreement with the abundances we find for the higher
mass-loss rate oxygen-rich stars and are not ruled out by our
non-detections for the lower mass-loss rate stars.

Van de Sande et al. (2018) developed a chemical model
incorporating a porosity formalism to treat the increased pen-
etration of UV photons in a clumpy CSE, and considering the
relative overdensity of the clumps. They run models for different
clump parameters, including the density contrast and clump size,
and find that larger deviations from a smooth (non-clumpy) out-
flow generally result in higher abundances of CS for a range of
mass-loss rates (M = 1077, 107, and 10™> M, yr~!) in the case
of oxygen-rich CSEs. Although their derived radial abundance

distribution profiles differ from the Gaussian profiles we use in
this study, their peak CS abundances are in good agreement with
the peak abundances that we found for our higher mass-loss
rate oxygen-rich stars. Their CS column densities for oxygen-
rich AGB stars, which vary significantly with clumpiness, are in
agreement for the most extreme clumpy models, and up to three
orders of magnitude lower than our results, depending on the
specific clumpiness of the outflow.

5.4.3. Our results from a chemical perspective

Regarding possible chemical mechanisms to explain our results,
the only neutral-neutral formation rate for the SiS molecule is
the radiative association Si + S — SiS reported by Andreazza &
Marinho (2007), which has an activation barrier of only 66 K.
The Arrhenius rate® has a small pre-exponential factor and very
weak temperature dependence. As a consequence, the process
occurs efficiently at high densities and is negligible at low
densities, in agreement with our SiS detection pattern. A tem-
perature independent SiS photodissociation rate is reported by
Prasad & Huntress (1980), but based on the difference between
the Prasad & Huntress (1980) rates for SiO and SiH photodisso-
ciation and those calculated more recently (e.g. by Heays et al.
2017), it is likely to be off by at least an order of magnitude.
However, apart from these two reaction rates, the neutral SiS
chemistry is poorly characterised. A more detailed description
is required to construct an accurate chemical kinetic network
(i.e. interactions of SiS with SiO, silicates, other S-bearing
compounds, etc.).

To model the SiS abundance without specific rate prescrip-
tions, we performed thermodynamic equilibrium (TE) calcula-
tions (White et al. 1958; Tsuji 1973), using the same method as
implemented by Gobrecht et al. (2016) but extended to a larger
sample space of temperatures and densities. The TE calculations
are based on the minimisation of the total gas Gibbs free energy
whose components are tabulated (NIST-JANAF Thermochemi-
cal Tables”) for a given elemental mixture. For the conditions
of an oxygen-rich CSE (C/O = 0.75) we find a strong density
dependence of the SiS fractional abundance (see Table 4). In
particular, at T = 1500 K and densities of n = 10'2-10'* cm™3,
which typically apply for 1-2 R,, we find good agreement
with the observed abundances in higher mass-loss rate sources.
A similar argument could be applied to the carbon-rich
sources.

Regarding the presence of CS in oxygen-rich stars, its forma-
tion is thought to be greatly enhanced by shock chemistry (Duari
et al. 1999; Cherchneff 2006; Gobrecht et al. 2016). The extreme
conditions in shocks free up C from CO, allowing CS to form
even in carbon-deficient environments. We expect more extreme
shock conditions in the higher mass-loss rate sources (Mattsson
et al. 2007), which can drive non-equilibrium reactions. Hence,
CS is more likely to form in these sources. In carbon stars,
where there is abundant C, CS can form in thermal equilib-
rium and hence such extreme conditions are not required to form
CS. This also explains the presence of CS in even the lowest
mass-loss rate carbon stars. The roughly constant abundance of
CS in most of the carbon stars is most likely due to CS having
a high binding energy and forming readily in the presence of
abundant C.

6 An Arrhenius reaction rate k(7T) is generally defined as

k(T) = A(T/300 K)? x exp(—-E,/T) where A is the pre-exponential
factor, B the temperature dependence, and E,, the activation barrier in K.
7 http://kinetics.nist.gov/janaf/
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Table 4. SiS thermodynamic equilibrium fractional abundances for different number densities and C/O = 0.75.

n (cm™3)
T (K) 104 1013 10'? o' 10'°
2000 34x10% 21x10° 34x10719 27x10719 25x%x10710
1500 4.6x10°% 1.0x10° 22x107 23x10% 1.7x107°
1000 12x107°5 12x10° 12x1075 12x107° 1.1x107°

Although sulphur does not readily condense onto dust grains,
as evidenced by the lack of sulphur depletion found by studies of
post-AGB stars (Waelkens et al. 1991; Reyniers & van Winckel
2007), it is possible that dust—grain interactions may play a part
in determining the abundances of CS and SiS. Gobrecht et al.
(2016) performed a theoretical study on a inner winds of an
oxygen-rich AGB star using an extensive chemical-kinetic net-
work including the species CS, SiS, SO, SO,, H,S, SH, and
OCS. By comparing models with and without dust condensa-
tion, we find no significant difference in the abundances of CS
and SiS.

6. Conclusions

In this study, we observed SiS and CS towards a large number of
AGB stars. CS was detected towards all observed carbon stars,
some S-type stars, and the highest mass-loss rate M-type stars.
SiS was only detected towards the highest mass-loss rate sources
for all chemical types.

We find higher abundances of both CS and SiS in carbon
stars than S-type stars or M-type stars. More specifically, we
found SiS abundances ranging from ~9 x 1076 to ~2 x 107> for
the carbon stars, from ~5 x 1077 to ~2 x 1076 for the oxygen-rich
stars, and from ~2 x 1077 to ~2 x 1076 for the S-type stars. Our
CS abundances ranged from ~4 x 1077 to ~2 x 10~ for the car-
bon stars, from ~3 X 1078 to ~1 x 1077 for the oxygen-rich stars,
and from ~1 x 1077 to ~8 x 107 for the S-type stars.

A correlation between CS abundance and CSE density for
S-type stars is indicated by our results, and may also be seen for
SiS if one star is excluded from our sample. However, no simi-
lar correlation can be seen for the carbon- or oxygen-rich stars,
although this could be partly due to the small number of sources.
Thermodynamic equilibrium calculations predict that SiS should
form more readily in denser environments, in agreement with our
observational results of only detecting SiS in such environments.
Also, CS formation is thought to be strongly enhanced by shock
chemistry, which would explain why it forms more readily in the
higher mass-loss rate oxygen rich sources — where shocks are
expected to be more extreme — than in the low mass-loss rate
oxygen-rich sources. This also explains the trend for higher CS
abundances with higher densities seen in the S-type stars. Car-
bon stars, with their plentiful C, do not require shocks to free up
C and drive CS formation and can instead form CS in thermal
equilibrium.

Acknowledgements. Based on observations made with APEX under programme
IDs 0-097.F-9318, 0-098.F-9305, 077.F-9310, and 079.F-9325. This work is
based on observations carried out under project number 010-13 with the
IRAM 30 m telescope. IRAM is supported by INSU/CNRS (France), MPG
(Germany), and IGN (Spain). The Onsala 20 m telescope is operated by the
Swedish National Facility for Radio Astronomy, Onsala Space Observatory at
Chalmers University of Technology. L.D. acknowledges support from the ERC
consolidator grant 646758 AEROSOL and the FWO Research Project grant
GO024112N. E.D.B. acknowledges financial support from the Swedish National

A132, page 12 of 21

Space Board. H.O. acknowledges financial support from the Swedish Research
Council.

References

Agtindez, M., Cernicharo, J., & Guélin, M. 2010, ApJ, 724, L133

Andreazza, C. M., & Marinho, E. P. 2007, MNRAS, 380, 365

Asplund, M., Grevesse, N., Sauval, A. J., & Scott, P. 2009, ARA&A, 47,
481

Belitsky, V., Lapkin, 1., Monje, R., et al. 2006, in SPIE Conf. Ser., 6275,
62750G

Belitsky, V., Lapkin, I., Fredrixon, M., et al. 2015, A&A, 580, A29

Belitsky, V., Lapkin, L., Fredrixon, M., et al. 2018, A&A, 612, A23

Billade, B., Nystrom, O., Meledin, D., et al. 2012, IEEE Trans. Terahertz Sci.
Technol., 2, 208

Brunner, M., Danilovich, T., Ramstedt, S., et al. 2018, A&A, 617, A23

Bujarrabal, V., Fuente, A., & Omont, A. 1994, A&A, 285, 247

Cernicharo, J., Kahane, C., Guelin, M., & Hein, H. 1987, A&A, 181, L9

Cernicharo, J., Guélin, M., & Kahane, C. 2000, A&AS, 142, 181

Cherchneff, 1. 2006, A&A, 456, 1001

Danilovich, T., Bergman, P., Justtanont, K., et al. 2014, A&A, 569, A76

Danilovich, T., Teyssier, D., Justtanont, K., et al. 2015, A&A, 581, A60

Danilovich, T., De Beck, E., Black, J. H., Olofsson, H., & Justtanont, K. 2016,
A&A, 588, A119

Danilovich, T., Van de Sande, M., De Beck, E., et al. 2017, A&A, 606, A124

Dayou, F., & Balanga C. 2006, A&A, 459, 297

Decin, L., De Beck, E., Briinken, S., et al. 2010, A&A, 516, A69

Duari, D., Cherchneff, I., & Willacy, K. 1999, A&A, 341, L47

Endres, C. P., Schlemmer, S., Schilke, P., Stutzki, J., & Miiller, H. S. P. 2016,
J. Mol. Spectr., 327, 95

Gail, H.-P., & Sedlmayr, E. 2013, Physics and Chemistry of Circumstellar Dust
Shells (Cambridge: Cambridge University Press)

Gobrecht, D., Cherchneff, 1., Sarangi, A., Plane, J. M. C., & Bromley, S. T. 2016,
A&A, 585, A6

Gong, Y., Henkel, C., Spezzano, S., et al. 2015, A&A, 574, A56

Gonzilez Delgado, D., Olofsson, H., Kerschbaum, F., et al. 2003, A&A, 411,
123

Giisten, R., Nyman, L. A Schilke, P., et al. 2006, A&A, 454, L.13

Habing, H. J., & Olofsson, H., eds. 2003, Asymptotic Giant Branch Stars
(New York: Springer)

Heays, A. N., Bosman, A. D., & van Dishoeck E. F. 2017, A&A, 602, A105

Herwig, F. 2005, ARA&A, 43, 435

Herzberg, G. 1989, Molecular Spectra and Molecular Structure: Spectra of
Diatomic Molecules (R.E. Krieger Publishing Company)

Hofner, S., & Olofsson, H. 2018, A&ARv, 26, 1

Justtanont, K. & Tielens, A. G. G. M. 1992, AplJ, 389, 400

Kazarovets, E. V., & Pastukhova, E. N. 2016, PZP, 16, 7

Khouri, T., de Koter, A., Decin, L., et al. 2014a, A&A, 561, A5

Khouri, T., de Koter, A., Decin, L., et al. 2014b, A&A, 570, A67

Li, X., Millar, T. J., Heays, A. N., et al. 2016, A&A, 588, A4

Lindqvist, M., Nyman, L.-A., Olofsson, H., & Winnberg, A. 1988, A&A, 205,
L15

Lombaert, R., Decin, L., Royer, P., et al. 2016, A&A, 588, A124

Maercker, M., Schoéier, F. L., Olofsson, H., Bergman, P., & Ramstedt, S. 2008,
A&A, 479,779

Maercker, M., Danilovich, T., Olofsson, H., et al. 2016, A&A, 591, A44

Massalkhi, S., Agtindez, M., Cernicharo, J., et al. 2018, A&A, 611, A29

Mattsson, L., Hofner, S., & Herwig, F. 2007, A&A, 470, 339

Miiller, H. S. P., Schloder, F., Stutzki, J., & Winnewisser, G. 2005, J. Mol. Struct.,
742, 215

Olofsson, H., Eriksson, K., Gustafsson, B., & Carlstroem, U. 1993, ApJS, 87,
305

Omont, A., Lucas, R., Morris, M., & Guilloteau, S. 1993, A&A, 267, 490


http://linker.aanda.org/10.1051/0004-6361/201833317/1
http://linker.aanda.org/10.1051/0004-6361/201833317/2
http://linker.aanda.org/10.1051/0004-6361/201833317/3
http://linker.aanda.org/10.1051/0004-6361/201833317/3
http://linker.aanda.org/10.1051/0004-6361/201833317/4
http://linker.aanda.org/10.1051/0004-6361/201833317/4
http://linker.aanda.org/10.1051/0004-6361/201833317/5
http://linker.aanda.org/10.1051/0004-6361/201833317/6
http://linker.aanda.org/10.1051/0004-6361/201833317/7
http://linker.aanda.org/10.1051/0004-6361/201833317/7
http://linker.aanda.org/10.1051/0004-6361/201833317/8
http://linker.aanda.org/10.1051/0004-6361/201833317/9
http://linker.aanda.org/10.1051/0004-6361/201833317/10
http://linker.aanda.org/10.1051/0004-6361/201833317/11
http://linker.aanda.org/10.1051/0004-6361/201833317/12
http://linker.aanda.org/10.1051/0004-6361/201833317/13
http://linker.aanda.org/10.1051/0004-6361/201833317/14
http://linker.aanda.org/10.1051/0004-6361/201833317/15
http://linker.aanda.org/10.1051/0004-6361/201833317/16
http://linker.aanda.org/10.1051/0004-6361/201833317/17
http://linker.aanda.org/10.1051/0004-6361/201833317/18
http://linker.aanda.org/10.1051/0004-6361/201833317/19
http://linker.aanda.org/10.1051/0004-6361/201833317/20
http://linker.aanda.org/10.1051/0004-6361/201833317/21
http://linker.aanda.org/10.1051/0004-6361/201833317/21
http://linker.aanda.org/10.1051/0004-6361/201833317/22
http://linker.aanda.org/10.1051/0004-6361/201833317/23
http://linker.aanda.org/10.1051/0004-6361/201833317/24
http://linker.aanda.org/10.1051/0004-6361/201833317/24
http://linker.aanda.org/10.1051/0004-6361/201833317/25
http://linker.aanda.org/10.1051/0004-6361/201833317/26
http://linker.aanda.org/10.1051/0004-6361/201833317/27
http://linker.aanda.org/10.1051/0004-6361/201833317/28
http://linker.aanda.org/10.1051/0004-6361/201833317/29
http://linker.aanda.org/10.1051/0004-6361/201833317/29
http://linker.aanda.org/10.1051/0004-6361/201833317/30
http://linker.aanda.org/10.1051/0004-6361/201833317/31
http://linker.aanda.org/10.1051/0004-6361/201833317/32
http://linker.aanda.org/10.1051/0004-6361/201833317/33
http://linker.aanda.org/10.1051/0004-6361/201833317/34
http://linker.aanda.org/10.1051/0004-6361/201833317/35
http://linker.aanda.org/10.1051/0004-6361/201833317/36
http://linker.aanda.org/10.1051/0004-6361/201833317/36
http://linker.aanda.org/10.1051/0004-6361/201833317/37
http://linker.aanda.org/10.1051/0004-6361/201833317/38
http://linker.aanda.org/10.1051/0004-6361/201833317/39
http://linker.aanda.org/10.1051/0004-6361/201833317/40
http://linker.aanda.org/10.1051/0004-6361/201833317/41
http://linker.aanda.org/10.1051/0004-6361/201833317/42
http://linker.aanda.org/10.1051/0004-6361/201833317/42
http://linker.aanda.org/10.1051/0004-6361/201833317/43
http://linker.aanda.org/10.1051/0004-6361/201833317/43
http://linker.aanda.org/10.1051/0004-6361/201833317/44

T. Danilovich et al.: Sulphur-bearing molecules in AGB stars

Pickett, H. M., Poynter, R. L., Cohen, E. A, et al. 1998, J. Quant. Spectr. Rad.
Transf., 60, 883

Prasad, S. S., & Huntress, Jr. W. T. 1980, ApJS, 43, 1

Ramstedt, S., & Olofsson, H. 2014, A&A, 566, A145

Ramstedt, S., Schoier, F. L., Olofsson, H., & Lundgren, A. A. 2008, A&A, 487,
645

Ramstedt, S., Schdier, F. L., & Olofsson, H. 2009, A&A, 499, 515

Ramstedt, S., Mohamed, S., Vlemmings, W. H. T., et al. 2017, A&A, 605,
A126

Reyniers, M., & van Winckel H. 2007, A&A, 463, L1

Rybicki, G. B., & Hummer, D. G. 1991, A&A, 245, 171

Schaier, F. L., Olofsson, H., & Lundgren, A. A. 2006, A&A, 454, 247

Schaier, F. L., Bast, J., Olofsson, H., & Lindqvist, M. 2007, A&A, 473, 871

Schéier, F. L., Maercker, M., Justtanont, K., et al. 2011, A&A, 530, A83

Schaier, F. L., Ramstedt, S., Olofsson, H., et al. 2013, A&A, 550, A78

Smith, C. L. 2014, PhD Thesis, University of Manchester, UK

Tsuji, T. 1973, A&A, 23, 411

Van de Sande, M., Sundqyvist, J. O., Millar, T. J., et al. 2018, A&A, 616, A106

Vassilev, V., Meledin, D., Lapkin, I., et al. 2008, A&A, 490, 1157

Velilla Prieto, L., Sdnchez Contreras, C., Cernicharo, J., et al. 2017, A&A, 597,
A25

Waelkens, C., Van Winckel, H., Bogaert, E., & Trams, N. R. 1991, A&A, 251,
495

White, W. B., Johnson, S. M., & Dantzig, G. B. 1958, J. Chem. Phys., 28,
751

Whitelock, P. A., Feast, M. W., & van Leeuwen F. 2008, MNRAS, 386, 313

Willacy, K., & Millar, T. J. 1997, A&A, 324, 237

Woods, P. M., Schéier, F. L., Nyman, L.-A., & Olofsson, H. 2003, A&A, 402,
617

Yang, B., Stancil, P. C., Balakrishnan, N., & Forrey, R. C. 2010, ApJ, 718, 1062

A132, page 13 of 21


http://linker.aanda.org/10.1051/0004-6361/201833317/45
http://linker.aanda.org/10.1051/0004-6361/201833317/45
http://linker.aanda.org/10.1051/0004-6361/201833317/46
http://linker.aanda.org/10.1051/0004-6361/201833317/47
http://linker.aanda.org/10.1051/0004-6361/201833317/48
http://linker.aanda.org/10.1051/0004-6361/201833317/48
http://linker.aanda.org/10.1051/0004-6361/201833317/49
http://linker.aanda.org/10.1051/0004-6361/201833317/50
http://linker.aanda.org/10.1051/0004-6361/201833317/50
http://linker.aanda.org/10.1051/0004-6361/201833317/51
http://linker.aanda.org/10.1051/0004-6361/201833317/52
http://linker.aanda.org/10.1051/0004-6361/201833317/53
http://linker.aanda.org/10.1051/0004-6361/201833317/54
http://linker.aanda.org/10.1051/0004-6361/201833317/55
http://linker.aanda.org/10.1051/0004-6361/201833317/56
http://linker.aanda.org/10.1051/0004-6361/201833317/58
http://linker.aanda.org/10.1051/0004-6361/201833317/59
http://linker.aanda.org/10.1051/0004-6361/201833317/60
http://linker.aanda.org/10.1051/0004-6361/201833317/61
http://linker.aanda.org/10.1051/0004-6361/201833317/61
http://linker.aanda.org/10.1051/0004-6361/201833317/62
http://linker.aanda.org/10.1051/0004-6361/201833317/62
http://linker.aanda.org/10.1051/0004-6361/201833317/63
http://linker.aanda.org/10.1051/0004-6361/201833317/63
http://linker.aanda.org/10.1051/0004-6361/201833317/64
http://linker.aanda.org/10.1051/0004-6361/201833317/65
http://linker.aanda.org/10.1051/0004-6361/201833317/66
http://linker.aanda.org/10.1051/0004-6361/201833317/66
http://linker.aanda.org/10.1051/0004-6361/201833317/67

A&A 617, A132 (2018)

Table A.1. Main beam integrated intensities for SiS detections from the APEX survey.

SiS 2SiS Si**s
Star 9 -8 12 -» 11 14 - 13 16 - 15 19 — 18 10 -9 11 - 10
(Kkms™) (Kkms™') (Kkms!) (Kkms!) (Kkms™"') (Kkms™') (Kkms™)
Carbon stars
R Lep X X X X
V1259 Ori 1.61 1.82 2.03 1.78 X X
Al Vol 2.54 2.95 4.61 5.00 X 0.617
X TrA X X X
I Lup 5.22 7.78 X
V821 Her 1.66 2.39 3.64 3.27 X X
U Hya X X X
RV Aqr X 0.69 1.09 X
M-type stars
R Hor X X
IK Tau 3.41 4.33 5.61 X X
GX Mon 0.227 1.03 0.85 1.02 X X
W Hya X X X X
RR Aql X X X X X X
V1943 Sgr X X X X
V1300 Aql 1.18 1.90 2.23 2.33 X X
S-type stars
T Cet X X X X
TT Cen X X X X X
RT Sco X X X
W Aql 0.95 X
RZ Sgr X X X X X X

Notes. Mindicates a tentative detection; x indicates a non-detection (see Table A.2 for rms); (...) indicates lines which were not observed.

Appendix A: Observed lines and model plots
A.1. Observed lines

The integrated intensities of the SiS observations from the
APEX sulphur survey are listed in Table A.1 and the correspond-
ing rms noise levels in mK are given in Table A.2. The integrated
intensities and rms noise levels in mK for CS observations from
the APEX sulphur survey are given in Table A.3. The rms noise
levels for the stars in the S star survey are listed in Table A.4
for the IRAM CS observations of (5 — 4) and (3 — 2), Table
A.6 for the IRAM SiS observations of (5 — 4), (6 — 5), (12 —
11), and (13 — 12), and Table A.5 for the APEX SiS (19 —
18) observations. For the stars with detected lines, integrated
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intensities and peak temperatures are also included. Observa-
tions of the SiS (4 — 3) line at 72.618 GHz, carried out by the
4 mm receiver at Onsala Space Observatory (OSO), are listed in
Table A.7. Previously published supplementary observations are
listed in Table A.S8.

A.2. Plots

SiS models and observations for the carbon stars are plotted in
Figs. A.1-A.3 with the same plotted for CS in Figs. A.6— A.11.
The SiS model results and observations for the M-type stars are
plotted in Figs. A.4 and A.5, with the same for CS plotted in
Figs. A.12 and A.13. The CS model and observations for y Cyg,
an S-type star, are plotted in Fig. A.14.
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Table A.2. Rms noise in mK for a velocity resolution of 1 kms™' for SiS observations from the APEX survey.

SiS 8iS Si**s
Star 9-8 12—-11 14—-13 16—-15 19-18 10—-9 11—-10
Carbon stars
R Lep 9.6 16 19 8.9
V1259 Ori 19P 14P 13P 18P 31 15
Al Vol 21P 167 20P 14P 39 227
X TrA 12 14 14
II Lup . 9.9P 13P 20
V821 Her 21P 17P 18P 192 29 16
U Hya . 12 13 9.0
RV Aqr 19 1P 19P 14
M-type stars
R Hor 12 16 19 13
IK Tau 15° 18P 18P 26 9.0
GX Mon 187 1P 20P 21P 43 21
W Hya 16 18 40 20
RR Aql 21 13 19 20 21 11
V1943 Sgr 16 13 15 13
V1300 Aql 14P 14P 199 20P 20 13
S-type stars
T Cet 15 13 11 11
TT Cen 14 16 13 17 50
RT Sco 25 11 23
W Aql 14P 15
RZ Sgr 13 19 18 20 23 14

Notes. rms values given in mK at a velocity resolution of 1 kms™". (...) indicates lines which were not observed, ? and ” indicate detected or
tentatively detected lines, respectively (see Table A.1 for integrated intensities).
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Fig. A.1. Observations (black histograms) and model results (blue lines)
for SiS towards the carbon star V1259 Ori, plotted with respect to LSR
velocity.
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Fig. A.2. Observations (black histograms) and model results (blue lines)
for SiS towards the carbon star V821 Her, plotted with respect to LSR
velocity.
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Table A.3. CS detections (left) and corresponding rms noise (right) from the APEX survey.

Detections rms noise levels
CS C33s CS C33s
Star 4-3 6—-5 756 6—-5 453 655 756 6-5

(Kkms™) (Kkms™) (Kkms!) (Kkms!) @@mK) mK) (@mK) (mK)

Carbon stars

R Lep 2.30 4.14 X 8.3" 18P 18
V1259 Ori 4.15 5.20 4.28 X 15P 1P 19P 11
Al Vol 8.42 12.84 X 20” 15° 15
X TrA 0.81 1.58 X 14P 14P 14
II Lup 21.03 29.65 0.78 19P 12P 127
V821 Her 6.01 10.83 9.58 X 15P 18P 21P 18
U Hya 0.17 0.19 0.42 X 8.87 127 13P 12
RV Aqr 4.61 6.70 X 14P 18P 18
M-type stars
R Hor X 12
IK Tau 1.46 2.57 8.8P 290
GX Mon 0.94 0.717 20P 207
W Hya X 19
RR Aql X X 11 20
V1943 Sgr X 12
V1300 Aql 0.317 0.487 137 197
S-type stars
T Cet X X X 11 10 10
TT Cen X X X 13 16 13
RT Sco X X . X 21 9.8 9.8
RZ Sgr X X X X 13 17 22 17

Notes. Left: x indicates a non-detection; (...) indicates lines which were not observed. Right: rms values given in mK at a velocity resolution of
1 kms™". (...) indicates lines which were not observed, ® and (™ indicate detected or tentatively detected lines, respectively.
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Fig. A.3. Observations (black histograms) and model results (blue lines)

for SiS towards the carbon star RV Aqr, plotted with respect to LSR

velocity.
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Table A.4. IRAM 30 m observations of CS (5 — 4) and (3 — 2)
towards S type stars.

Source Transition rms Inp Tpeak
(CS) (mK, 7}) (Kkm s (K, T7)
x Cyg 6-4 36.836 4.93 0.23
3-2) 32.389 2.55 0.15
AA Cyg 5-4 11.639
3-2) 9.690
AD Cyg 5-49 10.588
3-2) 9.795
RX Lac 6-49 16.155
3-2) 15.322
WY Cas 5-4 14.398
3-2) 11.886
R And 5-49 13.773 1.4
3-2) 11.079 0.74
W And 6-49 17.882
3-2) 13.771
TV Dra 6-4 16.410
3-2) 12.780
IRC-10401 5-49 31.302
3-2) 20.778
ST Sgr 6-4 19.392
3-2) 13.862
W Aql 5-4 31.641 9.0 0.20
B3-2) 23.270 6.9 0.20
EP Vul 5-4 9.545 0.25
3-2) 9.205
CSS2 41 6-4 23.547
3-2) 16.491
RZ Peg 5-4 10.691
B3-2) 9.572
V365 Cas 5-4 19.618
3-2) 14.244
S Cas 6-4 20.352 6.9 0.15
3-2) 14.621 2.9 0.07
T Cam 5-4 13.347
B3-2) 11.082
S Lyr 6-49 15.05 1.1 0.045
3-2) 14.063
ST Her 6-4 16.807
3-2) 13.845
R Cyg 5-4 23.594
B3-2) 19.983
DK Vul 6-49 19.357
3-2) 13.983
V386 Cep 5-4 18.576
3-2) 14.628
AA Cam 5-4 14.88
B3-2) 14.28
R Lyn 6-49 7.522¢
3-2) 6.538"
Y Lyn 6-49 8.362¢
B3-2) 6.571°
Notes. rms is given in units of antenna temperature at 1 kms™' except

where specified. @Indicates rms given at 1.2 kms™' and ®indicates rms
given at 2 km s7!. Peak flux, Tpeak» is also given in units of antenna
temperature, while integrated intensity, I, is given in units of main
beam temperature.

Table A.5. APEX observations of SiS (19 — 18) towards S type stars.

Source Transition rms J AN Tpeax
(SiS) (mK, 7;) (Kkm sTH (K, 7))
AFGL 2425 (19 — 18) 8.266
DY Gem (19 - 18) 5.878
EP Vul (19 — 18) 11.777
GI Lup (19 — 18) 7.755
IRC-10401 (19 — 18) 6.579 0.11 0.012
R Gem (19 — 18) 7.280
RT Sco (19 — 18) 9.301
RZ Sgr (19 - 18) 8.283 0.10 0.010
S Lyr (19 — 18) 9.771
ST Sco (19 — 18) 6.227
TT Cen (19 - 18) 7.868
W Aql (19 — 18) 23.260 1.8 0.08

Notes. rms is given in units of antenna temperature at 1 kms™'. Peak
flux, Tpeqx, is also given in units of antenna temperature, while integrated
intensity, Inp, iS given in units of main beam temperature.

Table A.6. IRAM observations of SiS (5 — 4), (6 — 5), (12 — 11),
and (13 — 12) towards S type stars.

Source  Transition rms J AN Tpeak
(SiS) (mK, T;) (Kkm sTH (K, 7))
DY Gem 5-4 5.973
(6—5) 7179
(12 > 11) 13.759
(13 - 12) 16.150
R And 5-49 5.080
(6 —5) 6.476
(12 - 11) 9.333
(13 - 12) 14.126
R Cyg 5-4 4.772
(6 —5) 6.023
(12 - 11) 8.341
(13 - 12) 12.810
S Cas 5-4 5.436
(6—5) 6.812
(12 - 11) 11.203 0.54 0.013
(13 - 12) 16.152 1.1 0.026
W Aql 5-4 5.999 0.55 0.017
(6—5) 7.953 0.69 0.021
(12 ->11) 12.022 2.9 0.085
(13 - 12) 18.523 3.8 0.11
WY Cas 5-4 5.304
(6 —5) 6.528
(12 - 11) 8.277
(13 - 12) 12.678
x Cyg 5-4 5.471
(6 —5) 6.618
(12 > 11) 9.220 0.73 0.036
(13 - 12) 13.837 1.2 0.030

Notes. rms is given in units of antenna temperature at 1 kms™'. Peak
flux, Tpeax, is also given in units of antenna temperature, while integrated
intensity, 7, is given in units of main beam temperature.
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Table A.7. OSO observations of SiS (4 — 3) at 72.618 GHz.

Star [Tidv  rmsat1kms™'
(K kms™) (mK)

IK Tau X 11
TX Cam X 7.2
NV Aur X 13
BX Cam 0.137 7.0
GX Mon X 17
V1111 Oph X 10
T Cep X 12
R Cas X 8.1

Notes. @Indicates a tentative detection, x indicates a non-detection.
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Fig. A.4. Observations (black histograms) and model results (blue lines)
for SiS towards the oxygen-rich star IK Tau, plotted with respect to LSR
velocity.

A132, page 18 of 21

T, [K]

T, [K]

T, [K]

-40

-20 0

SiS
(12-11)

_00/1 L L L L I _0‘02 L L L L I
-40 -20 0 20 40 -40 -20 0 20 40
Velocity [km/s] Velocity [km/s]
0.08 T T T T v 0.10 T T T T m
Sis GX Mon 0.08 SiS GX Mon
0.06} (14-13) APEX 1 P8I (19-18) APEX |
0.04 { 006
.04
0.02 g 0.0
0.02
0.00
0.00
—0.02 ~0.02
—0.04 1 -0.04
~0.06 A . . . 1 _0.06 A . . . .
-40 -20 0 20 40 —-40 -20 0 20 40

Velocity [km/s]

Velocity [km/s]

Fig. A.5. Observations (black histograms) and model results (blue lines)
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Fig. A.6. Observations (black histograms) and model results (blue lines)
for CS towards the carbon star V1259 Ori, plotted with respect to LSR
velocity.
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Table A.8. Supplementary observations.

Star Transition Telescope Inp 6  Ref.
(Kkms™) (")
Carbon stars
V1259 Ori SiS (6 — 5) IRAM 1.40 21 1
Al Vol SiS (10 - 9) APEX 2.7 34 2
SiS (11 — 10) APEX 3.0 31 2
SiS (19 — 18) APEX 7.7 18 3
Si**S (10 — 9) APEX 0.76 35 2
II Lup CS (7 - 6) APEX 20.3 18 3
SiS (19 — 18) APEX 3.5 18 3
V821 Her SiS (6 — 5) IRAM 1.33 21 1
RV Aqr SiS (6 — 5) IRAM 0.39 21 1
M-type stars
IK Tau SiS(5—-4) 0SO 0.32 42 5
SiS (6 — 5) IRAM 0.52 21 1
SiS@® - 17) IRAM 75 17 4
GX Mon SiS (6 — 5) IRAM 1.04 21 1
V1300 Aql SiS (6 — 5) IRAM 1.53 21 1

References. (1) Danilovich et al. (2015), (2) De Beck et al (in prep), (3) APEX archive, (4) Decin et al. (2010), (5) Schoier et al. (2007).
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Fig. A.7. Observations (black histograms) and model results (blue lines)
for CS towards the carbon star V821 Her, plotted with respect to LSR
velocity.
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Fig. A.8. Observations (black histograms) and model results (blue lines)
for CS towards the carbon star R Lep, plotted with respect to LSR
velocity.
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Fig. A.9. Observations (black histograms) and model results (blue lines)
for CS towards the carbon star RV Agr, plotted with respect to LSR
velocity.
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Fig. A.11. Observations (black histograms) and model results (blue
lines) for CS towards the carbon star X TrA, plotted with respect to
LSR velocity.
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Fig. A.12. Observations (black histograms) and model results (blue

lines) for CS towards the oxygen-rich star GX Mon, plotted with respect

to LSR velocity.
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Fig. A.13. Observations (black histograms) and model results (blue
lines) for CS towards the oxygen-rich star V1300 Agl, plotted with
respect to LSR velocity.
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Fig. A.14. Observations (black histograms) and model results (blue
lines) for CS towards y Cyg, an S-type star, plotted with respect to LSR
velocity.

Appendix B: Further discussion of modelling

We encountered some modelling issues that only pertained to a
few stars. For IRC-10401, we recalculated some key circumstel-
lar parameters, including the mass-loss rate, based on an updated
estimation of the period. For three carbon stars (V1259 Ori,
Al Vol, and II Lup) we encountered various issues when we were
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modelling the molecular emission. We discuss these in detail
below.

B.1. IRC-10401

For IRC-10401, we recalculated the mass-loss rate based on
newly available data. When Ramstedt et al. (2009) first calcu-
lated the mass-loss rate of this S-type star, the period was not
known and they assumed L. = 4000 L, to determine the distance
based on dust radiative transfer modelling of the spectral energy
distribution. However, now the period has been determined to
be 480 days (Kazarovets & Pastukhova 2016) and, based on the
period luminosity relation of Whitelock et al. (2008), this gives
L, = 7400 Le, which in turn gives an updated distance of 585 pc
(larger than the previous value of 430 pc). Using these updated
parameters, we remodelled the same CO observations used by
Ramstedt et al. (2009), using the same procedure, to find an
updated higher mass-loss rate of 2 x 10°% My yr~! (compared
with the earlier result of 3.5 x 1077). This updated result is what
we base our SiS and CS models on in this work.

B.2. V1259 Ori

For V1259 Ori we have clear CS detections with high signal-
to-noise ratios that are nevertheless equally well fit by the model
listed in Table 3 and by models with significantly larger e-folding
radii, including R, > R;/2(CO) = 2.6 x 10'7 c¢m, the half abun-
dance radius of CO. We do not expect CS to have a larger extent
than CO, which is self-shielding and has a lower photodisso-
cation rate than CS (Heays et al. 2017). This discrepancy in
modelling CS is partly caused by the high optical depth of the
observed CS lines, which reach optical depths of 20, 40, and 50
in the inner CSE for the (4 — 3), (6 — 5), and (7 — 6) lines, and
remain optically thick throughout most of the emitting region.
Our model predicts that the (1 — 0) line at 48.991 GHz would
be optically thin throughout most of the envelope (with an opti-
cally thick peak in the inner CSE of only three) and is likely
to allow us to properly constrain the CS envelope size. Alterna-
tively, interferometric data that resolves the CS extent would also
allow us to very precisely constrain the envelope size.

B.3. Al Vol

For AI Vol we found that the combined abundances of CS and
SiS result in a total S abundance higher than expected based
on the assumption that the solar S abundance is representative
of the local environment within ~1 kpc. Summing CS and SiS
abundances, we find a total S abundance of 4.2 x 107>, more
than one and a half times the solar abundance. However, the
lower limit of 2.6 x 107>, based on our uncertainties, is equal
to the solar abundance given by Asplund et al. (2009). Since the
CS model is based on only two observed lines and has errors
on the fractional abundance in excess of 50% of the absolute
value, it’s likely that a larger dataset with higher J observa-
tions would improve our model results. Similarly, although we
have seven lines for the SiS model, the highest energy line is
the SiS (19 — 18) with an upper level energy of 166 K, which
is not expected to be a good probe of the inner regions of the
CSE. Hence, higher J SiS observations would also improve our
SiS model.

Another possible cause for our result of an apparent sulphur
overabundance is the uncertainty in the mass-loss rate, which
is based on several input parameters, each of which have their
own uncertainty, as discussed in more detail in Danilovich et al.
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Fig. B.1. Observations of CS and SiS towards II Lup, plotted with respect to LSR velocity.

(2015). For example, uncertainty in the distance would affect the
calculation of the mass-loss rate (as seen in Appendix B.1 for
IRC-10401) and hence the abundances we derive in this work.
The distance to Al Vol was originally taken from Woods et al.
(2003) who note a typical uncertainty of up to a factor of two for
their distances.

B.4. Il Lup

We were unable to satisfactorily model the CS and SiS emission
towards II Lup. It was not possible to find a smoothly acceler-
ating model with a constant mass-loss rate which agreed with
the available observations for either CS or SiS. Some irregular-
ities can be tentatively seen in Fig. B.1 — and become clearer
when attempting to fit models. These have also been seen in other
molecular lines, such as CO, as discussed in more detail in Smith
(2014).

When attempting to model the data acquired in our APEX
survey and the two lines — CS (7 — 6) and SiS (19 — 18) —
retrieved from the APEX archive (see Table A.8) it was not pos-
sible to find a model which agreed with all three available lines
for CS nor for SiS. We cannot constrain the molecular envelope
size from the data, as we were able to do with most of the other
observed stars, and radii calculated from Egs. (3) and (4) do not
give a satisfactory fit to the data. In the case of both molecules,
a model which fits the two lower J lines well over-predicts the
higher J line by a factor of approximately two. In the case of
SiS, the (19 — 18) is also narrower than the model prediction by
~ 6 kms™!, even when taking an accelerating wind into account.
These characteristics are suggestive of more complex conditions
in the CSE than those taken into account by our models. To prop-
erly untangle the contributions from various components in the
wind of II Lup, we require more observations of low- and high-
energy emission from II Lup, preferably including some spatially
resolved observations.

Si34s Al Vol 0.04 1
0.05 4 (10-9) APEX
0.02
<
2 0.001 0.00 -
~
—0.02 A
—0.05 -
T T T T _004 L T T T T
-60 -40 20 0 -60 —40 20 0

Velocity [km/s] Velocity [km/s]

Fig. C.1. Observations (black histograms) and model results (blue lines)
for Si**S towards Al Vol, plotted with respect to LSR velocity.

Appendix C: Isotopologues

As noted in Tables A.1 and A.3, in addition to the main
isotopologues, our observations also covered a line from each
of 2°Si32S, 288i34S, and 3C33S. Of these, we only tentatively
detected one 28Si**S line, towards AI Vol (for which another
288i34S line was also available, see Table A.8), and one '*C*S
line towards II Lup.

To model the 28Si**S emission towards AI Vol, we used a
molecular data file constructed equivalently to the main iso-
topologue, with the same quantum-numbered energy levels and
radiative transitions included. The same collisional rates were
used as for the main isotopologue (see Sect. 3.2). We adopted
the R, found for the main isotopologue as a fixed parameter, and
varied the peak abundance, fj, to find a model that fit the iso-
topologue lines. The data and best-fitting model are plotted in
Fig. C.1. We find a peak Si**S abundance of (2.1f}:2) x 107°.
Our result gives an Si*2S/Si**S of 11.4 + 10.3, smaller than the
solar system value for 32S/3*S of 22.1 (Asplund et al. 2009).

For II Lup we could not reliably model '>C*S due to
the problems we had modelling '>C*?S (discussed further in
Appendix B.4). The observed isotopologue line is plotted in
Fig. B.1.
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