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A B STR ACT
We employ spectra of resolution 20–35000 of seven SC stars, four S stars, two Ba
stars and two K–M stars to derive abundances of a variety of elements from Sr to Eu
relative to iron. Special attention is paid to Rb and Tc, and to the ratio of the heavy
s-process species to the light s-process elements. Abundances are derived in LTE,
both by using model atmospheres in which the carbon and oxygen abundances are
nearly equal and by using curves of growth. Spectrum synthesis is used for critical
lines such as the 5924-Å line of Tc and the 7800-Å line of Rb. For most of the heavy-
element stars the enhancement of the s-process elements is about a factor of 10. The
ratio of the heavy to light s-process species is not far from solar, except for RR Her
for which the same ratio is +0.45 dex. For Tc the blending by other lines is severe.
While we have probably detected the 5924-Å line, we can only present abundances
in the less-than-or-equal-to category. For Rb, whose abundance is sensitive to the
85Rb/87Rb ratio and hence to the neutron density during s-process production, we
find a considerable range of abundances, indicating a neutron density from 106 to
z108 cmÐ3 for the SC stars. For the four S stars the range is from 107 to z108 cmÐ3.
Recent calculations by Gallino et al. show that neutron densities near 107 cmÐ3

favour the 13C source for neutrons, while densities greater than 108 cmÐ3 may be
associated with neutrons from the 22Ne source.

Key words: nuclear reactions, nucleosynthesis, abundances – stars: abundances –
stars: AGB and post-AGB.

1 INTRODUCTION

Abundances of selected elements in the atmosphere of red
giant stars are the link between the nuclear processes occur-
ring in the stellar interiors and the mixing of deep matter
with the spectroscopically observable atmosphere. Among
red giants, SC stars probably constitute a stage in the evolu-
tion of spectral type on the asymptotic giant branch (AGB):
M–MS–S–SC–C. In this sequence an intermediate-mass
star (MR8 M>) evolves from an oxygen-rich to a carbon-

rich (C) star. This evolution is explained as the result of a
series of nucleosynthetic and mixing events (thermal
pulses), which alter the C/O ratio from the values typical of
the first giant branch stars to the enhancements found in C
stars (C/Oa1). The enhanced atomic lines of the s-process
elements such as Sr, Zr and Ba observed in AGB stars can
be attributed to the thermal pulses, during which sufficient
neutrons are supplied by either the 13C(a,n)16O or the
22Ne(a,n)25Mg reaction. Extensive reviews of the evolution
and changes in the surface composition and interior of AGB
stars can be found, for example, in Iben & Renzini (1983),
Lambert (1991) and Arnould (1993).

SC stars were classified by Keenan & Boeshaar (1980)
and independently by Ake (1979). They are mainly charac-
terized by their C/O ratio, which is equal within 1 per cent
to unity. They show very strong Na D lines and very weak C2

bands. Due to the near-balance of oxygen and carbon in
their atmosphere, oxide bands (ZrO, TiO, . . .) and carbon
molecules (C2, CN. . .) are very weak or absent, thus reveal-
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ing a plethora of atomic lines. Consequently, SC stars pro-
vide opportunities for abundance analyses that do not exist
in other giants. Nevertheless, only a few analyses of atomic
abundances have been undertaken. In particular, the analy-
sis of the SC star UY Cen by Catchpole (1982), covering the
wavelength region 5630–8550 Å, is the sole work focused on
heavy-element abundances. The s-element enrichments
relative to Ti found by Catchpole were typically 1 dex or
more. Other investigations paid attention to CNO abun-
dances (Dominy, Wallerstein & Suntzeff 1986, hereafter
DWS) or to Li, and only indirectly to heavy elements (Kip-
per & Wallerstein 1990). These previous studies revealed
the difficulty of deriving reliable abundances in such stars,
mainly due to the poor modelling of the atmospheres when
the C/O ratio approaches unity. In addition, the lack of
accurate spectroscopic information (especially oscillator
strengths, excitation potentials, etc.) for the atomic and
molecular features present in the spectra of these stars is a
serious problem. Current techniques for computing model
atmospheres for cool stars are improving, but we still lack an
accurate modelling of the molecular blanketing, which is
extremely important for the appearance of the spectrum of
an AGB star (Pletz 1996). Furthermore, most SC stars are
variables (Mira, semiregular, etc.), and thus the presence of
shock-waves, inhomogeneities, intense mass-loss, etc.,
should be the rule rather than the exception in the atmo-
spheres of these stars. These phenomena can only be
modelled realistically using a 3D treatment. Nevertheless,
uncertainties in model atmospheres and spectroscopic data
may be reduced by performing a relative analysis with
respect to non-peculiar giant stars with similar atmospheric
characteristics, rather than to the Sun. This will also reduce
the errors inroduced by non-LTE (NLTE) effects (Gus-
tafsson 1989).

Studies of heavy (s and r)-element excesses in AGB stars
provide clues for the understanding of the physical condi-
tions at the s-process site during the AGB phase. Here we
use high-resolution and high-signal-to-noise (S/N) spectros-
copy to derive the abundance of some heavy elements in a
sample of Galactic SC and S stars. The results are discussed
on the basis of the current models of the AGB evolution and
the s-process nucleosynthesis.

2 OB SERVATIONS

The observations were made during the years 1994–96 at
the Dominion Astrophysical Observatory (DAO) and the
Cerro Tololo InterAmerican Observatory (CTIO). At the
DAO the observations were performed with the 1.2-m tele-
scope, using the coudé spectrograph. The detector was a
4096Å300 CCD attached to the 0.9-m camera, which pro-
vided a resolving power of 20000. For some spectra we used
the 2.4-m camera, which provided a resolving power of
35000. At the CTIO we used the 1.5-m telescope and the
long red camera on the bench-mounted echelle, which pro-
vided a resolving power of 20000. Table 1 shows the main
characteristics of the programme stars, as well as the wave-
length regions covered and the resolution achieved in each
observing run. The barium (Ba) stars HD 178717 and
121447 were observed for comparison with our SC stars, as
were four S stars. In addition, b Peg and y UMi, two well-
known normal giant stars, were observed as reference stars
in the analysis.

Data reduction was accomplished using the tasks TWOD

and ECHELLE included in the software package IRAF. We
followed the standard procedures in the reduction: subtrac-
tion of bias and sky, division by high S/N ratio flat-field
images taken at the beginning and the end of each observing
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Table 1. Spectra of SC stars and related stars.

aMost spectral types are from Keenan & Boeshaar (1980).
bDAO\Dominion Astrophysical Observatory, CTIO\Cerro Tololo InterAmerican Observatory.
cClassified by Ake (1979). It has also been called K7Ba and S0.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/293/1/89/1012713 by guest on 25 M
ay 2023



run, extraction of the spectrum, and calibration in wave-
length using images of Th-Ar and Fe-Ar lamps taken before
or after the observation of a given target. Because of the
importance of accurate atomic line identifications (see
below), the wavelength calibration was done very carefully.
We used as many lines as possible of the Th-Ar and Fe-Ar
arc images. Then, successively we eliminated uncertainly
identified or suspected saturated features in order to obtain
a fit better than 10 mÅ in the residuals. We used third- or
fourth-order polynomials in the calibration; good fits with
higher order polynomials were also possible, but we
rejected them as unrealistic. Bad pixels and cosmic ray
features were removed carefully, using the SPLOT package of
IRAF. The stellar features so affected, however, were not
used in the analyses. Finally, all the CCD spectra were
divided by the spectrum of a hot, rapidly rotating star
located in the sky as close as possible to the target star to
eliminate telluric absorptions. Typically, the S/N ratios
achieved in our spectra range from 60–70 in the bluest
region to greater than 100 in the red, where the stars are
very bright. Despite the wavelength ranges shown in Table
1, the spectral ranges used in the analyses were only
approximately the ll5700–6800 Å and ll7200–7850 Å
regions. This was because, first, below l15700 Å the spec-
tra achieved in most of the stars had very low S/N ratios and,
secondly, between 16800 and 7200 Å and toward the red of
l7850 Å, the clear presence of strong CN bands interfered
with accurate identification of the atomic lines.

We tried to observe all our variables stars near maximum
light to minimize the intensity of the molecular features.
Light curves of our stars from the AAVSO (Mattei, private
communication) show that all our variable stars were
observed within about one month of maximum light.

3 THE A BUNDA NCE A N A LYSIS

3.1 Atmospheric parameters

Numerous efforts have been made to establish the effective
temperatures of cool stars by comparison of various photo-
metric systems with blackbody and model atmosphere
curves. Because of the strong atomic and molecular blanket-
ing, as well as the variation of the continuous opacity with
wavelength, blackbody temperatures for cool stars are not
good approximations for Teff. For most of our programme
stars we derive effective temperatures from the (VÐK)
colours using the calibration provided by Ridgway et al.
(1980) from the angular diameter measurements during
lunar occultations. Photometric data are available for
several stars (Noguchi et al. 1981; Noguchi, Sun & Wang
1991). For stars which lack these photometric indices, we
adopted the Teff derived in Ohnaka & Tsuji (1996, hereafter
OT) from the infrared flux method (Blackwell, Petford &
Shallis 1980) or from their calibration of (JÐLp)o versus
Teff. For stars where all these indices were available we
found agreement between the two methods within ¹150 K.
In two stars, AM Cen and BH Cru, we lack the appropriate
infrared photometry. Hence we assumed a representative
value for SC stars of 3500 K. For b Peg and y UMi the stellar
atmosphere parameters were taken from McWilliam
(1990). For the Ba stars, HD 121447 and 178717, effective
temperatures are from Smith & Lambert (1986). We esti-

mate an uncertainty in the effective temperature of about
¹200 K for the SC and S stars and ¹100 K otherwise.

We adopted a gravity of log g\1.0 for all our SC stars.
We do not have atmosphere models for these stars with
other values of gravity. In any case, assuming a typical mass
of 12 M> for a SC star, a Teff23500 K and Mbol2Ð4.5 (see
DWS), and using the basic relation

logg\4.4+log(M/M>)

+4 log(Teff /5780)Ð0.4(4.7ÐMbol),

the gravity calculated in this way does not differ significantly
from logg\1. Nevertheless, our gravity might be in error by
as much as ¹1 dex due mainly to uncertain estimates of
Mbol.

For the microturbulence parameter, a value of j\3 km
sÐ1 was initially adopted. This is a typical value assumed in
similar analyses in SC and other cool stars. The direct deter-
mination of this parameter from synthetic fits to the profiles
of atomic and molecular lines is extremely difficult, because
there is no line in the spectrum of our sample stars in sensus
strictus free of blends. In addition, the microturbulence in
variable stars might differ with wavelength in the spectrum
(due to differences in depth of line formation), and might
change with the pulsation phase of the star. Note, however,
that it is possible to discern changes in the synthetic spec-
trum due to variations in the microturbulence from other
atmosphere parameter variations, such as the C/O ratio or
Teff, because changes in the microturbulence make the lines
broader, in contrast to the two other parameters which
essentially affect the line intensity. This test allowed us to
establish a final value for this important parameter. The
C/O ratio adopted in the model atmosphere was taken
when possible from analysis of CNO abundances in the
literature (Smith 1984; DWS; OT); otherwise we adopted a
representative value of C/O=1. The C/O ratio in SC stars
may differ from this value only by a few hundredths (how-
ever, S and Ba stars show a wider range in the C/O ratio).
Unfortunately, a small variation in this ratio has an import-
ant role in the derived abundance of some elements (see
below). A model atmosphere for each star was interpolated
in Teff and C/O ratio from a recent grid of atmosphere
models for AGB stars (Alexander et al., private communi-
cation). This grid extends in C/O ratios from 0.90 to 1.05,
and in Teff from 3000 to 3800 K, with log g\1. The models
are constructed assuming solar metallicity. For the stars HD
121447, HD 178717, b Peg and y UMi, the model atmo-
sphere was interpolated from the grid of Bell et al. (1976)
for giant stars. Table 2 shows the atmospheric parameters
used in the analysis of each star.

3.2 Line identifications and spectroscopic data

We based the identification of the metallic lines on the work
of Wallerstein (1989), where wavelengths measured on
6.7 Å mmÐ1 photographic image-tube spectra of several SC
stars are presented. The cited work covers the spectral
range ll5800–7060 Å. The accuracy in the wavelength
identifications is estimated to be between 0.03 and 0.07 Å,
depending on the intensity and the level of blending of a
given feature. We also used, as a secondary identification
list, the work of Catchpole (1982) on UY Cen, the line list
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used by Smith & Wallerstein (1983), and the work by Tom-
kin & Lambert (1983, hereafter TL) in the classical Ba II star
in HR 774. As a first step, we corrected the spectra for the
stellar radial velocity from the wavelengths of some easily
recognized features in the spectrum of each star. These
features were the two Na D lines, Ha, the Li I line at
l6707.78 Å and the K I line at l7698.69 Å together with a
few intense Fe I and Ca I lines. The standard deviation
around the mean Doppler shift obtained from these
features was less than ¹0.1 Å. This was the maximum wave-
length shift allowed between the measured and expected
wavelength after Doppler correction to consider a feature
as a good identification. We note that most of the lines in
our identification list were identified in our programme
stars. The exception is b Peg, where atomic lines are fre-
quently missing because of the presence of oxide bands of
moderate intensity.

In the determination of chemical abundances, every
effort should be made to measure weak lines
[logW(l)lsÐ5], whose equivalent widths are largely
dependent on the chemical composition and are not very
sensitive to the poorly understood photospheric velocity
field. However, this goal is very difficult in the analysis of
cool stars because of blending and continuum location
problems. Thus we have to relax this Utopian statement and
establish a new criterion to decide whether or not a given
feature is useful for analysis: first, the line should not
present a clear visual blend with any adjacent lines. Second,
the local continuum around the line can be reasonably
placed within a 15 per cent uncertainty. Of course, in no
way is it possible to establish the real continuum in our stars.
We can only define a local or pseudo-continuum connecting
the highest flux points in the spectrum near the line.
Because of the high S/N ratio and resolution in our spectra
we believe the real continuum is not very far from this
hypothetical line, although the error in the continuum plac-
ing is probably not lower than 13 per cent. In the stars HD
121447, HD 178717 and y UMi, where the continuum seems
to be well defined, this error is probably smaller. Finally, we
tried to use the weakest possible lines, log [W(l)/l]RÐ4.
After line identification, equivalent widths were measured
with respect to the local continuum using the SPLOT task of

IRAF. We estimate the error in the equivalent width meas-
urements from the expression given by Cayrel (1988),

DW\2wdc+1.6 
Zwdx

(s/n)
,

where w is the FWHM of the line profile, dc the uncertainty
in the continuum location, dx the detector channel width,
and s/n the signal-to-noise ratio of the spectrum. Using
values for the entries in this equation, our error in the
equivalent widths ranges from DW\¹10 to ¹30 mÅ
according to the line intensity, with the main uncertainty
being introduced by the continuum placing. Measurements
of a feature in a given star from spectra with different
resolutions differed typically by no more than ¹10 mÅ.
This shows that our primary source of uncertainty in W(l) is
the continuum location and not the spectral resolution.
From comparison with the only studies with measurements
of equivalent widths in stars in common (Smith & Waller-
stein 1983; Smith 1984) we typically found a mean differ-
ence of DW(l)\+3¹13 mÅ from the former authors, and
DW(l)\Ð6¹14 mÅ from Smith (1984). This shows that
the maximum difference in a given line with these authors is
of the order of 120 mÅ which is within our expected uncer-
tainty in W(l). In Fig. 1 we compare our measurements with
theirs for stars in common.

Another problem with atomic lines in cool stars is that
accurate gf-values are often not available from existing
laboratory measurements, nor by accurate calculations. The
possibility of using the Sun as a standard source and deriv-
ing astrophysical gf-values is limited by the weakness of
these lines in the solar spectrum. Instead, a late-type star
may be used as a standard, provided that its fundamental
parameters are well known. In our case the metallic lines
identified in our standard stars b Peg and y UMi were not
always present in the SC or S stars, and vice versa. Thus only
in a few cases could we perform the analysis using astro-
physical gf-values. We proceeded as follows: when possible,
a gf-value was derived from identifications and equivalent
width measurements of the Solar Atlas by Moore, Minnaert
& Hootgast (1966), using solar abundances from Anders &
Grevesse (1989). Most of the gf-values used in the analysis
of Fe were derived in this way. We used a solar model
atmosphere by Holweger & Müller (1974) with the param-
eters Teff\5780 K, log g\4.44 and microturbulence vari-
able with the optical depth; otherwise we tried to derive
gf-values from the analysis of b Peg and y UMi. When these
procedures failed, we used the spectroscopic data by Catch-
pole (1982), Smith & Wallerstein (1983) and Tomkin &
Lambert (1983) or the recent compilation by Kurucz (1995,
private communication) (his CD ROM No23). We con-
sidered hyperfine structure using such information as was
available: Biehl (1976) for Eu and Y (even–even nuclei do
not suffer from this effect because of their zero nuclear
spin). For Rb and Tc lines, see below.

92 C. Abia and G. Wallerstein

© 1998 RAS, MNRAS 293, 89–106

Table 2. Atmospheric parameters.

3.3 Analysis

Table 3 shows our line list and the equivalent widths
expressed as Ðlog[W(l)/l]. These observed equivalent
widths include CN and/or TiO contributions when the
blending features are not clearly seen in the spectrum. CN
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and TiO features were identified using the Davis & Phillips
(1963) list and the SCAN tape by Jørgensen (1994). The
estimated contributions of CN and/or TiO lines were
removed before analysis. For most lines used to determine
abundances the contributions of CN to the observed equiva-
lent widths were less than 20 per cent (mostly in stars with
C/OE1). TiO contributions were smaller except for b Peg.
In y UMi and the Ba stars these contributions in no case
exceeded 10 per cent. A curve of growth was calculated in
LTE for each line and interpolated with the measured
equivalent width to obtain the abundance. The final abun-
dance obtained for each element is the mean of the abun-
dances derived from each line. In stars where more than
four lines were used to derive the abundance of a given
element, the dispersion around the mean abundance was
typically ¹0.2–0.4 dex, which is consistent with our uncer-
tainty in the equivalent widths. An exception is La, for which
the scatter of the abundances from individual lines in some
stars was as much as ¹0.5–0.6 dex, probably due to poor gf-
values and saturation. In some cases, we could place only an
upper limit {see entries in Table 3 on Ðlog[W(y)/l]}. In
this case the line looked wider than expected, although no
known feature was identified as a possible blend. In the
analysis of Tc and Rb we used spectrum synthesis due to the
severe blending of both features.

Table 4 shows the sensitivity of the abundances to model-
atmosphere parameters. In general, errors due to uncertain-
ties in the model atmosphere tend to be larger than the
internal consistency in a sample of lines. Note the sensitivity

of most of the abundances to uncertainties in the micro-
turbulence parameter. This shows that, though not severely
saturated, most of our lines lie in the flat part of the curve of
growth. Including the uncertainties due to errors in the
equivalent width measurements and continuum location,
the total maximum errors range from ¹0.20 dex in the
weaker lines (e.g., Gd) to ¹0.6 dex in the almost saturated
lines (e.g., La). However, the total error in the [X/Fe]
ratios1 should be lower than this, because in deriving this
ratio some uncertainties affect both the element and iron in
the same sense.

3.3.1 NLTE effects

Ruland et al. (1980) in their analysis of b Gem found that
the low-excitation lines of neutral atoms of iron-group and
heavier elements give systematically lower abundances than
the high-excitation neutral and ionized lines. They sug-
gested that non-thermal overionization in the upper atmo-
sphere causes the departures from LTE shown by the
low-excitation neutral lines. The high-excitation neutral and
ionized lines, which come from deeper in the atmosphere,
are probably not significantly affected. This effect was also
found by Tomkin & Lambert (1983). These authors showed
that the abundances derived from the neutral and ionized
lines differed typically by 0.3–0.5 dex. Unfortunately, in
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Figure 1. Comparison between the equivalent widths measured in this work (abscissae) and those in Smith & Wallerstein (1983) (circles)
and Smith (1984) (squares) (ordinates). The stars in common with the former authors are CY Cyg, S UMa, GP Ori and HD 178717, and with
the latter HD 121447 and 178717.

1We adopt the usual notation [X]=log(X)*Ðlog(X)ref.star for any
abundance quantity X, and log N (X)=log(NX/NH)+12.
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Table 3 – continued

aThe origin of the log gf data indicated by letters in column 4 is given in the references listed below: no entry: solar gf-value of specific references (see text); a: Smith (1976);
b: Corliss & Bozman (1962); c: Biémont et al. (1981); d: Kwiatowski et al. (1982); e: Kurucz (1995, private communication).
bhfs: hyperfine structure included. ss: spectrum synthesis used in the analysis. II: ionized element.

Table 4. Sensitivity of abundances to errors in the stellar parameters.

aTotal errors include the uncertainty in the continuum location and the equivalent widths (see text).
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stars as cool as those analysed here, the majority of atomic
lines available for analysis are low-excitation neutral lines
(see Table 3). Thus, in our case it is difficult to search for the
presence of this effect. Note that the scatter of the abun-
dances from individual lines of the same element is typically
10.3 dex (when more than three lines are used), which is of
the same order as the expected NLTE effect. Consequently,
it is difficult to discern errors due to uncertainties in the
measurement of the equivalent widths, poor oscillator
strengths, etc., and NLTE effects. In two cases, however,
namely Ce and La, the abundances were derived mostly
from ionized lines, but a few neutral lines were also used in
a given star. We found some evidence of this effect: for
example, in CY Cyg we found a mean difference of 0.25 dex
between the abundance of La derived from ionized (three)
and neutral (one) lines. In this same star the difference is 0.3
dex in the abundance of Ce (four ionized lines and two
neutral). In AM Cen the difference is 0.2 dex in La (three
ionized lines and one neutral), but Ð0.25 dex in Ce (three
ionized lines and one neutral). Tomkin & Lambert (1983)
showed that NLTE effects of this type may cancel out when
the analysis is done relative to a normal star with a similar
atmosphere. Thus, when possible (see Section 3.2), the
[X/Y] values calculated in our stars were obtained relative

to b Peg (for the SC and S stars) or y UMi (for the two Ba
stars).

3.3.2 Technetium

Of the three long-lived isotopes of Tc, only 99Tc, whose half-
life is 2.13Å105 yr, may be expected to be produced by the
usual s-process within stars. In addition to the resonance
lines near l4250 Å, Tc has a pair of accessible intercombi-
nation lines. Of the two lines, l6085.23 Å is strongly
blended with a Ti I line. The other line, at l5924.47 Å, was
used here in the derivation of the Tc abundance. However,
this line is blended with a weak line of V I at l5924.57 Å,
marginally blended with a Zr I line at l5925.13 Å and with
some CN contribution at ll5924.19 and 5924.26 Å. We also
introduced a Ce I line at l5924.40 Å in the Tc blend identi-
fied from the line list of Kurucz. The hyperfine structure for
this Tc line was calculated after Wenlandt, Bonche & Luc
(1977). The gf-value from Garstang (1981) was adopted.
Because of the relative importance in the blend of the V I

line we first determined a mean metallicity in the stars
fitting some Fe I, Ti I and Ni I lines in the region around
5924 Å. There are indeed some metallic lines in this region
with moderate intensity such that a solar gf-value can be

Heavy-element abundances in SC stars 97
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Figure 2. Observed (filled circles) and synthetic spectra (thin lines) of the SC star RR Her around the Tc I 5924-Å line. Synthetic spectra are
shown for logN(Tc)\no Tc, 1.5, 1.8 and 2.0. Note the missing feature in the theoretical spectrum at 15924.8 Å.
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derived for them. A mean metallicity was derived for each
star and the V abundance scaled to this. We checked to see
if the strength of the V I line has an effect on the Tc blend.
Variations by 1¹0.20 dex in the V abundance were
unimportant in the Tc abundance derived. In fact, the Tc
line is mainly affected in our spectra by the CN line at
l5924.26 Å. Unfortunately, our resolution was not suffi-
cient to resolve this absorption clearly. Thus, starting with
the CNO abundances in Table 2, we changed the C/O ratio
until a good match was obtained to this feature (changes in
the absolute abundance of CNO are of minor importance).
Typically, we modified the C/O ratio in Table 2 by less than
¹0.05 dex. Finally, the Tc abundance was successively
increased until a reasonable fit to the blend was obtained.
However, comparison of the observed and synthetic spectra
quickly showed a problem: there is a feature in the red-wing
of the Tc line (1l5924.8 Å) that is not well reproduced by
our synthesis (see Fig. 2). In our line list there are some lines
of rare-earth elements near this wavelength. However, even
increasing the corresponding abundance by three orders of
magnitude (which seems quite improbable), we could not fit
this feature. No molecular feature (CN, C2 or TiO) was
found at this wavelength. This missing feature, indeed,
affects the fitting to the Tc blend in most of our stars. Thus,

although in some cases (see Fig. 3) the Tc blend was
apparently well reproduced, we prefer to be cautious and
record the abundance of Tc as ‘equal-to-or-less-than’.
Higher resolution spectra are needed to determine the Tc
abundance accurately from the l5924.47-Å line. Table 5
shows the upper limits derived.

For the stars in common with Smith & Wallerstein (1983)
we found agreement between error bars (see below) in HD
178717: they placed an upper limit logN(Tc)s1.8 and we
set it to log N(Tc)s1.5, but we disagree for CY Cyg. They
found this star to be Tc-enriched, logN(Tc)\2.6. However,
we can only put an upper limit or possible abundance
logN(Tc)s1.3. Their higher resolution spectra allowed
them to measure the equivalent width of the feature identi-
fied as the Tc I line [W(l)1230 mÅ], but we cannot clearly
measure it. The reason for the abundance discrepancy is
very likely to be the omission of the hyperfine structure by
these authors. The hyperfine structure problem pervades
their Tc abundances, which are all likely to be too large. In
fact, Kipper & Smith (unpublished) included hyperfine
structure and obtained log N(Tc)\0.9, in good agreement
with our value. These authors also derived logN(Tc)\0.9
in RR Her, compatible with our estimate in this star (see
Table 5).
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Figure 3. Same as Fig. 2 for the Ba star HD 178717. Synthetic spectra are shown for logN(Tc)\no Tc, 1.3, 1.5 and 1.9.
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3.3.3 Rubidium

Of the two resonance lines of Rb at l7800.23 and
l7947.45 Å, only the former is useful for analysis in cool
stars because of severe blending with molecular features
(CN and TiO) near the l7947-Å line. In the spectra of AGB
stars the Rb I line at 7800 Å becomes stronger as the C/O
ratio approaches unity. When this ratio is very close to or
higher than unity, the Rb line is prominent despite the
background of much weaker lines. However, the 7800-Å
Rb I resonance line is not free of blends. The TiO g-system
dominates this spectral region in stars with C/Os1. As the
C/O ratio approaches 1, TiO line intensities become
weaker, but now the contribution of the red-system of the
CN molecule appears. The Rb I line is thus blended with
several TiO and CN lines, marginally toward the violet with
a Si I line at l7799.99 Å and with a weak line of Sc I at
l7800.4 Å. Thus the Rb abundances have to be extracted
using synthetic spectra.

Our line list used in the analysis of Rb included TiO lines
(including all the isotopes in their terrestrial ratios) kindly
provided by Dr V. V. Smith and some taken from the SCAN

tape (see reference above). CN lines were also taken from
the SCAN tape (see Jørgensen & Larsson 1990 for the choice
of the basic data). Astrophysical gf-values for atomic
lines (Fe, Ni and Si) in 150-Å regions around the Rb line
were calculated, as in the case of the Tc analysis, using the
solar spectrum. When the solar line was very weak or unde-
tectable, the gf-value was estimated from the equivalent
width of the line in the spectrum of b Peg or y UMi, or taken
from the compilation by Kurucz. The Rb line was repre-
sented by the hyperfine structure components of both iso-
topes 85Rb and 87Rb. The terrestrial isotope ratio
(85Rb/87Rb\2.59) was used for spectrum synthesis. Spec-
trum synthesis with non-terrestrial ratios (1–15) showed
very slight variations in the Rb I line profiles, and demon-
strated that with our spectral resolution it is not possible to
put significant limits on the Rb isotope ratio by that method.
The Rb abundance from the best fit to the 7800-Å line was
derived by spectrum synthesis in LTE. As a first step, we
analysed b Peg and y UMi. In b Peg the spectrum in the
7800-Å region is dominated by TiO lines of weak and
moderate intensity. y UMi shows only very weak TiO lines,
so the continuum can be located more easily. As in the case
of the Tc analysis, comparison of synthetic and observed
spectra revealed a problem: the TiO lines are well repro-

duced for an abundance of logN(Ti)\3.9 and 4.5 for b Peg
and y UMi respectively; that is [Ti/H]\Ð1.1 and Ð0.6.
These values are in contrast with the metallicity derived
from metallic lines (mainly Fe I lines) of the whole stellar
spectrum (see Table 6) of these stars. Lambert et al. (1995)
found the same problem in their analysis of Rb in a sample
of M and S stars. In the coolest stars of their sample they
even added an extra quasi-continuous opacity to bring these
Ti abundances into agreement. It is, nevertheless, possible
to reconcile Ti abundances from TiO and atomic lines con-
sidering all the sources of uncertainties [equilibrium con-
stant KP(TiO), dissociation energy Do, CNO abundances,
gf-values, Teff and surface gravity]. The reader is referred to
Lambert et al. (1995) for an extensive discussion of this
problem.

Table 7 shows the Rb abundances derived in our stars. In
expressing the stellar Rb abundances as [Rb/M], we adopt
the meteoritic Rb abundance given by Anders & Grevesse
(1989): logN(Rb)\2.4¹0.3. If the solar photospheric Rb
abundance is preferred as the reference point, the [Rb/M]
value should be decreased by 0.2 dex. In the [Rb/M] values,
M denotes the mean metal (Fe, Ni, Si) abundance derived
from the 7800-Å analysis, referred to b Peg or y UMi.
Experiments show that [Rb/M] is insensitive to the fit of the
metal lines: synthetic spectra yielding [M/H] abundances
differing by quite large amounts (¹0.4 dex) give similar
[Rb/M] values as long as [M/H] is derived from the atomic
lines around the Rb I line. Tests also show that [Rb/M] is
insensitive to the choice of the continuum level within the
expected uncertainty in its location.

The sources of uncertainty in the Rb abundances are
errors in Teff, microturbulence, CNO abundances, C/O
ratio, gravity, continuum location, and the fit (by eye) itself.
Typical maximum uncertainties in these parameters
(DTeff\¹200 K, Dj\¹1 km sÐ1, DCNO/H\¹0.3 dex,
DC/O\¹0.05 dex and 13 per cent in the continuum)
added quadratically represent a maximum uncertainty of
¹0.4 dex in the absolute abundance derived.2 However, the
uncertainty on the [Rb/M] value is certainly less than this,
because some of these sources of uncertainty affect the
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Table 5. Tc and [Rb/M] abundances.

aThe [Rb/M] rates derived in b Peg and y Umi are relative to the Sun; those in HD 121447 and
HD 178717 are relative to y Umi and all the rest are relative to b Peg.
bThe abundances of Tc in RZ Peg and S Uma are from Kipper & Smith (unpublished).

2The uncertainty in C/O is much smaller than ¹0.05 dex for SC
stars, but may be ¹0.05 dex for S stars. A similar discussion
concerning the sources of error holds for the derivation of Tc
abundances. We estimate a maximum uncertainty of ¹0.3 dex in
the upper limits derived for that element.
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Table 6. Heavy-elements abundances.

aThe abundances of Sr and Nd in this star are from Tomkin & Lambert (1983).

Table 7. Rubidium abundances in the programme stars.

aFrom TL modified by Beer & Macklin (1980).
bAccording to Boesgaard (1970) the mean excess of Zr in nine S stars is +0.8, or
log N (Zr)\3.4.
cIf the Boesgaard excess of Zr is used, the values of log N (Rb)/N (Zr) are Ð0.6, Ð0.1
and +0.1 for R Gem, V Cnc and II Gru respectively.
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[M/H] value in a similar way. Thus, when deriving the
[Rb/M] ratio, many errors should cancel.

Comparisons of synthetic and observed spectra in the Rb
region are shown in Figs 4–6. The fit to the reference star b
Peg is excellent, although there are some features that are
not well fitted (probably attributable to the rare-earth ele-
ments). We found a good agreement with the [Rb/M] value
derived by Lambert et al. (1995) in this star (Ð0.2 as com-
pared with Ð0.3). On the other hand, Malaney & Lambert
(1988) obtained [Rb/Fe]\+0.1 and +0.2 for HD 178717
and 121447 respectively. Their [Rb/Fe] ratio is refered to m
Aql, a K star of solar-like composition similar to our refer-
ence star y UMi. Assuming that they used a solar metallicity
(they do not indicate this), from their [Rb/Fe], the absolute
abundance of Rb would be 2.55 and 2.40 for HD 178717 and
121447. We obtain 2.8 and 2.7 respectively. Thus both sets
of abundances agree within the error bar, although our Rb
abundances are systematically higher. The differences in the
[Rb/Fe] (or [Rb/M]) ratio can be explained by the differ-
ence in the metallicity derived in the two works. In RZ Peg
and BH Cru we made no attempt to extract the Rb abun-
dance from our infrared spectra, because these two stars
show a line which apparently is not present in the spectrum

of the other stars. This additional line is of similar intensity
to the Rb I line. This new line may be the circumstellar Rb I

line formed in a slowly expanding shell. If identified as the
Rb I line, the expansion velocities are 10 and 19 km sÐ1

respectively; both are typical values. Circumstellar Rb lines
have also been found in other AGB stars: R And and R Cyg
(Tsuji 1971), Y Lyn and T Sgr (Lambert et al. 1995), and V
Cnc (Dominy, Wallerstein & Suntzeff 1985).

4 R ESULTS A ND DISCUS SION

Table 6 shows the main result of this work: the heavy-
element abundances derived in our stars expressed as
[X/Fe] relative to the Sun. Excluding the normal stars b Peg
and y UMi, all our stars present moderate enhancements of
heavy elements. We have derived in each star a mean value
of this excess, which is shown in the 15th row of Table 6,
quoted as [h/Fe]. To derive this value, we weighted the
particular [X/Fe] ratio for a given star, taking into account
the number of lines used to derive the abundance of the
element X. In deriving this mean, we exclude the La abun-
dances, as we consider them as very uncertain in most of our
stars. Most [h/Fe] values are close to the mean value
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Figure 4. Observed (filled circles) and synthetic spectra (thin lines) of the M giant b Peg around the Rb I 7800-Å line. Synthetic spectra are
shown for the abundance ratios [Rb/M]\Ð0.6, Ð0.2 and 0.1.
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[h/Fe]\1.06¹0.27. In addition, our stars show similar
enhancement of high-mass and low-mass s-elements, in
which by low-mass we mean the Sr–Nb group, and by high-
mass the Ba–Nd group. The mean value is
[hs̄ /ls]\0.06¹0.19 (see the last row in Table 6). Before
focusing our attention on the implications of these results
on the s-process nucleosynthesis in AGB stars, we discuss
particular stars and compare our results with similar work.

Most of the AGB stars studied here have a metallicity
similar to that of the Sun, the mean value being
[Fe/H]\0.14¹0.15. This is in agreement with the idea that
most of the Galactic AGB stars are disc objects of near-
solar metallicity. The exceptions are the Ba stars HD 121447
and 178717. There exists a discrepancy with their metallicity
in the literature. A pioneering and detailed work by Smith
(1984) obtained a solar-like metallicity for both stars
([Fe/H]\0.05 and Ð0.18 respectively). However, a later
study by Smith & Lambert (1986) derived [Fe/H]\Ð1.1
and Ð0.90. We adopted these two values as the metallicity
of the model atmosphere in the analysis of these stars (see
Table 2). Nevertheless, we derive a metallicity of
[Fe/H]\Ð0.25¹0.25 and Ð0.35¹0.30 (see Table 6)
using six and nine Fe I lines in each star respectively. Thus

our result is more in accordance with the finding that Ba
stars are moderately but not extremely metal-poor. Note
that if a solar-metallicity model atmosphere were used in
the analysis, the metallicity would be increased by only 10.1
dex. Among our stars CY Cyg is the one for which we derive
the largest number of heavy-element abundances. The
opposite is represented by R Gem, V Cnc and P Gru, where
we derive only the abundances of Zr and Rb (R Gem), Nb,
Rb and Tc (V Cnc) and Sr and Rb (P Gru). For R Gem we
have only a spectrum in the Rb I line spectral region. In this
region the identification of atomic lines is difficult because
of the presence of CN features of moderate intensity. For V
Cnc, our echelle spectrum shows line doubling in almost all
the orders. We did not attempt to extract any abundance
from this spectrum. The echelle spectrum of P Gru is
crowded with molecular absorptions.
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Figure 5. Same as Fig. 4 for the SC star CY Cyg. Synthetic spectra are shown for the Rb abundances [Rb/M]\Ð0.1, +0.3 and +0.5. Note
some missing features not reproduced by the synthetic spectra.

We can make a few comparisons of our abundances with
other studies of the same stars. The Ba stars HD 121447 and
178717 are in common with Smith (1984). The mean differ-
ence in the abundances of HD 121447 is +0.36¹0.50 and
+0.18¹0.27 for HD 178717. It appears that we tend to
derive systematically larger abundances. Nevertheless,
excluding La and Zr, we agree between error bars with the
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other heavy elements. Note that most of the difference
comes from La and Zr (HD 121447) and La (HD 178717).
In fact, if we exclude these elements when extracting the
mean difference, we find +0.18¹0.28 (HD 121447) and
+0.13¹0.20 (HD 178717). It is difficult to explain the dis-
agreement in La and Zr. Comparison of the equivalent
width measurements shows no important difference
between the two works (see Fig. 1). Differences between the
stellar parameters adopted for each star might explain some
of the discrepancy. Smith (1984) adopted a Teff 200 K hotter
than we did for the two stars, and microturbulences that
differed by +0.5 km sÐ1 (HD 121447) and +0.2 km sÐ1

(HD 178717). Our gravity is equal for HD 178717, and 0.2
dex smaller in HD 121447. The combined differences in Teff,
gravity and microturbulence result in lowering our abun-
dances for all elements by between 0.2 and 0.55 dex. Using
a solar-metallicity model additionally reduces our Zr abun-
dances by 10.15 dex, but increases the La abundances by
10.2 dex. We note, nevertheless, that our abundances of La
and Zr are rather uncertain, since we found a typical scatter
of 10.6 and 10.3 dex respectively in the two stars. That is
probably the result of using uncertain gf-values (unfortuna-
tely, we could not derive astrophysical gf-values for the lines
used to derive the abundance of La in these stars). In sum-

mary, our opinion is that it is possible to reconcile our
heavy-element abundances and those of Smith (1984) in
HD 121447 and 178717 by taking into account the differ-
ences in the model atmosphere parameters and also con-
sidering the uncertainty in the oscillator strengths used by us
for La.3

Tomkin & Lambert (hereafter TL, their fig. 6) have
shown how the ratio of Rb to Sr, Y and Zr may be used to
estimate the neutron density during their production. For
low n-density, x106 cmÐ3, 85Kr has time to decay to 85Rb,
while for high n-density 85Kr captures another neutron, as
does 86Kr, and the decay of 87Kr to 87Rb ensures that most of
the Rb will be of mass 87 rather than 85. Since the n-capture
cross-sections of 85Rb and 87Rb are different, the final abun-
dance of Rb will differ inversely according to the n-capture
rate (TL, their fig. 7). The Rb/Y ratio, as shown in the latter
figure, needs to be rescaled due to the new n-capture cross-
sections measured by Beer & Macklin (1989). At 30 keV the
n-capture cross-section of 85Rb has been lowered by a factor
of 1.5, while the 87Rb cross-section has been raised by a
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Figure 6. Same as Fig. 4 for the star RR Her. Synthetic spectra are shown for the Rb abundances [Rb/M]\no Rb, Ð0.3 and 0.0.

3Smith (1984) did a relative analysis with respect to two normal
giants. Therefore he did not use any gf-value.
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factor of 1.5. This raises the predicted Rb abundance by 0.18
dex at low n-densities and lowers the abundance by the
same amount at high n-densities.

Table 7 contains our [Rb/M] ratio. We need the absolute
ratio of Rb to Sr, Y or Zr to use the plot shown as fig. 7 of
TL. There are a number of Zr lines near the l7800-Å Rb
line, which ought to provide the best comparison with Rb,
since the continuous opacities are the same for both species
and any uncertainty in continuum placement by numerous
weak lines of CN or other sources is unimportant. In com-
pleting Table 7 we have used the l7800 Zr lines as our
reference, provided that three or more lines in that region
are available. For stars with fewer than three Zr lines in the
7800-Å region we have used the Zr abundance as derived
from all Zr lines in the observed spectral regions. The fifth
column provides the entry to fig. 7 of TL as modified by
Beer & Macklin. Roughly speaking [and our ratios in Table
7 are indeed rough, with uncertainties in log N(Rb)/N(Zr)
possibly as large as 0.4 dex], for entries near Ð1.7 dex,
logN(n)x6; for Ð1.0 dex, logN(n)37; for Ð0.4 dex,
logN(n)28, and for 0.0, logN(n)z9. The Sun has a ratio of
0.0 dex (Anders & Grevesse 1989) and our two normal stars
average to Ð0.22, indicating high n-densities(!). The mean
of the SC stars is significantly lower, Ð0.8 dex, indicating
logN(n)37. The S stars are more similar to the Sun and
normal cool stars, Ð0.15, showing logN(n)29. Our
derived neutron densities are in general agreement with

those of Lambert et al. (1995). This suggests that the
neutron capture starts with a high n-density, but by the time
a star reaches type SC the n-density during shell flashes has
diminished. In Fig. 7 we show a summary of Rb abundance
from this work and other literature in red giants.

Quantitative models that include shell-flashes, nuclear
reactions, mixing, and mass-loss by Straniero et al. (1997)
show that neutron densities near 107 cmÐ3 are achieved
when the n-source is the 13C(a, n)16O reaction. Throughout
the shell-flashing stage the temperature reaches only the
level at which the 13C reaction supplies the neutrons. Near
the end of the AGB phase the peak temperature of the shell
flashes can reach 3Å108 K, which activates the
22Ne(a,n)25Mg source and provides a higher neutron
density, near 1010 cmÐ3. Their analysis is in disagreement
with the statement we make above. This discrepancy
remains to be clarified.

A number of authors have suggested that AGB stars
within some (unspecified) range in mass evolve along a
sequence of type M–MS–S–SC–C as the ratio of C/O
increases, passing through unity within type SC. In addition,
the abundances of the heavy elements increase from types
M through S. The question of enhancement of the s-process
elements beyond stars of type S is very uncertain, and is the
primary reason for this investigation. Before looking at
Table 6, we must keep a few additional factors in mind.
There seem to be three types of S stars, depending on the
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Figure 7. Observed correlation between rubidium and s-process enrichments for M, MS, S, Ba and SC stars. The data are shown normalized
to [Rb/M]\Ð0.2 and [s/Fe]\0.0, where [s/Fe] is the mean of [Y/Fe] and [Zr/Fe] (see Tables 5 and 6). The references for the abundances
in stars not studied in this work (black symbols) can be found in Lambert et al. (1995).
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origin of the excessive heavy elements. Some S stars have
recently generated their own excess of heavy elements and
have succeeded in convecting them to their surfaces. They
are most easily identified by the presence of Tc in their
atmosphere. At the same time, many S stars are binaries,
some of which have companions identified as white dwarfs.
They have probably received their heavy-element excess by
mass transfer from their now-defunct companions (Brown
et al. 1990; Jorissen & Mayor 1992). The third type of S star
is known only in the globular cluster Omega Centauri. The
S stars in that cluster appear to have formed out of material
that was enhanced in s-process species (Lloyd Evans 1983;
Vanture, Wallerstein & Brown 1994). The barium stars,
which seem to be all binaries (McClure & Woodsworth
1990), have heavy-element enhancements similar to those
of the S stars. How do the SC stars fit into these patterns?

We have neither reason to believe nor empirical evidence
that the SC stars are similar to the S stars in w Cen. Since no
SC stars have been sufficiently observed for radial velocity
variability, we cannot use direct evidence to prove that they
are binaries. The presence of Tc in their atmosphere can be
used to infer that they are intrinsic and not binary-induced
heavy-element stars. There are two types of parameters, in
addition to the presence or absence of Tc, that can be used
to characterize cool, heavy-element, stars. These are, first,
the abundance ratios of light-s (Sr to Mo), heavy-s (Ba to

Nd) and r-process (Eu to Hf) species. Second are the carbon
and oxygen isotope ratios.

In Table 6 we have tabulated the heavy-s/light-s ratios as
[hs/ls]. For the SC stars the mean is near zero, except for
RR Her whose value is 0.45. The two cool Ba stars and
normal giants show similar numbers. In a larger survey of
Ba stars Smith (1984) found the mean [hs/ls]\+0.1, which
is not distinguishable from zero. There are few analyses of
pure S stars with which to compare the numbers given
above. Smith & Lambert (1986) analysed Sr, Y, Zr, Ba and
Nd in several M, MS and S stars, but their so-called S stars
are really of MS type, since they show TiO bands which are
absent in truly pure S stars such as R And, R Gem and R
Cyg. However, their C/O ratios show a clear trend of
increasing C/O ratios as the Zr/TiO ratio increases in
accordance with the evolution sequence suggested above.
For the three most advanced S stars, RS Cnc, HR 1105 and
HR 8714, [ls/hs]\0.3 which may be significantly different
from the Ba and SC stars. In a larger study Smith & Lam-
bert (1990) analysed 16 stars of nominal type MS and S.
One, BD+48°1187, should be classified as type SC, since its
C/O ratio was found to be 0.98. Five stars, including one of
type S, showed no enhancements of the heavy elements(!).
The other MS and S stars showed solar [ls/hs] values, with
the exception of HD 35155, the known binary, whose [Nd/
m] value of 1.7 exceeded the [Y/m] and [Zr/m] by 1.0. We
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Figure 8. Comparison of theoretical predictions (from Busso et al. 1995) of surface abundances for different neutron exposures (to, solid
lines) with observations of intrinsic and extrinsic AGB stars. The abcissa represents the average logarithmic ratio of the abundances of the
heavy s-elements Ba, La and Nd (‘hs’) to the lighter s-elements Sr, Y, Zr and Nb (‘ls’). The ordinate is the logarithmic enhancement in ls with
respect to iron. The references for the observations other than this work (black symbols) can be found in Lambert et al. (1995).
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have used m to signify the mean of five iron-peak elements.
Their only SC star showed the opposite trend, with the
enhancement of Y and Zr being 0.4 dex greater than that of
Nd. For our Sc stars the [hs/ls] values are near solar within
a scatter of about 0.25 dex. One further parameter is the
enhancement of Eu and heavier elements. We find a signifi-
cant enhancement, 0.5–1.0 dex. This indicates that during
some of the n-capture events the ratio of n/seeds was large
enough to drive the capture process through the light rare-
earths, whose capture cross-sections are small due to the
presence of a closed shell of 82 neutrons in their nucleus.
We are not aware of any analyses of S stars for r-process
elements, although our analyses of the two cool barium stars
show a similar excess of the r-process element Eu. For the
same two Ba stars Smith (1984) found an excess of Eu and
Hf, but not of Gd and Lu. He derived an exposure value to

between 0.3 and 0.4 mbarnÐ1, similar to our finding for the
SC stars (see Fig. 8). However, if only Zr is used to define
the light-s group, because it is represented by four lines as
compared with Sr and Y for which only one line was mea-
sured, the value of [Zr/hs] is near zero. One must be cau-
tious here, because several MS stars in their list show an
apparent deficiency of Zr, despite their classification which
is based on the presence of ZrO bands.

In conclusion, our abundances are consistent with the
suggestion that the SC stars are in the evolutionary
sequence M–MS–S–SC–C. The range of original mass over
which this sequence holds (which, in addition, surely deter-
mines the level of enhancements in heavy elements in
intrinsic AGB stars) is not known and will probably be
difficult to establish.
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