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Abstract. We present?CO J =1-0 and 2-1 observations of 14tar and the loss of mass in the outer parts determine how long
S-stars, and report 6 new detections. Two stars were observea star can remain on the AGB. Observationally, the mass loss
theCO J = 1-0 and 2-1 lines, and one tentative 2-1 detecticate can be determined from the infrared properties or from its
is reported. molecular emission lines. With respect to the first method, one

A compilation is presented of all CO observations of S-starsan use an emperical formula, like that of Jura (1987), linking
The stars in this sample are separated into “intrinsic” and “ethe mass loss rate to the observed infrared flux at 25 @me0
trinsic” S-stars, based on direct observation of the Technetiulra (1988) has applied this method to a sample of S-stars and
line, or infrared properties. finds mass loss rates betweer 10~3 M, yr—! and 6x 10~°

The dust mass loss rate per unit distance is derived frdvn, yr—! with a median around & 10~8 M, yr—!. He derives
IRAS 60 um data taking into the fact that for small mass losa dust-to-gas ratio of about 2:010-3.
rates the observed flux is an overestimate of the excess emissiorThe modelling of the molecular emission around AGB stars
due to dust. The gas mass loss rate per unit distance is derigebt straightforward, although progress has been made in re-
from CO data. Distances and luminosities are estimated, padbnt years (e.g. Sahai 1990, Kastner 1992, Justtanont et al. 1994,
from HIPPARCOS parallax data. The largest mass loss rate d&roenewegen 1994). Such modelling has not yet been applied
rived is that for W Agl with (0.8-2.0%x 1075 Mg yr—!, and the to S-stars, and will not be attempted here. Alternatively, one
lowest is that fop Ori with < 1.2 x 10~ M, yr—*. The S-stars can use the simple formula of Knapp & Morris (1985, also see
without Tc have smaller mass loss rates, than those with Tcvan der Veen & Oloffson 1990) to estimate the mass loss rate.

Diagrams showing mass loss rate, dust-to-gas ratio and €kis formula is based on the kinetic temperature structure of
pansion velocity versus pulsation period are presented, and cORC +10 216 and old photodissociation radii for CO. Recently,
pared to similar data for carbon- and oxygen-rich Miras. The€astner (1992) has presented animproved simple formula based
S-Miras stand not out in any way from the C- or O-Miras ion calculations which include the photodissociation radii from
these diagrams. In the diagram with expansion velocity versuamon et al. (1988) and a self-consistent gas temperature cal-
pulsation period, the S-SRs span the same range in velocitycakation using an approximate treatment for the heating and
the S-Miras, but they have periods which are about a factorggoling terms.
2.5 shorter. This was previously noted for O-rich SRs. As in |n the literature their exist many CO observations of M- and
that case, the most straightforward explanantion is that the SRstars. The catalog of Loup (1993) contains entries for about
among the S-stars pulsate in a higher order pulsation mode.180 M-stars, about 200 entries for C-stars, but only 11 entries

for MS- and S-stars. Because the ratio of the observed number

Key words: circumstellar matter — stars: mass loss — stars: AG# S-stars to C-stars is about 1/3, it is clear that S-stars have not
—radio lines: stars got the attention in CO observations they arguably deserve. To
remedy this, we observed a sample of S-stars with the IRAM
telescope in the CO(1-0) and CO(2-1) lines. Bieging & Latter
1. Introduction (1994, hereafter BL), Sahai & Liechti (1995; hereafter SL) and

Jorissen & Knapp (1998; hereafter JK) also present CO, HCN

An important aspect of stellar evolution on the AGB is the prog, 5o ghservations of MS/S-stars, which partly overlap with
cess of mass loss. Both the temporal behaviour of the mass I8l§

rate (e.g. Willems & de Jong 1988, Zijlstra et al. 1992, Olofsson
et al. 1998) and the time-averaged mass loss rate are of in
est. The processes of core growth near the center of an A

This paper is organised as follows. In Sect. 2 the sample
'Jescribed. The observations and the results are outlined in
gct. 3. In Sect4 a compilation of all MS/S-stars with CO
Send offprint requests toMartin Groenewegen, (groen@mpa-Observations is presented and mass loss rates based on the IRAS
garching.mpg.de) 60 um flux and CO observations are calculated. The results are

* Based on data from the ES#fipPARCOS astrometry satellite. discussed in Sect. 5. Conclusions are presented in Sect. 6.
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Table 1. The observed S-stars

S identification R.A. Dec. Réf) accuracy [ b sp.type T® S> Siz  Seo
(1950) (1950) Gy)  Qy)  Qy)
8 TCet 0019145 -202006 SAO 1" 775 -80.2 M5-6Se Y 198. 558 144
79 BD Cam 033747.7 63 03 25 SAO 1" 140.8 6.4 S4/2 N 41.0 10.8 1.6
103 T Cam 04 3514.0 66 02 56 S 2" 143.3 12.8 S6/5e Y 41.3 119 3.6
114 o Oiri 044942.0 14 10 08 SAO 1’ 185.4 -18.4 M3S Y 854 214 4.6
149 NO Aur 05 37 26.9 315343 SAO 1" 176.9 0.7 M2S Y,N 435 229 5.1
931 ST Sco 1633246 -310801 S 2’ 349.3 10.7 S8/4 Y/IR 518 219 4.5
A®  |RC-10401 1807385 -103458 Ste 2" 18.8 4.2 S Y/IR 177. 110. 18.1
1112 SlLyr 1911 08.4 255516 S 10” 58.6 7.1 SC Y/IR 421 20.2 54
1117 T Sgr 191321.3 -170333 S 5" 20.3 -13.0 S5/6 Y 40.3 14.3 4.0
1146  AFGL 2425 1936 08.7 -165850 G 8” 22.8 -17.9 S Y/IR 978 764 10.2
B - 193707.7 285533 Ste 2" 63.9 35 S Y/IR 504 39.1 6.0
1308 RXLac 22 47 40.6 40 47 08 S 10” 995 -16.5 S7.5/1 Y/IR 98.7 327 8.4
1322 GZPeg 2306 59.6 82421 SAO 1" 84.8 -46.5 M4S N 80.9 20.1 3.3
1345 WY Cas 235528.9 56 12 32 S 2" 115.6 -5.6 S6/6 Y/IR 509 284 8.7

Notes. (1) Source of the coordinates: SAO = SAO catabyg S-star catalog, PSC = IRAS Point Source Catalbg Grasdalen et al. (1983),

Ste = Stephenson (1990). (2) The presence or absence of Tc is indigateti(yes) or N (no) (Little et al. 1987, Smith & Lambert 1988). For

stars which have not been observed for the presence of Tc we used the infrared criteria of Groenewegen (1993a). All cases are consistent with
the presence of Tc, and are labelled Y/IR (yes, on the basis of infrared properties). (3) Listed as number 25 in Stephenson (1990). (4) Listed as
number 41 in Stephenson (1990).

2. The sample 3. The observations

The observations were obtained with the IRAM telescope at
Infrared-bright MS and S-stars (we will refer to both categoridico Vuelta, Spain, between 7-10 August, 1991 in a program to
simply as S-stars) were found by cross-correlating the 13di@serve carbon stars (see Groenewegen et al. 1996) and S-stars.
stars in the S-star catalog of Stephenson (1984) and the 75\%-used two SIS receivers with two 5321 MHz filterbanks
stars listed in Stephenson (1990) with the IRAS Point Souras backend. Th&CO(1-0) and2CO(2-1) transition were ob-
Catalog and retaining only those stars withy, > 40 Jy. This served simultaneously. For two stars we observet#@8@(1-0)
results in 43 stars. From this list we observed 14 stars. In thed'3CO(2-1) transition simultaneously. We used the wobbling
literature CO observations are reported by Loup et al. (199%condary with a throw of 120The beamwidth and main beam
for 11 objects (10 havs;, > 40 Jy, none is in our sample), byefficiencies are 24, 0.60 and 125, 0.45 for tte J = 1-0 and 2-1
Bieging & Latter (1994) for 27 objects (13 hagg, > 40 Jy, 4 transition, respectively. Linear baselines were removed and the
are in our sample), by Sahai & Liechti (1995) for 48 objects (2@bserved line intensities were calibrated using sources in the list
haveS;, > 40 Jy, 10 are in our sample) and by JK for 12 objectsf Mauersberger et al. (1989). We estimate the calibration to be
(2 haveS;, > 40 Jy, oneisin our sample). Table 1 lists informaaccurate to 10 % ().
tion on the stars observed in the present program: identification, All temperatures are expressed on a main-beam temperature
observed position with reference and quoted accuracy of theale. Tle J = 2-1 data was smoothed to give a uniform velocity
coordinates, galactic coordinates, spectral type (from the S-stsolution of~2.6 km s ! for both transitions. The results of the
catalog) and IRAS fluxes. Since the observations in 1991, thieservations are listed in Table 2 were we give the name of the
HIPPARCOS database has become available and we checkeddbject, the transition, the rms noise, the main-beam peak tem-
improved coordinates. Six stars are in theraArcos database. perature, the integrated intensity, the central velocity and half
The largest differences are for T Sgr, which is located approxite velocity width at zero intensity which equals the expansion
mately 6’ south of the observed position, and GZ Peg which iglocity of the circumstellar shell. The calibrated profiles are
about 0.4 east of the observed position. In the other cases thieown in Figs. 1-3.
differences are less thaff 2T Sgr was detected in the smaller
beam at 230 GHz, but its intensity may be underestimated. : . .
Peg was not detected and should be reobserved at the improvéd Comparison with other observations
position. We also list in Table 1 if a star has Technetium in itour stars in our sample have been observed by Bieging & Latter
spectrum or not (data taken from Little et al. 1987, Smith £994) with the NRAO 12m telescope, which has a beam size
Lambert 1988 and Jorissen et al. 1993). The data on NO Auaisproximately twice that of IRAM. BL did not detect BD Cam,
contradictory. If a star was not observed for the presence of Tior did we. Both BL and we detected ST Sco. BL did not detect
we used the infrared criteria of Groenewegen (1993a) to infECam, we did. Scaling our peak intensity down by a factor of 4,
its status. If the infrared properties of a star are consistent witiich is the square of the ratio of the beam sizes, we estimate an
those of Tc containing stars it is labelled as “Y/IR” in Tab. 1. peak intensity of 0.14 K in the NRAO beam at 230 GHz, which
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Table 2. Results from the observations

name transitiol)  rms  Theax [T dv Ve Voo
(K) (K) (K km/s) (km/s) (km/s)
T Cet 1-0 0.044 0.14 1.3
2-1 0.077 05 ~6.2 ~ 22 ~10
BD Cam 1-0 0.030
2-1 0.10
T Cam 1-0 0021 018 1401 -12.2+0.2 58+0.3
2-1 0.09 055 4.%#03 -11.6£0.7 7.0£0.2
0 Ori 1-0 0.027
2-1 0.086
NO Aur 1-0 0.031
2-1 0.072
ST Sco 1-0 0063 03 ~33 ~—4 ~10
2-1 0.15 0.6 ~ 8.0 ~ -4 ~ 10
SA 1-0 0.036 0.12 2903 21.9+07 16.7+0.9
2-1 0.068 ~4.1
S Lyr 1-0 0.027 015 3.+0.2 503+1.0 14.0+1.1
2-1 0.060
T Sgr 1-0 0.027
2-1 0.058 030 =34 ~8 ~ 10
AFGL 2425 1-0 0.036 018 2403 559+08 11.9+0.9
2-1 0072 040 4806 57.8+09 11.9+10
SB 1-0 0.029 0.05 =19% ~ 20 ~ 20
21 0.072 010 =~3.3% ~ 20 ~ 20
RX Lac 1-0 0021 030 2803 -154+0.1 65+1.0
2-1 0.055 1.2 6.9-0.2 -157+0.1 4.8+1.0
13CO(1-0) 0.022 <0.7
13CO(2-1) 0.037 0.08 =~0.8
GZ Peg 1-0 0.028
2-1 0.077
WY Cas 1-0 0036 025 6402 7.7+02 135+0.3
2-1 0062 1.1 23203 82+02 175+05
13CO(1-0) 0.021 <2.0
13CO(2-1) 0.039 <38

Notes. (1) Unless otherwise indicated tHe€O transition is listed. (2) The interstellar featurevat 21 km/s was removed to calculate the
integrated intensity.

is at the 3 level of their observations. BL did not detect T Sgi\We are at a loss to explain this discrepancy as both SL and we
we detected thJ = 2-1 line. Scaling again our peak intensity tpointed to the same position within ¥.5NO Aur is observed

the NRAO 230 GHz beam, we predict an intensity of 0.075 Ky us and JK. Neither group detected the source.

which is at 1.8 level of their observations. Both non-detections The stellar velocities based on optical or other data agree
by Bieging & Latter can be accounted for by the expected loweith the CO measurements, when available. This is the case
peak temperature in the larger NRAO beam. for the optical velocities for T Cet, RX Lac and T Sgr, and the

. velocity derived from water maser observations3$® (Engels
Ten stars in our sample have been observed by Sahag& owis 1996).

Liechti (1995) with IRAM and SEST. BD Cama,Ori, NO Aur

and GZ Peg are not detected by SL, nor by us. ST Sco, T S@r
RX Lac and WY Cas are detected by SL and by us. The two
sources were discrepancies arise are T Cam and S Lyr. T Canthis section we will derive the mass loss rate in the gas and
is not detected by SL using IRAM, but is by us. SL even havetst. Table 3 compiles all S-stars witloQ@ = 1-0, and/pJ = 2-

lower rms noise in their spectra and should have detected itlabtbservations. Two stars recently observed (but not detected)
the 1@ level. Variability could be an explanation, but variabilityonly in the J = 3-2 transition (by JK) are not included as the
at this level is unheard of. Possibly they pointed at the incorrenethod that will be used to derive the gas mass loss rates is
(IRAS) position; their position differs by I’ifrom ours. This is only valid for J = 1-0 and 2-1 observations. Also the following
almost one beamsize at 230 GHz and could explain part of théstrictions apply: When both detection(s) and upperlimits exist
discrepancy. The other objectis S Lyr, which SL detect in thdar lines of a given star, only the reference to the detection(s)
= 2-1 line at a level which corresponds te t our spectrum. are given and used to derive the gas mass loss rate per unit

‘Mass loss in S-stars



800 M.A.T. Groenewegen & T. de Jong: CO observations and mass loss of MS- and S-stars

©
1 \ \ — 3 s F =
[ Feo(i-o) T Cet 1 <[ ~CO(2 ]
ML _ o
~ O L 4 r
Q + ] a2 |
g F . o
< b ol Il I A S L[
i L7 O T
C | L | L | | L | B L 1 | | | |
—20 0 20 40 60 —20 0 20 40 60
a [T I \ 7 © 1 \ ]
S Lo12 4 © 12
[ Feo(i-0) T Cam] oI co(2—-1) ]
Mot 1 Sr -
aOo [ B L ,
g r 1 o _
= b .~ ~ ﬂ ]
© ﬁ IOt H 11 o 10 Aﬂumuﬁu s B
c| | | | | - | L | | | | L
—60 740 —20 0 20 —60 —40 —20 0 20
§ F \ \ \ ™ g F \ ‘ m
12 12 .
o Cco(1-0) ST Sco{ & co(2—1) ]
= | < |
2 S [ ]
L i [aV:
i = —
(@) —‘_’Jﬁ —H ﬂu \_‘Jmuluﬂx_.—\_r Z i M Wuﬂur—\u H M |
I = \L_L\ I | | | C I le— | | | u HHJ—‘ L |
—40 —-20 0 20 40 —40 —-20 0 20 40
Q F [ [ [ - C\) r [ ]
2 | Bco(1-0) —~104013 ©¢ co(2 1) ]
Q O ¢ ] — L ]
~ 0 r g . _
a©F 4 °r ]
EO [ . 1 i
< Mﬂ A o ﬂu Hﬂ U
AN | |
© r \ ! \ \ \ \ ] L \ \ \ ! \ ! \ i
| —20 0 20 40 60 C‘D —20 O 20 40 60
Visr (km/s) Visr (km/s)

Fig. 1. CO observations. Lefthand pdrde= 1-0, righthand pard = 2-1 transition.

distance; peak temperatures detected at a level lower thandiect observation of Technetium (from Groenewegen 1993a,
are not included; references where the integrated intensity Batissen et al. 1993), or indirectly from the infrared properties
not the peak temperature are given, are also not included. (see Groenewegen 1993a, Jorissen et al. 1993).

Listed in Table 3 are the number in the S-star catalog Table 3 contains 15 stars that are not in the similar CO
(Stephenson 1984), the name or identifier, whether the star iampilation of S-stars of JK. For three of those the first ever ob-
intrinsic or extrinsic S-star (see below), the/8® flux, variabil- servation is reported in the present work. Two of them have not
ity type and period, and the reference to the CO observatioheen observed by IRAS, which was one of the selection criteria
From Sahai & Liechti the stars TV Dra and RZ Peg are nby JK, and two of them have an upperlimit at@® while JK re-
considered. Of the former, Stephenson (1984) explicitly statgsired a detection at this wavelength. Four of them are for some
that it is not an S-star but an M-star, and the latter object ig@ason not in their fundamental list of IRAS detected S-stars
C-star. The intrinsic or extrinsic character is inferred from thigheir Table 1), although these are S-stars and have good quality
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Fig. 2. CO observations. As Fig. 1.

IRAS fluxes at 12, 25 and 6@m. Finally, the remaining three newegen 1993a). The sample is small but the result supports the
are in their fundamental list, but the existing CO data seemsfiioding from the infrared properties that these stars have no or
have been overlooked. Conversely, their list of CO observatiorery little CS material (see Groenewegen 1993a). These stars
(their Table 6) includes 4 stars that are not in our Table 3. Theme probably not on the AGB but acquired their s-process ma-
are TV Dra and RZ Peg, for reasons explained above, and tegal at the time when the present-day white dwarf was on the
two stars detected only in¢hl = 3-2 line. AGB.

The brightest star with Tc, not detected in CO, has a 60
pm flux of 3.6 Jy. Above that value, all stars with Tc are de-
Of the 6 stars without Tc, andOri, the star with a white dwarf tected in CO. The detection statistics are summarised in Table 4.
companion, only one star (DY Gem) is detected in CO. HoweV€his tabulation may be usefull in planning further survey type
this star has all characteristics of a true AGB star (see Grabservations.

4.1. CO Detection statistics
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Fig. 3. CO observations of the two stars for whithCO and'*CO was obtained.

4.2. Mass loss from CO This relation was used witfco =5 x 1074 to calculate the

ss loss rate per unit distance. The results are listed in Table 5.

There is arelation between the measured peak intensity Ofa&;éen multiple CO measurements exist (see the reference list
line and the mass loss rate. From Olofsson et al. (1993) we YRrable 4), the range in the mass loss rate is indicated. For FU

Mon, JK convincingly argue that the results obtained by Sahai
(1) & Liechti are in error. Therefore only the JK data is used to
estimate the gas mass loss rate. The expansion velocity listed
whereMg is in solar masses per yedt,;, in Kelvin, v, inkm is an appropriate average over the available data. Three sigma
s~ !, Dthe distance in parseB,the FWHM size of the telescopeupper limits are also listed, using an assumed expansion velocity
beam in arcsed/co the CO abundance relative to Hands(J)  of 5 km s™! (values between parenthesis).
is a correction factor, equal to unity foreahl = 1-0 transition
and 0.6 for the J = 2-1 transition.

y T'mb U2 D2 32
M, =1.4x =
& 2 % 1019 f885 s(J)
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Table 3. S-stars with CO observations Table 4.CO detection statistics for stars with Tc
S Ident. D 515 Sys S60 Var.  Period Ref. Seo COyes COnNO
Jy) Jy) y) type (days) co
8 TCet Y 198, 558 14.4 SRD 159 1 Jy)
9 R And Y 327. 168. 24.2 M 409 2,7
20 V365Cas YIR 211 777 2.40 SRb 136 2,3 <1 0 4
B Wand N s i 14 M s as 1-3 10 7
79 BD Cam N 41.0 10.8 1.59 Lb 1,23 3_9 13 2
89 HD 26816 Y 24.4 7.30 2.63 Lb: 13
s oon Y w4 24 a5 s w1 9-27 14 0
116 TV Aur Y/IR 129 4.25 126 SRb 182 2 27-81 3 0
1. HD 351! N 7. 2.02 0.41
1431; NO ?;jﬂss YN 43?58 229 5.12 Lc 1, ?i3 81-243 1 0
212 FU Mon ? 17.0 4.73 1.65 SR 310 3,13
231 DY Gem N 21.7 10.4 2.59 SRa 1145 3
283 fl 8.0 .66 .3 379 2,13
307 :I(_Byenm i ”3( 12].vﬁ 57.52 123‘11 ’\»11 3770 3,14
312 AA Cam Y 145 6.07 1.86 Lb 3 . .
326 RRMon VIR %8 s 200 M 3 3 used (e.g. Whitelock et al. 1994, Guglielmo et al. 1993, Jura
n . » 8 C . .
7 SUMon VIR a4 788 201 Lb 3 & Kleinmann 1992, Epchtein et al. 1990, Jura 1988, Claussen
589 RSCnc Y 480 209 326  SR: 120 513 et al. 1987). This can lead to a severe overestimate of the mass
614 UuU Vel Y/IR 11.6 5.92 <1.90 M 409 3 . . .
66 FMHya VIR o7 402 074 Moo loss rate when the stellar contribution to the observed flux is
ni .. » . . .
16 HR 4TS MR 82 au o 13 large, that is for small mass loss rates. To make a first order
a » X B N . . . .
816 UYCen VIR 548 205 413 SR 15 3 correction for this effect some radiative transfer models were
817 TT Cen Y/IR 211 12.3 7.15 M 462 3 .
6 Wplsws  NIR 25 63 112 . 3 calculated using the code of Groenewegen (1993b). A dust shell
en A B i age .
814 vXcen YR a4 142 38 SR a8 2 composed of silicate grains (from Volk & Kwok 1988) was
u| . ! ..
03 ST Her gy e a1 17 SR s 30 placed around a M5 central star (model atmosphere from Fluks
931 STSco VIR 518 219 449  SRa 195 123 etal. 1994). The inner dust temperature was set at 1000 K. Shells
954 RT Sco Y/IR 161. 67.0 18.8 M 449 3 . . . .
962 VIR 850 684 139 3 of increasing optical depth were calculated and the fraction of
978 V521 Oph Y/IR 38.2 11.7 2.67 SRb 320 2,3 . . . . .
1003 KW sgr VIR 0. 148 84 SRe e 3 excess emission determined as a functiof,@f/ S5 ratio. The
CO ? - - - . . . . . .
A®)  Rca0401 VIR 177, 110, 181 1 result is displayed in Fig. 4. It shows that for this particular
109 STSar VR Shs e ais M wms 23 model, neglect of the stellar contribution to the observedi®0
s wad YR s o e M am  zaa flux leads to an overestimate of the dust mass loss rate by factors
i ViR e 198 st b o 7s larger than two, for flux ratio$S;,/Ss5 > 3. From the same
1 RopC N W B3 e M ms  2u modelling we determined the constamtwhich is used in this
3
e ee TV MWW, ahwe PaperC=134x 1079 for A=60um, andC = 7.67x 1011
s A A A A < A for A = 25 um. The factor of two difference in the value fér
e Rose? N ae 2R Lz s at 60m compared to Jura indicates the intrinsic uncertainty of
o hpoy” KR v S this method. Kerschbaum et al. (1996) made a similar approach
oos X v s am  ma Sm 10 asse and also estimated the contribution to the observedr0lux
rrpile PR v <~ A < - by the stellar photosphere.
12 cpre NS S o N Using Eq. 2, the dust mass loss rates are determined with
e e TR %09 WA B Mo s 2 the above mentioned values 6%, and an opacity:159 = 1.0.

e D e SO S SR G on. Ay is taken to be 0,11, which also follows from our radiative
Margulis et al. (1990), 11 = Zuckerman et al. (1986), 12 = Bujarrabal & Alcolea (1991), 13 = Jorissen & Knapp (1998). gggnsfer modelling almost independent of the mass loss rates

Lindicates the presence of Tc. When no spectral information is available, we use the infrared criteria of Groenewegen (1! .

All cases consistent with the presence of Tc are labelled Y/IR (yes, on the basis of infrared properties), the others as Nlltonsidered here. The d ust Ve|0city is assumed equa| to the gas

2| isted as number 25 in Stephenson (1990).

3 Listed as number 41 in Stephenson (1990). Ve|OCIty, WhICh Imp|IeS that the dl’lft Ve|OCIty |S neglected The
drift velocity depends on the uncertain effective grain efficiency
4.3. Mass loss from dust factor, usually denoted). As the drift velocity may become

comparable in size to the gas velocity, it implies that the dust
There is a relation between the 60 (or 2) flux and the dust mass loss rates quoted below may be systematically too low by
mass loss rate. From Jura (1988) we have: up to a factor of 2. The derivation of the luminosity and distance
. 2 105105 —1 is discussed below. Two stars have not been observed by IRAS
Mg = Cuis D™ Ly 7 A1y Kiso F1(A) (2) and hence no dust mass loss rate could be derived. The dlilst mass
where M, is in solar masses per yeaf, is a constantp;; loss rates per unit distance are listed in Table 5. The gas-to-dust
is the dust expansion velocity in units of 15 km's D the massratio is also listed. For the gas mass loss rate the geometric
distance in kpc/, the luminosity in units of 10 000 4, A\ mean of the available values is taken.
the wavelength in units of 10m where the peak of the energy
distribution occurs, and; 5o the opacity at 6Q:m in units of
150 cntg~!. F()\) is the excess emission at wavelengtin
Jansky. Jura (1988) us€s= 7.7 x 10719 and\ = 60 um. To calculate the dust mass loss rate, knowledge of the lumi-
It is clear that theexcessemission should be used in Eqnosity is required (see Eq. 2). Although the gas-to-dust ratio
2, but in many application of this formula, tlibservedlux is is independent of distance, the absolute values of both the gas

4.4. Distance and luminosity
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Fig. 5. IRAS colour-colour diagram for the S-stars with CO observa-
tions. Symbols: fileed box = SR with Tt} = SR without or unknown
Tc, filled triangle = Mira with Tc,A = Mira without or unknown Tc,

o = other stars with Tce = other stars without Tc.

and dust mass loss rate also require knowledge of the distance.

Distance and luminosity are calculated as follows. ceeded as follows. For the stars in Groenewegen et al. (1997)
Groenewegen et al. (1997) presented first results for laige have calculated the absolui&magnitudes and luminosi-
type stars based on a sub-setiofPArRCOs data, made available ties for the non-Mira S-stars which definitely are intrinsic, or
to us in the fall of 1996. The sample included 16 MS- and $xtrinsic, S-stars, respectively. From 5 intrinsic S-stars we de-
stars. Three stars with an Hipparcos parallax are in the presew M = —7.1 and L = 3300 L., from 5 extrinsic S-stars
sample. For these three stars the luminosities are directly tak@n find Mx = —5.5 and L = 850 L., (Groenewegen et al.
from Groenewegen et al. (1997) who modelled the SEDs. 1997). Formally, thesé( values refer to the system defined
Since then, the entingiPPARCOS catalog became available,by the IRC catalog. These luminosities aidmagnitudes are
and all stars in the sample were checked for a parallax. Tabladopted for the stars in the sample. Bari which has Tc but
includes those parallaxes that are non-negative and with anigamnlikely to be on the AGB we adopt the value for the extrin-
curacy of better than 50%. In addition, apparg&rmagnitudes sic S-stars. For DY Gem for which no Tc has been detected,
were taken from the IRC catalog, when available, or otherwi@t almost certainly is a intrinsic S-star we take the correspond-
from the Gezari et al. (1993) compilation or other recent lilng absoluteK -magnitude (both cases are discussed in detail
erature data. In the latter cases no attempt to transform thgs@roenewegen 1993a). For the stars for which the intrinsic or
magnitudes to the IRC system is attempted. A discussion @xtrinsic character could not be derived intermediate values of
HIPPARCOS data for S-stars in general can be found in Van Eck/ix = —6.3 and L = 1610 L., are adopted. Four stars in the
et al. (1998). sample have nd<-band observations and no estimate for the
For stars with a parallax, the absoldtemagnitude follows distance is listed in Table 5.
from the observed distance and the appafémhagnitude. This No correction for interstellar extinction is made for any of
treatment neglects the influence of the Lutz-Kelker bias (Lutz e stars. Most stars are within 1 kpc, and interstellar extinction
Kelker 1973), the importance of which was recently discussedgorrections are generally smaller than the error in the adopted
the connection with Cepheids (Oudmaijer et al. 1998). Neglegtisolute -band magnitudes, or the uncertainty in the apparent
of this bias, depending on the exact assumptions and treatmawignitudes, due to variability.
in many cases leads to an underestimate of the luminosity. On
the other hand, the luminosity enters only through the squye
root in Eq. (2), and therefor the errors due to the neglect of
the Lutz-Kelker bias are expected to be much smaller than thig. 5 shows the IRAS colour-colour diagram of the S-stars
uncertainties due to the method (that is, the uncertainty)in with CO data (Table 3). A more complete discussion on various
and the drift velocity. The absolute bolometric magnitude (amdlour-colour diagrams of IRAS detected S-stars with good
luminosity) are calculated assuming a bolometric correction@tality fluxes is given in JK. An IRAS colour-colour diagram
K of 3.0, which is appropriate for stars with the relatively lowvith all S-stars which have been searched for Technetium is
mass loss rates discussed here (Wood et al. 1983, Groenewsfemwn in Groenewegen (1993a). Fig. 5 confirms that result, in
1997). the sense that S-stars without Tc have a small IRAS excess.
For the Miras in the sample (and without parallax), the r&he exception is DY Gem gt2 — 25] = 0.79, but as discussed
lation between absolutE -magnitude and pulsation period forbefore this stars has all the characteristics of an intrinsic S-star.
oxygen-rich Miras is used (Feast et al. 1989) to defifie. The
luminosity is derived in the way described above, and the dis- Fig. 6 shows the relation between mass loss rate and pulsa-
tance is estimated from the absolute and appdtentagnitude. tion period. The median mass loss rates per unit distance and
For the SR and irregular variables (without parallax) we préhe derived distances in Table 5 are used to calculate the total

Fig. 4. Fraction of excess emission at ifh, as a function of flux-ratio
at 12 and 25:m, for the model described in the Sect 4.3.

Discussion
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Table 5.Mass loss rates

S identification Mg L parallax D e Mg/ D? Ma/D?  gas-to-dust ratio
(mag.) (L) (mas) (pc) (kms') (1077 Mglyrkpe®) (10710 Mg fyrikpc?)

8 T Cet —7.6 5540 4.2 0.85 240 10. 2.8-5.8 14.1 285

9 R And —-8.1 8090 480 9.0 17.6-39.9 66.8 400

20 V365 Cas —7.1 3300 500 7.2 0.42 5.4 79

28 S Cas —8.7 14190 1110 22.0 65.4-93.0 147. 525

49 W And —8.0 7730 600 9.0 11.0-31.6 31.7 490

79 BD Cam —5.8 1000 6.27 0.63 160 (5) <0.45 (1.1) <400

89 HD 26816 —6.2 1410 3.79t 1.05 260 (5) <0.34 (3.6) <95

103 T Cam -79 7110 480 6.4 1.5-2.6 2.4 810
114 o Ori —6.6 2200 6.02t 0.94 170 (5) <0.40 (0.89) <450
116 TV Aur —71 3300 490  (5) <10 (0.17) <5950
133 HD 35155 —55 850 330 5) <0.75 (0.15) <5140
149 NO Aur —7.3 3930 2.38t 0.97 420 (5) <0.17 (11.5) <15
212 FU Mon —6.3 1610 380 2.8 0.79 0.85 930
231 DY Gem —7.1 3300 560 8.0 2.0 9.6 210
283 R Lyn —7.9 7310 890 8.6 1.4-4.0 1.6 1450
307 R Gem -79 7050 1010 5.0 3.2-4.4 2.4 1600
312 AA Cam -7.1 3300 560 17.9 2.4 13.2 180
326 RRMon —80 7730 1100  (5) <0.20 (2.6) <75
347 Y Lyn —-7.5 4130 4.03t 1.33 248 54 5.6 27.2 200
387  SUMon —71 3300 49  (5) <0.27 3.1) <90
542 ~71 3300 560  (5) <11 (5.9) <190
589 RS Cnc —7.1 3300 8.24 0.98 120 7.2 27.2-36.1 96.8 320
614  UU Vel —81 8090 1230 (5) <75 (0.52) <14500
626 FM Hya —76 5420 ) <0.34 (1.1) <300
704 Z Ant —7.1 3300 580 7.4 2.6 6.2 420
796 HR 4755 —6.1 1290 3.55+ 0.76 280 (5) <0.17 (<0.03) —
803 SUMa —72 3660 1150  (5) <0.17 (0.35) <480
816 UY Cen —7.1 3300 350 13.1 3.9 17.9 220
817 TT Cen —8.2 9640 1140 25.4 31.6-61.1 53.7 820
826 HD 118685 —6.3 1970 3.42+ 0.65 292 (5) <0.68 (0.66) <1030
830 AM Cen —7.1 3300 580 54 2.1-2.3 3.3 680
834 VX Cen —71 3300 340 (5) <26 @7 <710
872 Gl Lup —7.7 5920 820 14.0 7.7 8.5 911
903 ST Her —8.3 9820 3.22t 0.75 310 9.1 4.7-7.5 41.2 140
927 ~71 3300 ) <053 (2.2) <240
931 ST Sco -7.1 3300 350 7.5 3.3-7.1 13.4 310
954 RT Sco —8.2 9200 510 11.0 8.6-21.9 49.1 280
962 —7.1 3300 — 20. 10.2-12.8 143. 80
978 V521 0ph —71 3300 370 (5) <0.74 2.8) <270
1003 KW Sgr —7.1 3300 480 (5) - 47.5 -
1004 V407 Sco —8.0 7730 — (5) <0.61 - -

A IRC -10 401 -7.1 3300 720 16.7 6.6 156. 42
1093 VX Agl —7.1 3300 950 7.8 1.2 39 300
1096 ST Sgr —-8.0 7730 640 10.0 3.4-55 9.0 480
1112 S Lyr —7.6 5200 1880 14.0 5.8-9.9 28.0 270
1115 W Agl —-8.3 10380 680 19.0 164.-425. 483. 600
1117 T Sar —8.0 7730 770 12.0 3.4-54 9.7 440
1141 EP Wul —7.1 3300 410 5.3 1.9-5.8 6.6 490
1146 AFGL 2425 —7.1 3300 830 119 5.0-6.6 62.6 92
1150 R Cyg —-8.1 8550 1000 10.2 16.0-18.8 354 490

B - —7.1 3300 — 20. 4.0-4.7 61.8 67
1165 x Cyg —-75 5140 9.43t 1.36 106 8.9 50.0-68.3 59.3 985
1188 AA Cyg —7.1 3300 350 4.8 2.8 9.0 310
1189 DK Vul —7.1 3300 580 5.0 1.1-3.2 8.0 260
1195 HD 191630 -7.1 3300 580 (5) <2.6 (0.58) <4500
1196 RZ Sgr —7.1 3300 480 11.4 42.4-50.3 59.4 150
1211 V865 Aql 7.9 7090 770 (5) <11 (0.64) <170
1219 V441Cyg —63 1610 400 (5) <22 (0.33) <6700
1224 AD Cyg —6.3 1610 320 2.4 0.38 0.091 4120

CY Cyg —63 1610 500 (5) <0.26 - -
1294 7 Gru —-8.0 6920 6.54+ 1.01 153 15.0 67.3-284. 372. 380
1308 RX Lac —7.1 3300 240 5.0 1.5-3.5 10.8 200
1314 DB 42141 —7.1 3300 650 19.6 6.8 168. 40
1315  HR Peg 54 710 337094 300 (5) <0.59 (0.66) <890
1322 GZPeg —60 1200 428-088 230 (5) <0.34 (0.73) <470
1345 WY Cas —8.3 10000 1380 15.0 11.1-28.8 375 430
1346 W Cet —78 6550 830 (5 <0.67 (0.47) <1440

Notes. A velocity of 5 km 5 * between parenthesis means an assumed value. For four stars the method to derive the distance from ti€ abaghitade can not be applied as there
is no published apparent magnitude.

805

mass loss rate. The non-variable stars or those without kno®898). The SRs down to periods of 100 days appear to fall on an
period are plotted at constant valued@f P = 1.2 (those with extension of this relation. The S-stars without Tc have smaller
Tc), and 1.3 (those without or unknown Tc content). The Mirasass loss rates than those with Tc. This is consistent with the
in the sample follow reasonably well the relation establishednjecture (Groenewegen 1993a, Jorissen et al. 1993, and refer-
over a large period range for C-rich Miras (Groenewegen et ahces therein) that intrinsic S-stars are thermally-pulsing AGB
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Fig. 6. Mass loss rate versus pulsation period. Symbols as in Fig.Fg. 8.Expansion velocity versus pulsation period. Symbols asin Fig. 5.
The solid line represents the relation for carbon-rich Miras from Gro8&-stars without known pulsation period are plotted at a value=@f(no
newegen et al. (1998), and the dashed line is the extension to shastamknown Tc), or =25 km's' (with Tc). The small dots represent the
periods. The shortest period for carbon-rich Miras is about 250 dagarbon Miras from Groenewegen et al. (1998). The crosses are values
S-stars without known pulsation period are plotted at a valuegpP  for O-rich Miras and OH/IR stars, as compiled by Groenewegen et al.

=1.3 (no or unknown Tc), or 1.2 (with Tc). (1998).
Q L
ocQr:® 7| Using this corrected flux and the relations shown in Olofsson et
E O [ . i 1 al. one would expect an integrated CO emission in the IRAM
=l { .1 beam of 0.2-0.5 K kms'. This is comparable to the derived
a o - 1 3o upper limits assuming a rectangular profile with a width
o . N -1 of10 km s!, and so based on these arguments it can not be
L SeL g . - claimed that the CO/G@n ratio is unusually low which could
é S a 5 4 A ﬁ AIAA.“ ‘ 1 Dbe interpreted as indicating the presence of a circumbinary
% 3 1 ; gxé,;r 4 1 disk, or photodissocation of CO by a hot companion. New,
S ‘ 1‘5 — ‘2 e 2‘5 N é very long integrations at an increased velocity resolution may

address this possibility further.
Log P (days)
Fig. 7 shows th -to- rati function of pulsation
Fig. 7. Dust-to-gas ratio versus pulsation period. Symbols as in Fig. 5. . g. 7sho .St € .dUSt to-gas ratio f"‘s a function of pulsatio
) . : périod. The arithmetic mean and median value are both 0.0030,
S-stars without known pulsation period are plotted at a valuegP

= 1.3 (no or unknown Tc), or 1.2 (with Tc). Small dots represent tﬁ’ghiCh is slightly Iarger than the yalge derivec_J by Jura (1988).
data for the carbon Miras analysed in Groenewegen et al. (1998). The dust-to-gas ratio for the extrinsic S-stars is smaller than for
the intrinsic ones. For the S-Miras there is good overlap with
carbon Miras of the same period. One might have expected
stars, and extrinsic S-stars are not. The largest mass loss rat@tleerwise, since, if the oxygen-abundance is almost equal to
rived is that for W Agl with (0.8-2.0x 10~° M, yr—!, and the the carbon abundance in S-stars, there is little oxygen left
smallest mass loss rate found is thatd@ri with < 1.2 x 10~ that could condense onto grains. Apparently this is not the
Mg yr—1t. case, possibly suggesting an effective dust formation, or that
There exists the possibility that we may have missedoalr sample does not include S-stars where the C/O ratio is
possible narrow line in our observations, since we usedsdlfficiently close to unity for poor dust formation to occur.
coarse velocity resolution of 1 MHz. In particular sine®ri
has a wide dwarf companion, and there are now (at least) two Fig. 8 shows the expansion velocity as a function of period.
examples known of CO emission from a circumbinary disk similar diagram is shown in JK, but without discussion. Also
where the CO emission lines are narrow (The Red Rectangh®wn are data for C-rich Miras, O-rich Miras and OH/IR stars
[Jura et al. 1995], and BM Gem [Kahane et al. 1998]). To (from Groenewegen et al. 1998). The S-Miras follow this se-
certain extent this is true, although in both cases the narrquence almost perfectly. The S-SRs have expansion velocities
emission line is on top a much broader underlying emissitimat span the same range as the bulk of the S-Miras but their
component, which we would have easily detected. Also in tiperiods are shorter by a factor of about 2.5. The same was no-
case of the Red Rectangle, the CO integrated emission is viced by Kerschbaum et al. (1996) and Kerschbaum & Olofsson
low compared to its 6@m flux (Jura et al. 1995), compared tq1998) for oxygen-rich SRa and SRb’s. As already noted by
that ratio in AGB stars (Olofsson et al. 1993). FoOri, the them, the most straightforward explanation for this difference
ratio of 12 to 25um flux of 4.0 already indicates, following between SRs and Miras is to assume that the SRs pulsate in a
Fig. 4, that only about 10% of the §dn flux is circumstellar. higher order pulsation mode.
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6. Conclusions Groenewegen M.A.T., Baas F., de Jong T., Loup C., 1996, A&A 306,

241

'2CO J=1-0 and 2-1 observations of 14 S-stars are presen@%enewegen M.A.T., Schrijver H., de Jong T., Slijkhuis S., 1997, in:
and 6 new detections are reported. A compilation is presented «Hipparcos Venice '97”, ed. B. Battrick, ESA SP-402, p. 323
of all CO observations for S-stars. The stars in this sample @genewegen M.A.T., Whitelock P.A., Smith C.H., Kerschbaum F.,
separated into “intrinsic” and “extrinsic” S-stars, based on direct 1998, MNRAS 293, 18
observation of the Technetium line, or infrared properties. Guglielmo F., Epchtein N., Le Bertre T., et al., 1993, A&AS 99, 31

The dust mass loss rate per unit distance is derived frdtaske A, 1989, A&A 208, 77
IRAS 60.m data, and the gas mass loss rate per unit distancE@ske A, 1990, A&A 229, 494
derived from CO data. Distances and luminosities are estimat&fissen A., Knapp G.R., 1998, A&AS 129, 363 (JK)
partly from HippaRcos parallax data. The S-stars without TJO'SSen A., Frayer D.T., Johnson H.R., Mayor M., Smith V.V., 1993,
have lower mass loss rates, than those with Tc. A8A 271, 463

. . Jura M., 1987, ApJ 313, 743

It is shown that neglect of the stellar cgntrlbutlon to th ura M., 1988, ApJS 66, 33
observed 6Qum flux can lead to an overestimate of the dus, , M., Balm S.P., Kahane C, 1995, ApJ 453, 721

mass loss rate. Jura M., Kleinmann S.G., 1992, ApJS 79, 105

Diagrams showing mass loss rate, dust-to-gas ratio afittanont K., Skinner C.J., Tielens A.G.G.M., 1994, ApJ 435, 852
expansion velocity versus pulsation period are presented, &athane C., Barnbaum C., Uchida K., Balm S.P, Jura M., 1998, ApJ
compared to similar data for carbon- and oxygen-rich Miras. (June 10 issue)
The S-Miras do not stand out in any way from the C- dfastnerJ.H., 1992, ApJ 401, 337
O-Miras in these diagrams. In the diagram with expansidtgrschbaum F., Olofsson H., 1998, in: “Proc. of the 23rd General
velocity versus pulsation period, the S-SRs span the SameAssemblyofthe IAU,eds.D.D.Sasse!ovand M. Takeuti, Universal
range in velocity as the S-Miras, but they have periods which Academy Press, inc., Tokyo, Japan, in press
are about a factor of 2.5 shorter. This was previously noted T,rschbaum F., Olofsson H., Hron J., 1996, A&A 311, 273

. G.R., Morris M., 1985, ApJ 292, 640
O-rich SRs (Kerschbaum et al. 1996, Kerschbaum & Olofssgﬁt?gps 3 Li’ttle(?lr\/rllzrenin IR ,B:EuerW’H 1987 AJ94. 981

1998). As in that case, the most straightforward explanatiggup C. Forveille T.. Omont A.. Paul J.E.. 1993. A&AS 99. 291
seems to be that SRs pulsate in a higher order pulsation modgy T.£.. Kelker D.H., 1973, PASP 85, 573
Mamon M., Glassgold A.E., Huggins P.J., 1980, ApJ 328, 797
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