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Abstract. We present an abundance analysis of the very metal-poor, carbon-enhanced star CS 29497-030. Our results indicate
that this unusually hot turrtbstar Tex = 6650 K, logg = 3.5) has a metallicity [Fél] = —2.8, and exhibits large overabun-
dances of carbon ([Ee] = +2.38), nitrogen ([MFe] = +1.88), and oxygen ([Be] = +1.67). This star also exhibits a large
enhancement in its neutron-capture elements; the pattern follows that expected to arise fseprottess. In particular, the

Pb abundance is found to be very high with respect to iroryf{@jz= +3.5), and also with respect to the second pgpkocess
elements (e.g., Ba, La, Ce, Nd), which fits into the newly introduced classification of lead (Pb) stars. The known spectroscopic
binary status of this star, along with the obserggutocess abundance pattern, suggest that it has accreted matter from a com-
panion, which formerly was an Asymptotic Giant-Branch (AGB) star. In a preliminary analysis, we have also identified broad
absorption lines of metallic species that suggest a large axial rotational velocity for this star, which may be the result of spin-up
associated with the accretion of material from its previous AGB companion. In addition, this star is clearly depleted in the
light element Li. When considered along with its rather high inferred temperature, these observations are consistent with the
expected properties of a very low metallicity halo blue straggler.

Key words. nuclear reactions, nucleosynthesis, abundances — stars: abundances — stars: binary: spectroscopic —
stars: individual: CS29497-030 — Galaxy: halo — Galaxy: abundances

1. Introduction

The two neutron-capture processes, skaw (s-process), and
Send gprint requests toP. Bonifacio, therapid (r-process_,), occur u_nde_rfﬁe_rent physical co_ndlthns,
e-mail:boni faci@ts.astro. it and therefore are likely to arise inftérent astrophysical sites.
* Based on observations made with the ESO Very Large TelescdPe2n €arly systematic study of elemental abundances in halo

at Paranal Observatory, Chile (program ID 165.N-0276(A)). stars, Spite & Spite (1978) found that the neutron-capture ele-
** Table 6 is only available in electronic form at ments Ba and Y were over-deficient with respect to iron, and

http://www.edpsciences.org that the barium abundance increased almost as fast as iron at
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low metallicity, suggesting a common origin in massive, shottS 31082-001, on the other hand, is only mildly carbon-
lived stars. From this suggestion, Truran (1981) formulated teehanced ([Fe] = +0.2; Hill et al. 2002).
hypothesis that in the early Galaxy the neutron-capture ele- Other very metal-poor stars in which the pattern of neutron-
ments were formed exclusively through thprocess, assumedcapture elements suggest aiprocess enrichment are more
to occur in core-collapse type Il SNe; this idea is often reommon. Radial velocity variations have been observed in
ferred to as ther-only hypothesis.” More recent observationsome (Norris et al. 1997; Preston & Sneden 2000; Aoki et al.
of heavy-element abundance patterns in metal-poor stars ha082b), but not all of them (e.g., LP 706—7; Norris et al. 1997).
further supported this hypothesis (Gilroy et al. 1988; Burrie many of theses-process-enriched, metal-poor stars the ele-
et al. 2000 and references therein). ment lead is detected and often considerably enhanced. This is
From the theoretical point of view, support for thednly not unexpected, since the operation of ¢hgrocess in a metal-
hypothesis” comes from consideration of the timescales ipeor star occurs with a high neutron-to-seed-nucleusratio, thus
volved. The dominant site of theprocess is thought to befavouring the formation of neutron-rich nuclei.
the Asymptotic Giant-Branch (AGB) phase in intermediate- Lead was first detected in a metal-poor star by Cowan
mass stars (Busso et al. 1999, and references therein); byahal. (1996) in HD 126238, and later in HD 115444 and
time the first of these objects began polluting the interstell@S 22892-052 (Sneden et al. 1998, 2000). In our later discus-
medium with s-process elements, core-collapse SNe had alen, for CS 22892—-052 we adopt the Pb abundance derived
ready raised the mean metallicity of the early-Galaxy Intefrom the optical lines, although it is very uncertain since the
Stellar Medium (ISM) above [FEl]] = —2.5. Previous stellar much stronger Pbl 283.3 nm line has not been detected (Sneden
evolutionary models predicted that zero-metallicity stars woudd al. 2003a). We prefer this determination since the Pb abun-
not undergo the thermally pulsing (TP) AGB phase (Fujimotdance of CS 22892—-052 estimated from the optical lines is con-
et al. 1984). Recently, however, Cfiieet al. (2001) showed sistent with that obtained in the small number of other known
that thermal pulses can in fact occur even in stars with no heavgrocess-enhanced, metal-poor stars. In these three stars, Pb i
elements. Although the environment might thus be appropriadtributed primarily to the-process rather than to tisgprocess
the lack of iron seeds in such stars is still thought to prevent thecause of the large observed enhancements in oiracess
operation of thes-process, hence no neutron-capture elemermements such as Eu.
are predicted to be produced by standard models of zero-metalLead of likely s-process origin was first detected in the
TP-AGB stars (Abia et al. 2001; CHieet al. 2001; Siess et al. carbon- ands-process-rich, metal-poor star LP 625-44 by
2002; lwamoto et al. 2003). Aoki et al. (2000), suggested by these authors to have orig-
A growing body of observational evidence now suggesisated from an AGB companion. Metal-poor stars with high
that, in contrast to the-only hypothesis, the-process could Pb abundances relative to the second neutron-peak elements
indeed operate even at very low metallicities. Whether or no{Ba, La, Ce), as predicted by metal-poor AGB models (Goriely
had a significant impact on the chemical evolution of neutro& Mowlavi 2000; Goriely & Siess 2001), were first discov-
capture elements throughout the early Galaxy is still an opered by van Eck et al. (2001). Subsequently, Pb has been de-
question, as this depends on the Initial Mass Function of eargeted in 21 more stars (Aoki et al. 2001; Travaglio et al.
generation stars (Abia et al. 2001). 2001; Aoki et al. 2002b; Johnson & Bolte 2002; Cohen et al.
The large modern surveys for metal-poor stars (tH2903; Lucatello et al. 2003; van Eck et al. 2003). These stars
HK survey Beers et al. 1985, 1992; Beers 1999a,b, and tteow a large range in [fBb] ratio (hs representing second
HamburgESO survey of Christlieb et al. 2000) have unveiled-process-peak elements such as Ba, La, Ce and Nd). At presen
the existence of stars in which the abundances of neutrtimere appears to be no evidence for a correlation between
capture elements are greatly enhanced, although there are gtigiBb] ratio and metallicity of the lead stars.
important diferences between various classes of stars that ex- All the s-process-enhanced stars also appear to be en-
hibit this phenomenon, which can be broadly grouped as denced in carbon, hence one might speculate that they are
scribed below. analogs of the classical CH stars, all of which appear to be
A few stars, such as CS 22892-052 (Sneden et al. 198#embers of binary systems (McClure 1990, 1997). If this is
1996, 2000, 2003a), and CS 31082-001 (Cayrel et al. 20@bjversally true, thes-process elements and carbon have al-
Hill et al. 2002), exhibit large enhancements of neutromaost certainly been produced by a binary companion during
capture elements, including species that can only be synthe-TP-AGB phase, and subsequently accreted onto the sur-
sized through the-process, such as Th and U. The observedving companion star. To complete this (already complex)
abundance patterns of the heavy neutron-capture elementpidture one must add that the reverse situation is not true;
these stars agree extremely well with a scaled solar-systeat all of the carbon-rich stars, which appear to represent as
r-process pattern, suggesting esprocess origin for all of many as 15-25% of all stars with [fF§ < —2.5 (Beers et al.
them. These highly-process-enhanced metal-poor stars af985, 1992; Beers 1999a,b; Christlieb et al. 2000), are also
pear to be extremely rare, with a frequency no greater thanhanced in their neutron-capture elements. In fact, there ex-
about 3% among giants with [f] < —2.5. It should be noted ist carbon-enhanced, metal-poor stars with no observed en-
that although CS 22892-052 is enhanced in carbofF[c- hancements of neutron-capture elements at all (e.g., CS 22957-
+1.0; Sneden et al. 1994), it has been suggested (Aoki etG27, Norris et al. 1997; Bonifacio et al. 1998). Recently, Aoki
2002a) that the origin of the carbon in this star may not ket al. (2002b) have enlarged the number of such stars, suggest-
causally connected to the origin of itsprocess elements.ing that the phenomenon of mild carbon-enhancement without
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accompanying neutron-capture enhancement amongst very’
metal-poor stars is not uncommon. In addition, there exists a
class of extremely metal-poor stars (including CS 22949-037,
Depagne et al. 2002, and CS 29498-043, Aoki et al. 2002a)so
that exhibit large excesses of N, O, Mg, and Si, in addition
to C, with no apparent neutron-capture enhancement. It is thus
not clear what relation, if any, exists between the carbon and
neutron-capture-element enhancement phenomena. ; 40
In this paper we report a detailed high-resolution analysis
of CS 29497-030, based on high-quality VUVES spectra, ©
which we show to be a very metal-poor star that exhibits en- 0
hanced abundances of neutron-capture elements with a pattern
suggesting as—process origin. CS 29497-030 was originally
classified as A type by G. Preston from inspection of its ob-
jective prism image. The star was included as BHB candidate?® ~———+—"———— b
in the UBV survey of Preston et al. (1991a) but subsequently o0 o0 Orbmo"ime o

rejected as a BHB star on the basis of the two colour crite- 1. Th ) i orbit of CS 29497-030 by Sned ¢ al
rion by Preston et al. (1991b). It was subsequently identifi‘ia' ~ 1€ SPEeclroscopic orbit R} y =neden et al.
[

P=342d,Vsini=12km/s

o

adia

o

as a high-gravity metal-deficient (BMP) star on the basis of tgi?iﬂl zyﬁ:;l?_/ Preston & Sneden (2000) are showrbbyor
smallB-V andU — B excess by Preston et al. (1994). As such it

was also included in the spectroscopic survey of Wilhelm et al. _

(1999). In preparing our VLT observations T. C. Beers visl}—-"’Ible 1.Log of observations.

ally inspected the medium survey spectra of all the stars con - =
sidered for possible follow-up at high resolution, and noticed®®® top(S) Ac (Nm) S/N' MJID-24000.5 vg (kms™)
a G-band of unusual strength compared to its hydrogen linest9102000 1800 396850 75  51836.20 48.8
which are typical of stars at or beyond the main-sequence T®§1%/2001 1800 396573 65  52219.17 46.9
and thus marked it as a possibly carbon-rich star. Preston &\ 4t 440 nm.

Sneden (2000) included this star are part of a long-term radial
velocity survey of BMP stars, and identified CS 29497—-030 as
a spectroscopic binary with a period of 342 days; the radial

velocity c.urf\I/e is shown in Fli_g. 1 ) i lended lines in the range 480-850 nm. Small instrumental
As briefly repo_rt(_ad earlier by our group (Sivarani ?t ashifts were corrected using the telluric absorption lines. As can
2002), the most striking features of CS 29497-030, besidesyl$ soen from inspection of Fig. 1, the new radial velocity data

very high C abundance, are its extremely high Pb abundanﬁ)q,cs 29497-030 provide tight constraints on the binary or-
which places CS 29497-30 amongst the most metal-poor Iggd ¢ they were obtained near one of the peaks in the veloc-

stars yet identified, as well as its extremely high O abundanw.curve. The orbit calculated by Preston & Sneden (2000) is
CS 29497-30 is thus only slightly less enhanced in O than ta%arly confirmed by our new data

extreme case of CS 22949-037, an extremely metal-poor giant
with no evidence of binarity (Depagne et al. 2002).

Radial velocities were measured from the positions of un-

3. Stellar parameters and analysis

2. Observations and data reduction CS 29497-030 was classified as an A V star by Wilhelm et al.

Our spectroscopic data were obtained at the VLT-Kuyen 8.2(#999), indicating that it was thought to have a high surface
telescope, using the UVES spectrograph (Dekker et al. 2000y eavity, at least as compared to the field horizontal-branch stars
a resolving power oR = 43 000. The observations were madthey were seeking to identify. They determined the stellar pa-
as a part of the Large Programme “First Stars”(165.N-0276; Pameters given in Table 3, based on availdbBV photom-

R. Cayrel); the log of observations is given in Table 1. The dag&ry and medium-resolution-(.5 A) spectroscopy. Recently,
were reduced using the UVES context within MIDAS, whicKinman & Castelli (2002) have derived temperatures based on
includes bias subtraction, flat fielding, wavelength calibratiotheV - J, V — H, andV - K colours, using 2MASS data and
and merging of echelle orders. The continuum normalisatifitiing the colours to Kurucz model predictions.

was performed with IRAF (using a cubic spline function) for We have obtained new photometric dad&;,R:I¢ (the sub-

the merged spectra. For a few lines that were either very wesatipt “C” indicates the Cousins system) with the Danish 1.5 m
or of particular interest, we have used the spectra of the intBlescope and DFOSC instrument (Beers et al. 2003). We esti-
vidual orders without merging them. The Balmer lines of hymnate a color excess due to reddening (B — V) = 0.016 from
drogen were checked with both single-order and merged spiéhe maps of Schlegel et al. (1998) and use the Alonso et al.
tra. Equivalent-width measurements for unblended lines wei€®96) calibrations to deriv€t from the colours. The Alonso
accomplished by fitting gaussian profiles, using the genetic eflibrationsoB-V,V -R V-1, R- 1, andV - K require
gorithm code described in Frawis et al. (2003). colours in the Johnson system; calibrations of the IR colours,
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J - H andJ - K, are in the TCS system (the native photomeTable 2. Photometry of CS 29497030.
ric system at the 1.54 m Carlosu&chez telescope in Tenerife;

Arribas & Martinez-Roger 1987). Mag & colour Ter OTen?
To transform the colours from the Cousins to the Johnson V 12.65+ 0.002
system, we use the transformations derived by Bessell (1983),U - B -0.14
which forR - | do not include the Paschen dip; Bessell points B-V 0.299+ 0.004 6680 20
out that, as a result, these transformations are uncertain forV —Rc 0.215+ 0.003 6875 35
-0.05 < R-1 < +0.3. CS 29497-030 falls in this colour V-Ic 0.440+ 0.005 7016 25
range, where the Paschen jump reaches a maximum. To obtainR—Ic 0.225+ 0.008 7281 104
the V — K colour in the Johnson system we transformed the V — Kauvass 0.905+ 0.025 7153 59
2MASS K magnitude to the Bessell & Brett (1988) homoge- J - Hamass 0.183+0.038 6693 303
nized system, using equations from Explanatory Supplement J — Kauass 0.217+ 0.036 6563 257

to the 2MASS All Sky Data Release (Cutri et al. 2003); noEEChange ifTo for a+1o change in the colour.
that this is a two-step calibration, 2MASS to CIT (the CIT SySrpreston & Sneden (2000).

tem is described in Elias et al. 1982; Frogel et al. 1978), and

then to the Bessell & Brett system. Therefore, the errors ixﬁé le 3. Atmospheric parameters of CS 2949180
volved in the colour transformations must be added to those oP ' '
the photometry.

Reference T log g(cgs) [FeH] & kmst
To transform the 2MASS colour3 - H andJ — K onto 1 7426 39 25
the TCS system (Alonso et al. 1996) again required a two-step, 7180 4.2 20
calibration, from 2MASS to CIT (Cutri et al. 2003), and then 5 7050 4.2 _216 1.75
from CIT to TCS (Alonso et al. 1996). In Table 2, we list the , 6650 35 27 20

errors inTeg corresponding to the photometric errors.

The temperatures listed in Table 2 span a range of alméjgg\l’v'(g‘g(lga‘;t(z;‘ngsgfgi \(/arlimman & Castelli (2002), (3) Sneden
1000 K. TheB -V, J — H andJ — K colours provide similar ' '
temperatures, while thé — R, V — |, andV - K colours pre-
dict higher temperatures. The large errors in the temperatures

derived fromJ — H andJ — K are due to the very steep slopé" /Pundances

of the calibrations for the bluest stars. With this large spreadiie derived elemental abundances for CS 29497-030 are listed

temperatures there is little point in averaging them. We thefig-Table 4. The most striking features are the large overabun-

fOI’e decided to rely on the Fe l eXCitation equilibrium, Whicaances of C’ N' and O, relative to iron’ and the |arge enhance-

impliesTe = 6650 K, similar to thé e derived from theB—V,  ment of all thes-process elements, among which Pb stands out

J—H, andJ-K colours. The wings of the Balmer lines are alsgith [PryFe] = +3.5.

consistent with this temperature. The presence of a CN molec- The chemical composition of CS 29497-030 was analysed

ular band in the spectra suggests that the temperatures cagigier by Preston & Sneden (2000), who derived abundances

be as high as derived from tie- 1,V — I, andV — K colours.  for Fe, Mg, Ca, Sc, Ti, Cr, Mn, Sr, and Ba, and by Sneden et al.

The only explanation we carffer for the large spread iniec- (2003), who derived in addition abundances for C, O and La,

tive temperatures derived fromftirent colours is that the starNg £y and Pb. The overall abundance pattern derived by both

has an anomalous spectral energy distribution, possibly dugfg apove analyses is similar to our own, with most elemental

its peculiar comp_)os!tlor? aror |t§ _blr?ary nature. _ratios showing agreement at a level of 0.2-0.3 dex. However,
The FelFell ionisation equilibrium has bgen used to fl_>both obtain a significantly higher metallicity ([F = —2.1,

the surface gravity of CS 29497-030. We point out that, withp.16, respectively) than we do, probably due to the higher

our adopted log, balance is achieved, within the errors, alsgemperature adopted.

for Til/Till, Mgl /Mgll and Mnl/Mnll, although Til and MglI

are represented only by single lines. Dr. A. Korn kindly per- )

formed NLTE computations for the iron lines in order t§-1. Carbon and nitrogen

check for NLTE éfects on the derived gravity; he obtaineye measured several CI and CH lines in our spectra. The
log g(NLTE) = 3.65, confirming a rather low surface gravity) jines, some of which are shown in Fig. 2, provide a C abun-
for this star. Also, the observedi— B colour of the star is cOm- yance that is about 0.3 dex higher than that derived from the
patible with this gravity. CH lines. We suspect theférence could be due to NLTE ef-

The microturbulence was determined in the usual way, Bycts in the CI lines, which have excitation potentials higher
requiring that the abundances derived from the Fe | lines fitan 7.5 eV. We plan to perform NLTE computations in the
independent of the measured equivalent widths. near future to check on this possibility. Taking into account all

The model atmospheres (OSMARCS), spectrum synthetie Cl lines in the spectra, we obtain an abundance which is on
code (TURBOSPEC by Plez), and the line data that we eawverage 0.1-0.3 dex higher than obtained from the CH lines.
ployed are the same as described in previous papers of thisEee*CH lines are very weak, so we could only derive a lower
ries (Hill et al. 2002; Depagne et al. 2002; Fraiscet al. 2003). limit for the carbon isotope ratid?C/**C > 10.
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Fig.2. Examples of the high-excitation ClI lines observed ijg 4 The Of 777 nm triplet. In this and the following figures, the
CS 29497-030. The solid line is the synthetic spectrum (f0F€D=" y5e line represents the observed spectrum, while the solid line is

+1.67) computed with the fitted C abundance, which is 0.3 d

e synthetic spectrum.

higher than what is derived from the CH lines. A probable cause

of this discrepancy is NLTE feects, such as those thaffect

the Ol 777 nm triplet.

4.2. The a elements

The oxygen abundance was derived from the Ol 777.4 nm

T
> | triplet shown in Fig. 4. The oxygen triplet is known to suf-
| 1 fer from NLTE dfects (Kiselman 1991; Takeda 1994; Gratton
L 1 etal. 1999; Kiselman 2001). In order to correct for these ef-
0.8~ - fects we interpolated in Table 10 of Gratton et al. (1999) and

Normalised flux

05 . . .

388.1 388.2

388.3
Wavelength (in nm)

388.4

388.5

found a correction 0£0.09 dex; the NLTE corrected value is
listed in Table 4. This oxygen abundance appears to be excep-
tionally high when compared to most other metal—poor stars
(Depagne et al. 2002). Note that the high abundance derived
from the Ol 777.4 nm triplet is still consistent with the non-
detection of the 615 nm Ol triplet and 630 nm [Ol] lines.
There is always some concern in deriving abundances from the
Ol triplet. For example, for two giants in the LMC, Barbuy
et al. (1994) report an overabundance of about 2.0 dex com-
pared to the abundance derived from the 615.8 nm lines. On
the other hand, there is at least one star, the very metal-poor
subgiant BD+23° 3130, for which the oxygen abundance de-

Fig.3. The CN 388 nm bandhead. The dotted line represents tHgEd from the Ol 777"_1 nm triplet does agr(_ae with that derived
observed spectrum, while the solid line is the synthetic spectrJﬁ?m the [O1] 630 nm line and the OH UV lines (Cayrel et al.

(for [O/Fe] = +1.67).

2001; Gare Lopez et al. 2001). In the comprehensive study
of Carretta et al. (2000), oxygen abundances were derived both
from permitted Ol lines (the 616 nm triplet and the 777 nm
triplet) and from the [OI] 630 nm line. There appears to be
no systematic dierence between these sets of abundances, as
illustrated by their Fig. 3. In the case of CS 29497-030, the

We have detected a very weak CN 388 nm bandheg}ripjet is the only available oxygen indicator, hence our only

shown in Fig. 3, from which, assuming the C abundance dggjce is to take the derived oxygen abundance at face value,
rived from the CH lines, we derive [[Ne]= +1.88. although with some caution.

We have checked the sensitivity of the derived carbon abun- Magnesium exhibits a “normal” overabundance 6f5 dex
dance to the adopted oxygen abundance by performing Himve Fe. The Mgll 448.1 nm doublet is detected, testifying to
analysis both with the high oxygen abundance derived frdire relatively high &ective temperature of this star. The de-
the Ol 777.4 nm lines ([®e]= +1.67), and for a much lower rived abundance from the Mgll doublet is only 0.1 dex higher
value ([QFe] = +0.5). We find no impact of these two widelythan that derived from the Mgl lines. Considering that the latter
different oxygen abundances on the derived carbon and nishew a scatter of 0.2 dex, we consider the two abundances to
gen abundances. be consistent.
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We have detected a strong Si | line at 390.5 nm, and weak! -? [~
Si Il lines at 385.6 nm and 386.2 nm; the derived abundances 1
are [SiJFe] = —0.05 and [SillFe] = +0.6, respectively. We - 1
have spectra taken on twofidirent nights for this wavelength
region; we find they are consistent with one another; therefore, |
the problem should not originate in the data. The Sillineis s&- |~
urated and sensitive to the adopted microturbulence, while the
Si Il lines are sensitive to log. By adjusting the atmospheric%
parameters we obtain identical abundancegRESE +0.4) for
Si | and Si Il for a model withTes = 6750 K, logg = 3.0,
& = 0.0 kms?!. It is interesting to note that McWilliam et al.
(1995) find a large dispersion in the Si abundance in a sam- | ]
ple of 33 very metal-poor stars, based primarily on abundances |
estimated from the Si |1 390.5 nm line. Also, there is a large
difference seen between their Mg and Si abundances. We adopt, . s Tamae i
the Si abundance from the Si Il lines, because it is consistent Wavelength (nm)

with the level of overabundance seen in Mg. _ : .
) ) ) Fig.5. The Pb 1 405.7 nm line. The dotted line shows the (small) con-
The sulphur abundance is very uncertain because it religsution of the CH line blend (for [Fe] = +1.67).

on a single line at 912.28 nm, which is contaminated by a

telluric absorption feature; we estimate an error of 0.3 dex. )

Assuming that our process of dividing out the telluric feature Mn and Cr show a slight underabundance 612 dex com-
red to iron. This is in line with the general decrease of

has been successful, sulphur is found to be overabundampﬁ\/ . ) . L
about 0.4 dex with respect to iron, in line with Mg. The generHI‘e ratios of these elements relative to iron initially found by

behaviour of S in metal-poor stars is that sulphur is enhand¥gWilliam et al. (1995) and confirmeq by other authors (Ryan
over iron, [SFe]> 0 (Franois 1987, 1988; Israelian & Rebolo€t @l. 1996; Carretta et al. 200_2, Framcet al. 2003). C_:obalt,
2001; Chen et al. 2002). The data at very low metallicity is stfi the other hand, shows a slight overabundance with respect

rather limited, hence we cannot comment here on any gendfdfon- This behaviour has also been seen before in very metal-
trend with declining metallicity. poor stars (McWilliam et al. 1995; Ryan et al. 1996; Frainc

et al. 2003).
Ca and Ti exhibit “normal” overabundances with respect )

to iron, of the order of 0.3 dex.

Norm.

0.8

4.5. The neutron-capture elements

4.3. The odd-Z elements All the s-process elements in CS 29497-030 exhibit overabun-
dances with respect to iron, and the heaprocess elements
The sodium abundance was obtained from the Nal D redbs: Ba, Ce, La, Nd) are more overabundant than the lighter
nance lines, and displays a marked overabundance with resgetocess elements (Is: Sr, Y, Zr). The Pb abundance was de-
to iron of ~0.5 dex. The aluminium abundance was derivedved from the 405.7 nm line shown in Fig. 5. The line data

from the resonance line at 394.4 nm, and Al is underabund&as been taken from van Eck et al. (2003); we have included
by ~—0.7 dex with respect to iron. the hyperfine splitting and isotopic shifts as given in van Eck

These abundances are the LTE values: no NLTE C(Fl‘t- al. (2003). We also detect the Pbl 368.3 nm and 406.2 nm

rections, as prescribed by Bauliet & Gehren (1997) and ines in our spectra, from which we derive abundances that
Baumj'llér et al. (1998), have been applied. The prescrib e consistent with the 405.7 nm line. The derived abundance

; Pb is very high, about 3.5 dex relative to iron, and also very
NLTE corrections forTes = 6500 K, logg = 4.0, [F¢H] = ol
—3.0 are-0.11 and+0.65 for Na and Al, respectively. If we high compared to those of Ba, La, Ce, and Nd (e.g./#Bb=

: .38).
assume these values to apply for our lower-gravity star, then *A]r )
follows iron while Na will still be overabundant by0.4 dex Thel.sr ab“hr?dﬁ‘”ce was d‘:{fterm'”ed T“’[” tthe. dStL l reso
with respect to iron, reminiscent of the similar, but vastly |arg&ance ines, which are quite strong (equivalent widths of the

12
overabundance of Na in CS 22949-037 (Depagne et al. Zodf.er_Of 10_pm (v_vhere 1pm 10° m_). We detected seven
Ball lines, including the resonance lines at 455.40 nm and

493.40 nm. In our analysis of Ba, we have adopted the hyper-
4.4. The iron-peak elements fine splitting provided by McWilliam et al. (1995). We checked

the dfect of adopting either the solar-system total abundance or
Our derived Fe abundance places CS 29497-030 amongttiesolar-systens-process isotopic fraction, and found that the
very metal-poor stars, with [[Ad] < —2.0. Our Fe abundancederived abundance does not change. For our final determination
and surface gravity were independently checked by Andrems used only the weaker lines, like the 585 nm line shown in
Korn, who found [F¢éH] = —-2.71, logg = 3.40 in LTE, using a Fig. 6, since the stronger lines are cleaffieated by saturation.
separate set of atmospheric models and line data, ayid][Ee Note that increasing the microturbulence by only 0.5 kin's
—2.59, logg = 3.65 in NLTE. achieves a concordance between Ba abundances derived fron



T. Sivarani et al.: First stars IV. CS 29497-030 1079

1o | Table 4.Elemental abundances for CS 29497-030.
3 1 Species  A(X)o [X/H] [X/Fe] o n
09 B N Lil 1.10 <0.00 <2.7
f L L e cl 8.52 -0.01 269 024 22
E il VT T TR AR T T CH ~0.32 238
vt 1 CN 7.92 -0.82 1.88 -
5081 i ol 8.74 -1.03 1.67 0.1 3
§ 1 ] Nal 6.33 -2.18 052 0.15 2
z 0 ] Mgl 7.58 -2.16 054 0.21 4
0.7 4 Mgl -2.06 0.64 - 1
i ] All 6.47 -3.37 -0.67 1
i 1 Sil 7.55 -2.75 -0.05 1
ool | | | ‘; Sill 7.55 -2.10 0.60 2
S : S| 7.33 -2.30 0.40 1
585.20 585.30 585.40 585.50 585.60
Wavelength (nm) Kl 5.12 <-2.00 <0.7
Fig. 6. The Ba Il 585 nm line cal 6.36 237 033 017 o
o ' Scll 3.17 —2.40 030 0.05 3
LOE = Til 5.02 —2.54 016  --- 1
2 ok 3 Till —2.41 029 028 19
v = crl 5.67 -2.87 -0.17  0.12 6
= 08 E crli -2.75 -0.05  0.07 4
£ 07 - Mn | 5.39 -2.89 -0.19 028 3
% 6E E Mn I —2.87 -0.17  0.00 2
381.8 381.9 382.0 382.1 3822 Fel 7.50 -2.77 -0.07 0.14 55
Wavelength (nm) Fell - -2.70 -0.00 0.10 5
Col 4.92 -2.28 0.42  0.10 2
. HOF E Ni | 6.25 -2.91 -021 022 11
= ool . Znl 4.60 <-280 <-0.10 .- .
5 osb E Sril 2.97 -1.86 0.84  0.05 2
E 072 E Al 2.24 -1.99 071  0.07 5
§7'F E zril 2.60 -1.27 1.43 0.5 3
0.6 = Ball 2.13 -0.53 217 025 6
412.90 412.95 Waveéi&o (o) 413.05 413.10 Lall 117 ~0.60 210 0.10 11
cell 1.58 -0.56 214  0.17 4
Fig. 7.Two Eu Il lines. Nd 11 1.50 ~0.85 1.85  0.10 8
Eu ll 0.51 -1.26 1.44 0.5 6
weak and strong lines. We thus believe our Ba abundance to bePb | 1.95 0.85 355 .- 1
very robust. e >10

La, Ce, and Nd abundances were determined using spec-
trum synthesis. We have not used any hyperfine splitting for o . .
the La, Ce, Nd, and Y lines, since they are weak and the abgiars of zero or extrem.(.ely low metallicity did not experience
dances are not expected to heated by hyperfine splitting & TP-AGB phase (Fujimoto et al. 1984). In contrast, @hie
(McWilliam et al. 1995). A total of six Eu Il lines are de-€t al. (2001) have recently shown that zero—metalhmty stars
tected in our spectra; two such lines are shown in Fig. 7. \R@ undergo thermal pulses, although by a somewhiéerint
have checked, using the hyperfine splitting provided by Kuruf3echanism, at least for stars in the rangé4d < M < 6 Mo.
(1993), that the derived abundance is insensitive to the usel gese results have been independently confirmed by Siess et al.

hyperfine splitting. The abundance listed in Table 4 has belé?02)- . .
obtained using thef values from Lawler et al. (2001), and  OUr present understanding of the behavioursgirocess
without hyperfine splitting. nucleosynthesis has been reviewed by Busso et al. (1999).

There is a general consensus that the neutron source is the
reaction*3C(a, n)*®0. In order to activate it, a partial mixing
5. Discussion of protons into the C-rich layer is required. The hydrogen is
burned through?C(p, y)**N(e*v)*3C(p, ¥)1*N, leaving a resid-
ual 3C abundance (Iben & Renzini 1982). Although the ma-
The most likely site for the the-process is the inter-shell re-jority of workers in the field admit that this partial mixing does
gion of a thermally pulsating AGB star, provided a suitableke place, there is no consensus ondim®untof mixing, nor
neutron source is active. Until recently it was believed thah the profile of the resultintfC pocket The usual practice has

5.1. s-process nucleosynthesis in metal-poor stars
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been to simply assume the amount?€ (Gallino et al. 1998; exhibit large projected rotational velocities, which prompted
Goriely & Mowlavi 2000; Busso et al. 2001; Goriely & Siesgshem to suggest that these stars had experienced previous trans
2001). fer of mass and angular momentum from a massive com-
Zero-metal stars are a special case in that one could exgefion. Preston & Sneden (2000) obtained a rather large ro-
the lack of Fe seeds to prevent the operation ofspeocess tational velocity ¢sini = 12 kms?) for CS 29497-030.
even in the presence of a suitable neutron flux. HowevéM| our spectra, at both observed epochs, show lines with
Goriely & Siess (2001) showed that if there is a partial mix@ FWHM of ~9.55 kms*, which is larger than the7 km s™*
ing of protons, then the-process proceeds, starting frdAC, €xpected from our instrumental resolution. If interpreted as
and builds all the heavy metals up to Pb and Bi. All of theg#le to rotation, the excess broadening would be of the order
authors agree on the existence of a large enhancement of B&d6.5 kms™. Such rotational velocities are unexpected for
with respect to the nearby second-pegitocess elements (Ba,0ld halo stars and hence provide evidence that the surviving
La, Ce, Nd). This is a consequence of the large neutron-to-séf of the binary system has been significantly spun up due to
ratio. mass transfer. In fact this is far larger than that corresponding
Recently, lwamoto et al. (2003) have proposed a né\g,synchronous rotation of the star in its 342-day circular orbi,
s-process paradigm, in which the abundances of the neutr$fftich would be below 0.5 knTs.
capture elements result from only one (or at most a few) neu-
tron exposures. They find_ that, in quels of metallicity Ies§3_ The chemical history of CS 29497-030
than [FeH] = —2.5, the helium convective shell penetrates the
H-rich layers, allowing proton mixing to occur. In their sceThe observed abundance pattern of this star strongly suggests
nario, they achieve a high neutron flux, and almost all of thie occurrence of mass transfer in the binary system during the
s-process elements (except Pb) are made in the first neutrolNGB phase of the companion, which is detected through the
radiation. The abundance of Pb is more sensitive to the numpegsent orbital motion of the surviving member (but not unam-
of pulses. From their models they were able to explain the dfigously from the photometry or the spectroscopy). The exist-
served abundance patterns of LP 625-44 and LP 706-7, whigh observations are, however, consistent with the hypothesis
have PgBa ~ +1.0 and could not be easily explained by stanhat the companion is presently a white dwarf. The period of
dard partial-mixing scenarios (Gallino et al. 1998; Goriely &bout one year implies a rather wide separation, hence mass
Mowlavi 2000; Busso et al. 2001; Goriely & Siess 2001).  transfer must have occurred through a stellar wind (or super-
wind) phase on the AGB, and is likely to have happened during

. the thermally pulsating episodes experienced by the compan-
5.2. The evolutionary status of CS 29497-030 ion. In this scenario, it is the third dredge-up that is respon-

Compared to most other very metal—poor stars, CS 29497-@#le for bringing to the surface of the companion the carbon
stands out for its high fiective temperature. There is littlethat is freshly produced in the He-burning shell, as well as the
doubt that the star is indeed hotter than most other metal—p&dtfocess elements.
stars that have been analysed to date, because we detect th&he pattern of neutron-capture elements in CS 29497-030
Mg I 448 nm doublet. This immediately poses an age problesgems to show a pussprocess signature, as suggested in Fig. 8
because the star is considerably hotter than the main-sequewcieh compares the abundance pattern in the star with the main
turnof (TO) of theoretical isochrones of age 10 Gyr and cons-process pattern from Arlandini et al. (1999). All the heavy
parable metallicityZ = 0.0001; Girardi et al. 2002). Our de-elements abovg = 40 fit the pattern rather well, except for Pb.
rived gravity also implies that the star is more luminous than |In Fig. 9 we compare the abundance pattern of
the TO, however it is not gficiently luminous to be assignedCs 29497-030 to the surface abundances of a model AGB star
to the horizontal-branch stage of evolution. Its evolutionary st@ith Z = 0.001 after 50 thermal pulses, taken from Goriely &
tus thus appears to be a puzzle. Mowlavi (2000). The overall agreement for CS 31062-050 is
Itis likely that the anomalous position of CS 29497-030 ihetter than in Fig. 8. For both stars the large Pb overabundance
the (logT, log g) plane is due to its binary nature and past aés reproduced within a factor of 3. It is, however, quite striking
cretion history. Given that the Halo TO is considerably redd&r note the large underabundance of Sr, Y, and Zr compared
than this star, it is legitimate to call it a “Halo Blue Straggler.” Ito both the models and the main solar systegpmponent.
was in fact expected that some of the BMP stars (which this dbeveral knowrs-process-rich, very metal-poor stars have high
ject has been identified as) are indeed bona fide Blue Straggleatios (more than 1.0 dex) of the heassprocess elements (hs:
It is interesting to notice that one of the principal conclusioisa, Ce, Nd) relative to the lightes-process elements (Is:
of the radial velocity investigation of Preston & Sneden (2008, Y, Zr) (Hill et al. 2000). CS 29497-030 has [Ba] =
was that many candidate BMP stars are indeed halo binary bit@®73, and [h4s] = +1.02, which is quite similar to other
stragglers formed by mass transfer rather than merger. s-process-enhanced, very metal-poor stars.

We note that the Lil 670.8 nm doublet is not detected In Fig. 10 we compare the observed/pP€] ratios in
in our spectra. This is consistent with the identification &S 29497-030 and CS 31062-050 with the theoretical
CS 29497-030 as a blue straggler, since such stars are sprocess computations of Gallino et al. (in preparation). In the
served to be highly Li-depleted (Glaspey et al. 1994). Ryarase shown the AGB companion had a Main Sequence mass
et al. (2002) identified several ultra Li-depleted halo stars thaft 1.3 My. The accretion was modeled as occurring through
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Fig. 8. Abundance patterns dad-process enhanced stars. The soligfig. 10. Comparison between the observed abundances in
line indicates the main solar-systesprocess component deter-CS 29497-030 (" symbol) and CS 31062-050, from Aoki
mined by Arlandini et al. (1999), while the dotted line indicates thet al. (2002b) (4”), with the theoreticals-process nucleosynthesis
r-process component. The-" symbol indicates the abundances folcomputations of Gallino et al. (in preparation) for accretion from a
CS 29497-030; theo” represents CS 31062-050 (from Aoki et al.1.3 M, star in the AGB phase through stellar wind. The abundances

2002b). The abundance patterns are normalised to Ba. from the AGB star are considered to be diluted by a factor of 2 by
the unprocessed material of the envelope of the companion star.
4f ] No normalization of abundances has been applied.
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Fig. 9. Abundance patterns of-process enhanced stars. The soligg OF + N + . E
line indicates the surface abundance of an AGB model with sofar _; = A {
metallicity, while the dotted line indicates the surface abundance of [ E
an AGB model withZ = 0.001 after 50 thermal pulses (Goriely 30 o5 20 15 10
& Mowlavi 2000). The “+” symbol indicates the abundances for [Fe/H]

CS 29497-030; thes” represents CS 31062—-050 (from Aoki et al.

2002b). The abundance patterns are normalised to Ba. Fig.11. [PyBa] and [PiCe] ratios as a function of metallic-

ity. The data shown are taken from the list in Table 5. The
three r-process-enhanced stars CS 22892-052, HD 1262238, and

stellar wind, rather than Roche-Lobe overflow, which seerh® 115444, are plotted as crosses. Upper limits are shown as down-

a reasonable assumption for such a wide system. The agf@d arows.
ment is quite good for the heavy elements, the Zr abundance
is now well reproduced; although the predicted Y and Srre- In Fig. 11 we have assembled the reported /[Rb
main too high. Even more interesting is that a consideratdad [PiCe] ratios for all the stars listed in Table 5, which
enhancement of O is predicted in the model. This arises frammmarizes results for metal-poor stars where these ratios are
the 12C(a, ¥)*%0 reaction occurring in the He shell. Althoughavailable. A large scatter is apparent; thprocess-enhanced
the amount of O produced is small, at such a low metallicity stars CS 22892-052, HD 126238, and HD 115444 do not stand
is suficient to enhance the [Be] ratio by about 0.5 dex. out against the others. In Fig. 12 we show [b)] for all of

In Table 5 we have summarised the data for all stars witfie metal-poor stars for which both Pb and Eu have been mea-
lead detections. This table includes stars that exhibit predosored. The crosses represent the thrpeocess-enhanced stars
inantly s-process patterns (Aoki et al. 2001, 2002b; Johns@8 22892-052, HD 1262238, and HD 115444. It is clear that
& Bolte 2002; Lucatello et al. 2003), and some with predomihe r-process-enhanced stars stand out from the others, which
nantlyr-process patterns (Sneden et al. 1998, 2000; Travaditlow an s-process pattern instead. Therocess-enhanced
et al. 2001). Some of them are known to be binaries, and sostars are well below both the [Fu] ratio predicted by the
are known CH stars (van Eck et al. 2001, 2003). metal-poor AGB models (Goriely & Mowlavi 2000) and the
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Table 5. Summary of available data for lead (Pb) in metal-poor stars.
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Object Tex/lOg g [Fe/H] [C/Fe] [BaFe] [CegFe] [PhFe] [EyFe] Binary Period (days)
CS22183-015  5200,2.5 -3.12 2.2 2.09 1.55 3.17 1.39
CS 22880-07%  5850,3.8 -1.93 1.3 1.31 1.22 1.9 0.5 no

CS 22892-052  4710,1.5 -3.1 1.6 0.96 1.03 1.35 1.66

CS 2289802  6250,3.7 -2.26 2.2 2.23 2.13 2.84 1.88 no
CS 22942-01%  5000,2.4 -2.64 2.0 1.92 1.54 <16 0.79 yes 2800
CS 29497-030  6650,3.5 -2.70 2.38 2.17 2.14 3.55 1.44 yes 342
CS 29526-119  6500,3.2 -2.38 2.2 2.11 2.01 3.3 1.73 yes

CS 30301015  4750,0.8 -2.64 1.6 1.45 1.16 1.7 0.2

CS 31062-012  6250,4.5 -2.55 2.1 1.98 2.12 2.4 1.62

CS 31062-050  5600,3.0 -2.31 2.0 2.30 2.10 2.9 1.84

LP 625-44 5500,2.8 -2.71 2.1 2.74 2.22 2.6 1.72 yes

LP 7067 6000,3.8 -2.74 2.15 2.01 1.86 2.28 1.40 no

HD 268 5170,2.2 -1.25 1.7 1.9

HD 2665 5061,2.3%° -1.95° -0.13° -0.32 <1

HD 2158%F 4978,2.2% -157° _0.29° -0.06 <0.5

HD 1154441 4750,1.7* —2.7*  -0.11% 0.182 0.34% 0.30" 0.852

HD 1262383 4979,2.54 -1.7%4 -0.11 -0.1 -0.05% 0.47

HD 187861° 5320,2.3 -1.65 1.89 1.14 2.40

HD 1897116 3500,0.5 -1.8 1.7 0.7

HD 196944 5250,1.8 -2.25 1.2 1.07 1.01 1.7 0.17

HD 196944 5250,1.7 -2.45 1.32 1.09 2.15

HD 198269° 4800,1.3 -2.2 1.5 2.2

HD 201626° 5190,2.25 -2.1 1.8 2.4

HD 201892 5991,4.36° -1.04° 0.11% -0.04 <0.5

HD 224959° 5200,2.3 -1.7 1.95 1.39 2.55

HD 234394 5140,4.48° -0.99°  0.09° 0.21 0.6
HE 0024-252%  6625,4.3 -2.72 2.6 1.46 3.3 <11 yes 3.14
HE 2148-124%  6380,3.9 -2.3 1.91 2.36 2.28 3.12 yes

V Ari8 3580,-0.2 -2.4 1.6 1.0

1 Johnson & Bolte (2002 Norris et al. (1997)2 Aoki et al. (2002b)* Sneden et al. (20005,Barbuy et al. (1997)° Present work! Aoki
et al. (2001)8 van Eck et al. (2003}, Travaglio et al. (2001)!° Gratton et al. (2000);* Sneden et al. (1998)2 Westin et al. (2000)}* Cowan
et al. (1996) 4 Gratton & Sneden (19943 van Eck et al. (2001);¢ van Eck et al. (2003),” Lucatello et al. (2003):8 Cohen et al. (2003).

solars-process main component pattern (Arlandini et al. 199HE 0024-2523 (Lucatello et al. 2003). The possible origin of
while all the stars that are close to the horizontal lines also shdve nitrogen could be a massive AGB companion, which can
enhanceds-process elements. CS 29497-030 exhibits a vepyoduce N through the Hot Bottom Burning (HBB) process.
high [PREu] ratio (indicated by an arrow in Fig. 12). However, existing AGB models predict that the N abundance

In the bottom panel of Fig. 12, we show [fai] as a func- should l_)e higherthan that of C when HBB is requnsible forits
tion of metallicity for all the stars in Table 5 for which Ba wadreduction (Siess et al. 2002). Furthermore, the fsigiocess
measured, as well as for the stars of McWilliam (1998) (fille@PUndances observed in the Pb-rich stars cannot be obtainec
symbols) and for CS 31082-001 from Hill et al. (2002), p|0py this scenario. Another possmle_scenarlo tha_t can pr_oduce C
ted as an asterisk. In this figure therocess-enhanced star@nd N is via hot dredge-up (Herwig 2002). This is a simulta-
stand out with respect to theprocess pattern stars. The comP€0US action of H-burning and third dredge-up. Herwig (2002)
parison with the “normal” halo stars of McWilliam (1998), i.ediscusses models that are able to produce C and N with C
those not enhanced in neutron-capture elements, suggeststh&PWeVer, thes-process elements cannot be produced by this
these stars follow the-process pattern. The sole exception i&PProach. Goriely & Siess (2001), by forcing extra mixing and
CS 22947-187, a carbon-enhanced, metal-poor star that fall§ifja! pollution of C from the core He-burning regions, are able
the regime occupied by theprocess-enhanced stars. It is into sque the problem. However, these calculations are still in the
teresting to note that CS 31082-001 falls in the middle betweRfgliminary stage.

the s-process and-process-enhanced stars. The oxygen abundance of CS 29497-030 appears excep-

CS 29497-030 also exhibits a conspicuously large nitrienally high, both with respect to most other metal-poor stars
gen overabundance. In terms of/ig, however, the star is (Israelian et al. 2001; Depagne et al. 2002; dfeléz & Barbuy
not exceptional among the Pb stars, which span the rar&f92; Nissen et al. 2002; Barbuy et al. 2003), and with respect
-0.1 < [C/N] < 1.3, and in fact has the same /[ as to HE 0024-2523 (Lucatello et al. 2003). On the one hand
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Whether or not these nucleosynthesis products have an
impact on the early chemical evolution of the Galaxy is
still an open question. It depends crucially on how many C-
and s-process-element producing stars of zero- or extremely
low metallicity existed during the first and second genera-
tions of star formation, and on howfeiently their products
were mixed into the ISM. Burris et al. (2000) provided ev-
idence that thes-process becomes globally important begin-
ning at [FéH] = ~—2.7; however, the extremely metal-poor
star CS 22183-015 displays an almost pstrocess-element
pattern already at [FE] = —3.12 (Johnson & Bolte 2002).
Whether stars such as these are the exception or the rule at
extremely low metallicity will have to be addressed, based on
more complete high-resolution analyses of a larger sample of

stars, in the near future.
Pt R0 ' The comparison made in Fig. 12 with “normal” halo stars
suggests that most of these exhibit elemental abundance pat-
Fig.12. [PyEu] and [B#EU] ratios, as a function of metallicity, terns that lie close to the-process pattern. More data are
fgg tgg4%z;taoi3noTi§bilceiei;tifti22 i‘;maen S;/::‘:V‘J'SF?I‘{;“:;r?]bislsi”ar':eiga hteded to draw definitive conclusions; however the presently
from McWilliam (1998), the asterisk is CS 31082-001, from Hil Vailable observations suggest that thenly hypothesis of
et al. (2002). The dotted line corresponds to the ssfarocess main r“ra.” (1981) a_s thetandardassumption ls_questlonable, anq
oqum|cal evolution models ought to take into account a mix-

component, while the dashed line corresponds to the inferred s :
r-process value (Arlandini et al. 1999). The dash-dotted line reprisl'® Ofs- andr-processes for the production of the heavy met-

sents the surface abundance of an AGB model &ith 0.001 after als at arbitrarily low metallicity. High-resolution analyses of
50 thermal pulses (Goriely & Mowlavi 2000). a larger number of very metal-poor stars will allow for better

constraints on the relative contributions of the two processes in
the early Galaxy.
it is true that some intermediate-mass stars may indeed pro-All Of the lead-rich stars witls-process enhancement show

duce sizeable amounts of oxygen (Marigo 2001), and perhé‘%ﬂe carbon abundances, like the classical QH stars. The fact
at least a part of the oxygen we observe has been dumpe many of them appear to be members of binary systems em-
the surface of the star by the same process that contributed P2@sizes the analogy. A detailed comparison of nitrogen abun-
bon and nitrogen. On the other hand, if we assume the O ab@@ances for these stars could be quite important, in order to
dance isintrinsic, and notphotosphericthen the totametal S€t limits on the likely masses of presumed AGB companions,

abundancé& of CS 29497-030 is not very low, which impliesV
an even younger age and further exacerbates the age proti¢
noted above. In this case it is alsdidiult to explain why the
observed iron abundance is so low.

Inspection of Fig. 11 suggests that the observe¢gBlra-
tios for metal-poor stars exhibit scatter in excess of that du
observational errors. It is not clear yet whether this establis
that there is a range of operating conditions forgh@ocess at
low metallicities.
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hich could have experiencediirent mixing, mass-loss, and
Gleosynthesis episodes in the course of their evolution.

Our analysis has shown that CS 29497-030 is an extreme
case of a lead-rich, very metal-poor star. Its binary nature sug-
gests that the large enhancement of neutron-capture elements
evygich follow an s-process pattern, as well as the large en-
meagmement of C and N, is in fact due to mass transfer from an
Intermediate-mass companion during its AGB phase. The very
low iron abundance implies thatprocess sources are active

at quite early times in Galactic history. The apparently large
O abundance, if real, is not easy to explain, nor is the over-
abundance of Na which recalls the similar, but far more dra-
matic enhancement of Na in CS 22949-037 (Depagne et al.
The number of lead-rich, extremely metal-poor stars has n@®02). The comparison with other lead stars shows a sizeable
grown up to 25. Collectively, they demonstrate unequivocalscatter in abundance ratios like [Bla] and [PiCe]. Although
that thes-process may already operate even at very low met#he observational error alone cannot be absolutely excluded as
licities, and that its occurrence is not very rare. This also sutpe source of the observed scatter, the possibility exists that the
gests that mixing of protons into the C-rich layers in low metascatter is real and due toftérent physical conditions in the
licity stars does indeed occur, at least in some cases, and tiration of the earlg-process. Our preliminary finding of a
this has been experienced by the companion of CS 29497-08Matively large axial rotational velocity for CS 29397-030, the
Different!3C profiles and stellar masses will result iffdirent high T of the star, and the lack of detectable Li, suggest that
abundance patterns, as shown by Busso et al. (2001); it is th€28-29397—-030 has been “spun up” as the result of mass transfer
fore possible that a suitable choice of both will reproduce ttaand should be classified as a halo blue stragger, similar in many
observed heavy element pattern for CS 29497-030 and othespects to the stars described by Ryan et al. (2002). Detailed
stars like it. analyses of other such stars are certain to be illuminating.

6. Conclusions
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Table 6. Line list.
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Element A(nm) Low.Exc (eV) loggf) EW(pm) Ref.
Cl 437.1367 7.68 -2.333 4.33 1
Cl 476.6677 7.48 -2.617 1.66 1
Cl 477.0026 7.48 -2.439 2.29 1
Cl 477.1746 7.49 —-1.866 5.50 1
Cl 477.5895 7.49 -2.304 2.78 1
Cl 493.2049 7.68 -1.884 4.84 1
Cl 502.3839 7.95 -2.209 1.63 1
Cl 505.2167 7.68 -1.648 7.47 1
Cl 538.0337 7.68 -1.842 5.25 1
Cl 579.3124 7.95 -2.062 1.12 1
Cl 580.0602 7.95 -2.338 1.01 1
Cl 600.1118 8.64 -2.061 0.28 1
Cl 601.4834 8.64 -1.585 0.97 1
Cl 658.7610 8.54 -1.596 3.65 1
Cl 708.7836 8.647 -1.443 1.81 1
Cl 709.3234 8.647 -1.697 syn 1
Cl 710.0123 8.643 -1.470 1.70 1
Cl 710.8930 8.640 -1.592 1.62 1
Cl 711.1469 8.640 -1.086 2.96 1
Cl 711.3179 8.647 -0.774 4.61 1
Cl 711.6988 8.647 -0.907 4.71 1
Cl 711.9657 8.643 -1.149 3.36 1
Ol 777.1941 9.146 0.369 7.79 1
ol 777.4161 9.146 0.223 6.91 1
Ol 777.5390 9.146 0.001 4.18 1
Nal 588.9951 0.00 0.112 10.24 6
Nal 589.5924 0.00 -0.191 7.37 6
Mg | 416.7271 4.346 -1.004 syn 1
Mg | 517.2684 2.71 -0.380 11.64 6
Mg | 518.3604 2.72 -0.158 13.13 6
Mg | 552.8405 4.34 -0.341 2.25 6
Mg Il 448.1126 8.864 0.740 syn 1
Mg Il 448.1325 8.864 0.590 syn 1
All 394.4006 0.00 —-0.640 7.49 1
All 396.1520 0.010 —-0.340 syn 1
Sil 390.5523 191 -1.090 8.16 1
Sill 385.6018 6.859 —-0.557 syn 1
Sill 386.2595 6.858 -0.817 syn 1
S| 921.2863 6.525 0.420 syn 1
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Table 6. continued.

Element A(nm) Low.Exc (eV) loggf) EW(pm) Ref.
Cal 422.6728 0.00 0.240 10.79 6
Cal 431.8652 1.90 -0.210 .94 6
Cal 443.4957 1.89 0.066 1.36 1
Cal 445.4779 1.90 0.260 3.39 6
Cal 558.8749 2.52 0.210 1.23 6
Cal 612.2217 1.89 -0.320 91 6
Cal 616.2173 1.90 —-0.090 2.13 6
Cal 643.9075 2.52 0.470 .98 6
Cal 646.2567 2.52 0.230 .59 1
Scll 357.6340 0.01 0.007 5.12 1
Scll 361.3829 0.02 0.416 5.95 1
Scll 424.6822 0.31 0.240 5.68 6
Scll 440.0389 0.605 —-0.536 syn 1
Scll 441.5557 0.595 —-0.668 syn 1
Til 498.1731 0.84 0.500 2.4 6
Till 337.2800 0.01 0.270 12.77 1
Till 338.0279 0.05 -0.570 3.71 1
Till 344.4314 0.15 -0.810 4.85 1
Till 349.1066 0.11 -1.060 3.25 1
Till 350.4896 1.89 0.180 3.66 1
Till 351.0845 1.89 0.140 2.84 1
Till 359.6052 0.61 -1.220 3.34 1
Till 391.3468 1.12 -0.410 5.44 1
Till 439.5033 1.08 -0.510 6.19 1
Till 439.9772 1.24 -1.220 211 1
Till 441.7719 1.16 -1.230 1.61 1
Till 444.3794 1.08 —-0.700 4.74 1
Till 446.8507 1.13 —-0.600 4.95 1
Till 450.1273 1.12 -0.760 3.89 1
Till 453.3969 1.24 —-0.540 4.78 1
Till 456.3761 1.22 —-0.790 4.15 1
Till 457.1968 1.57 -0.230 4.75 1
Till 480.5085 2.06 —-0.960 0.53 1
Till 518.8680 1.58 —-1.050 1.19 1
Crl 357.8684 0.00 0.409 3.75 1
Crl 359.3481 0.00 0.307 3.78 1
Crl 425.4332 0.00 -0.110 2.61 6
Crl 427.4796 0.00 —-0.230 2.70 6
Crl 520.6038 0.94 0.020 0.58 6
Crl 520.8419 0.94 0.160 1.55 6
Crll 335.8491 2.45 -0.722 2.76 1
Crll 336.8041 2.48 -0.319 7.07 1
Crll 338.2675 2.45 —-0.639 2.80 1
Crll 340.8757 2.48 —-0.038 5.27 1
Crll 342.1202 2.42 -0.611 3.73 1
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Element A(nm) Low.Exc (eV) loggf) EW(pm) Ref.
Mn | 403.0753 0.00 —-0.480 1.58 6
Mn | 403.3062 0.00 -0.620 1.46 6
Mn | 403.4483 0.00 -0.810 2.30 6
Mn I 344.1988 1.78 -0.270 5.18 1
Mn I 348.8677 1.85 —-0.860 3.20 1
Fel 344.0606 0.00 —-0.670 6.97 1
Fel 344.0989 0.05 -0.960 7.47 1
Fel 355.4925 2.83 0.538 2.61 1
Fel 356.5379 0.96 -0.133 5.68 1
Fel 360.8859 1.01 —-0.100 5.86 1
Fel 361.0159 2.81 0.176 1.40 1
Fel 361.8768 0.99 —-0.003 5.68 1
Fel 362.1461 2.73 -0.016 2.03 1
Fel 384.9967 1.01 -0.970 5.06 1
Fel 385.6372 0.05 -1.290 7.16 1
Fel 385.9911 0.00 -0.710 9.88 1
Fel 386.5523 1.01 —-0.980 4.47 1
Fel 392.0258 0.12 -1.750 4.57 6
Fel 400.5242 1.56 -0.610 4.67 6
Fel 404.5812 1.48 0.280 9.26 6
Fel 406.3594 1.56 0.070 7.77 6
Fel 407.1738 1.61 —-0.020 7.39 6
Fel 413.2058 1.61 —-0.670 3.79 6
Fel 414.3415 3.05 -0.204 1.20 1
Fel 414.3868 1.56 —-0.460 4.48 6
Fel 418.1755 2.83 —-0.180 1.29 6
Fel 418.7039 2.45 —-0.550 1.62 6
Fel 418.7795 2.42 —-0.550 1.91 6
Fel 419.1431 2.47 -0.730 1.28 6
Fel 419.9095 3.05 0.250 2.76 6
Fel 420.2029 1.48 —-0.700 4.50 6
Fel 422.7427 3.33 0.230 1.70 1
Fel 423.3603 2.48 —-0.600 1.73 6
Fel 425.0119 2.47 —-0.400 1.65 6
Fel 425.0787 1.56 -0.714 3.63 1
Fel 426.0474 2.40 -0.020 4.10 6
Fel 427.1154 2.45 —-0.350 2.69 6
Fel 427.1761 1.48 —-0.160 7.40 1
Fel 438.3545 1.48 0.200 8.77 6
Fel 440.4750 1.56 —-0.140 7.08 6
Fel 4415123 1.61 -0.610 3.91 6
Fel 449.4563 2.20 -1.140 0.98 6
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Table 6. continued.

Element A(nm) Low.Exc (eV) loggf) EW(pm) Ref.
Fe l 473.6773 3.21 -0.750 0.40 1
Fel 489.1492 2.85 -0.110 1.56 1
Fel 491.8994 2.87 —-0.340 1.23 1
Fel 492.0503 2.83 0.070 2.76 1
Fel 495.7597 2.81 0.233 3.52 1
Fel 500.6119 2.83 -0.620 0.38 1
Fel 501.2068 0.86 -2.642 0.14 1
Fel 504.9820 2.28 -1.360 0.36 1
Fel 523.2940 2.94 —-0.060 1.38 1
Fel 526.6555 3.00 -0.390 0.42 1
Fel 526.9537 0.86 -1.320 3.79 1
Fel 532.4179 3.21 —-0.240 1.30 1
Fel 532.8039 0.92 -1.470 3.13 1
Fel 537.1490 0.96 -1.650 2.28 1
Fel 538.3369 4.31 0.640 0.58 1
Fel 539.7128 0.92 -1.990 1.28 1
Fel 540.5775 0.99 -1.840 1.28 1
Fel 542.9697 0.96 -1.880 1.18 1
Fel 543.4524 1.01 -2.120 0.93 1
Fel 544.6917 0.99 -1.910 1.30 1
Fel 558.6756 3.37 —-0.140 0.52 1
Fel 561.5644 3.33 —-0.140 1.05 1
Fell 423.3172 2.58 -1.900 3.35 1
Fell 492.3927 2.89 -1.320 4.42 1
Fell 501.8440 2.89 -1.220 5.43 1
Fell 516.9033 2.89 -1.303 6.04 1
Fell 523.4625 3.22 —-2.150 0.68 2
Col 345.3508 0.43 0.380 2.93 1
Col 399.5302 0.923 -0.220 syn 1
Ni | 338.0566 0.42 -0.170 3.71 1
Ni | 342.3704 0.21 —-0.760 4.63 1
Ni | 343.3554 0.03 —-0.668 3.63 1
Ni | 347.2542 0.11 -0.810 2.90 1
Ni | 349.2954 0.11 —-0.250 6.23 1
Ni | 351.0332 0.21 —-0.670 3.59 1
Ni | 351.5049 0.11 -0.211 5.04 1
Ni | 356.6366 0.42 -0.236 3.40 1
Ni | 361.0461 0.11 -1.149 1.20 1
Ni | 361.9386 0.42 0.035 4.25 1

Ni | 385.8292 0.42 -0.970 2.86 6
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Table 6. continued.

Element A(nm) Low.Exc (eV) loggf) EW(pm) Ref.
Srll 407.7709 0.00 0.170 11.30 1
Srll 421.5519 0.00 -0.170 9.86 1
Yl 360.0741 0.180 0.280 syn 7
Yl 360.1919 0.104 —-0.180 syn 7
Yl 361.1044 0.130 0.110 syn 7
Yl 395.0352 0.104 -0.490 syn 7
Yl 417.7529 0.409 -0.160 syn 7
Zrll 339.1982 0.16 0.463 3.85 1
Zrll 399.1152 0.758 -0.252 syn 1
Zrll 399.8954 0.559 -0.387 syn 1
Ba ll 413.0645 2.722 0.560 syn 3
Balll 455.4029 0.00 0.170 16.59 3
Balll 493.4076 0.00 —-0.150 15.26 3
Ball 585.3668 0.60 -1.010 5.34 3
Ba ll 614.1713 0.70 -0.070 10.79 3
Ball 649.6897 0.60 -0.377 9.20 3
Lall 391.6042 0.235 —-0.485 syn 1
Lall 392.9211 0.173 -0.297 syn 1
Lall 394.9102 0.403 0.455 syn 1
Lall 398.8515 0.403 0.138 syn 1
Lall 399.5745 0.173 —-0.094 syn 1
Lall 404.2901 0.927 0.290 syn 1
Lall 408.6709 0.000 -0.032 syn 1
Lall 423.8374 0.40 -0.337 1.08 1
Lall 442.9905 0.235 —0.366 syn 1
Lall 492.0976 0.13 -0.773 0.93 1
Lall 492.1776 0.24 —-0.699 1.06 1
Table 6. continued.

Element A(nm) Low.Exc (eV) loggf) EW(pm) Ref.
Cell 408.3222 0.700 0.270 0.81 8
Cell 413.3802 0.864 0.370 0.89 8
Cell 413.7645 0.516 0.440 1.05 8
Cell 418.6594 0.86 0.740 2.40 8
Nd Il 390.1845 0.631 —-0.008 syn 1
Nd I 390.5869 0.205 -0.156 syn 1
Nd I 399.1741 0.000 —-0.509 syn 1
Nd I 399.4672 0.321 —-0.268 syn 1
Nd Il 406.1080 0.471 0.347 syn 1
Nd Il 410.9071 0.064 -0.316 syn 1
Nd Il 410.9448 0.321 0.184 syn 1
Nd Il 445.1563 0.380 0.026 syn 1
Eull 381.9672 0.000 0.485 syn 4
Eull 390.7107 0.207 0.195 syn 4
Eull 393.0499 0.207 0.270 syn 4
Eull 397.1972 0.207 0.270 syn 4
Eull 412.9725 0.000 0.220 syn 4
Eull 420.5042 0.000 0.210 syn 4
Pbl 405.7807 1.32 -0.220 syn 5
Pbl 368.3462 0.969 —-0.460 syn 1

(1) VALD database (as of June 2002), (2eBiont et al. (1991), (3) McWilliam et al. (1995), (4) Lawler et al. (2001), (5) van Eck et al. (2003),
(6) Martin et al. (2002) NIST, (7) Hannaford et al. (1981), (8) D.R.E.A.M. data baseumh.ac.be/astro/dream. shtml.



