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Abstract. Photospheric parameters and abundances are presented for a sample of single-lined chromospherically active binaries
from a diferential LTE analysis of high-resolution spectra. Abundances have been derived for 13 chemical species, including
several key elements such as Li, Mg, and Ca. Two methods have been usedfethieeetemperatures, surface gravities

and microturbulent velocities were first derived from a fully self-consistent analysis of the spectra, whereby the temperature
is determined from the excitation equilibrium of the IHmes. The second approach relies on temperatures derived from
the B - V) colour index. These two methods give broadly consistent results for the stars in our sample, suggesting that the
neutral iron lines are formed under conditions close to LTE. We discuss the reliability in the context of chromospherically
active stars of various colour indices used as temperature indicators, and conclude tiat tRegnd / — 1) colours are

likely to be significantly &ected by activity processes. Irrespective of the method used, our results indicate that the X-ray
active binaries studied are not as metal poor as previously claimed, but are at most mildly iron-depleted relative to the Sun
(-0.41 < [Fe/H] £ +0.11). A significant overabundance of several chemical species is observed (e @:s\ththezised
elements). These abundance patterns are discussed in relation to stellar activity.
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1. Introduction A detailed comparison between coronal and photospheric
abundances in active binaries would provide useful insights
The coronal abundances of active binaries have come ungigs the chemical fractionation processes that are likely to op-
close scrutiny in recent years, thanks to several X-ray satellitggte between the photosphere and the corona. Unfortunately,
such asXMM-Newtonor Chandra(see Favata & Micela 2003 sych a comparison is madefitiult by the extreme paucity of
for a review). While these studies consistently yield a low corghotospheric abundance determinations for elements other than
nal iron content, the abundance ratios determined for elemejaés. Another issue is the heterogeneous nature of the abun-
with strong X-ray lines (i.e., mainly Fe, Ni, O, Mg, Si, and Cajance analyses performed to date, often resulting in conflicting
appear not only discrepant with respect to the photosphefguits in the literature. Most studies of the iron abundance in
solar mix, but also significantly fierent from the values ob- active binaries have relied on temperatures derived from pho-
served in the solar corona, where the abundances of elemeg\getric indices (e.g., Randich et al. 1993), despite the fact that
with a low first ionization potential are enhanced compared {Rese stars are known to exhibit photometric anomalies related
the solar photosphere (e.g., Audard et al. 2003). to their high level of activity (Girehez et al. 1991; Morale
et al. 1996; Favata et al. 1997). The reliability of photomet-
ric colours as temperature indicators in active binaries and the
i~ S possible impact on the resulting abundances needs therefore
e-mail:morel@astropa.unipa.it . .

* Based on observations collected at ESO (La Silla, Chile). to be addressed. In the most extensive study to date,_ Rand|_ch
** Table A.1 is only available in electronic form at the CDS Vit al. (1993, 1994) analyz_ed a total of 67 compqnents in 54 bi-
anonymous ftp tadsarc.u-strasbg.fr (136.79.128.5) orvia Nary systems by performing a spectral synthesis over a 25 A-
http://cdsweb.u-strasbg. fr/cgi-bin/qcat?J/A+A/412/495 Wide spectral domain encompassing tha L6708 doublet.
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Table 1. Spectral type, maximur magnitude, projected rotational velocity, rotational and orbital periods, number of consecutive exposure
obtained, mean heliocentric Julian date of the observations, and tfjidaitio at 6700 A in the combined spectrum.

Name Spectral type V2 vsini® Piot® Po® N (HID-2451500) S/N
(mag) (kms!)  (d) (d)

HD 10909 (UV For) KO IV 8.10 2.7 64.1 30.11 2 51.59 150
HD 72688 (VX Pyx) KO Il 6.37 7.4 19.34 4513 1 51.80 250
HD 83442 (IN Vel) K2 lllp 9.10 7.5 5495 5227 2 51.82 140
HD 113816 (IS Vir) K2 V-l 8.37 5.9 2410 2365 3 53.79 180
HD 118238 (V764 Cen) K2 llip 9.06 11 22.62 2274 2 51.86 140
HD 119285 (V851 Cen) K2 IV-IlI 7.69 6.5 1205 1199 1 53.84 200

a8 From Strassmeier et al. (1993).

b Primarily from Fekel (1997) and de Medeiros & Mayor (1999); from Strassmeier et al. (1993) when not available. For HD 118238, estim:
based on the spectral synthesis of the 16708 doublet (Sect. 5.3).

¢ From Strassmeier et al. (1993), except for HD 10909 and HD 113816 (Fekel et al. 2001, 2002).

The surface gravities were estimated from the spectral type In the present paper we extend this study to 6 single-lined
and the luminosity class, or directly computed when radii arsystems and examine their abundance patterns and evolution-
masses were known. The microturbulent velocity was cadiry status. We re-analyze the two stars already discussed in
brated on the luminosity class. The vast majority of these syBaper | (HD 113816 and HD 119285) because of significant
tems was found to be significantly iron-deficient with respect ttifferences between the 2 line lists; we also derive the abun-
the Sun £1.0< [Fe/H] < +0.2, with a mean 0£0.4). However, dances of 3 additional chemical species: Li, Cr, and Ba. In ad-
Fekel & Balachandran (1993) determined the iron abundardigon, we use our larger sample to re-examine in some more
of some objects in this sample from a spectral synthesis oflatail the reliability in the context of active binaries of various
similarly small spectral region, but with temperatures detemethods used in abundance analyses.

mined by fitting temperature-sensitive pairs ofiHi@mes, ob-
taining abundances up to 0.5 dex higher. Ottmann et al. (1998) . .
determined temperatures from the wings of the Balmer "ngSObservatlons and data reduction

and iron abundances from a set ofiFknes for a small sample Spectra of 28 active binary systems (18 SB1 and 10 SB2)
of RS CVn binaries. At variance with previous investigationgyere acquired in January 2000 at the ESO 1.52-m telescope
they found near-solar iron abundances. Abundances of key(gk Silla, Chile) with the fiber-fed, cross-dispersed echelle
ements, such as O, Mg, etc., are only available for very feygectrograph FEROS in the objesky configuration. The
systems (Donati et al. 1995; Gehren et al. 1999; Ottmann etgdectral range covered is 3600-9200 A, with a resolving power
1998; Savanov & Berdyugina 1994). of 48 000.

. . The program stars are drawn from a magni -limi -
To address the above issues we have started a project to e program stars are dra om amagnitude tedsub

s% "V < 10) of the catalogue of chromospherically active

rive in a self-consistent way photospheric parameters and me %rs of Strassmeier et al. (1993). Since the curve-of-growth

abundances for a large sample of active binaries. In the fir . ) Lo .
paper of this series (Katz et al. 2003 — hereafter Paper 1), LHundance analysis presented in the following is unapplica

: ) . to rapid rotators because of severe blending problems, here
have presented a detailed analysis of HD 113816 (IS Vir) AR restrict ourselves to studying 6 single-lined systems with

HD 119285 (V851 Cen), and critically discussed the applicg—modest projected rotational velocitysfni < 10 km s%),

bility to active bina_ries: of three methods commonly_ used.LPh other single-lined systems will be analized by means of
abundance determinations: (1) temperature and gravity derl\(/)c?ﬁeer techniques (e.g., spectral synthesis), and will be, along

from the excitation and ionization equilibria of the Fe I|ne§Nith the spectroscopic binaries, the subject of future publica-

(2) tgmpergture de.r.lve_d from colour |r_1d|ces and gravity frOE[]Pons in this series. Some basic properties of the stars discussed
the ionization equilibrium of the Fe lines, and (3) temper

T this paper are presented in Table 1. Our sample is made up
ture derived from colour indices and gravity from fitting the . L i . :
wings of collisionally-broadened lines. It was concluded thO{ stars with very similar spectral types and is therefore highly

. omogeneous.
these methods gave for both stars broadly consistent results, aH‘I]'he data reduction (i.e., bias subtraction, flat-field correc-

though the ¥ - 1)-based method gave too low a temperaturg, . )
. ion, removal of scattered light, order extraction and merg-
This also argued for small departures from LTE of the lees . o :
ing, as well as wavelength calibration) was carried out dur-

in the two stars studied. The iron content of HD 119285 W?S the observatiods Two to three consecutive exposures were
found to be 0.5 dex higher than the value derived by Randicr}g P

et al. (1994). There was also some indication for a systematic with the “FEROS Data Reduction Softwareavailable at:
overabundance of several key elements with respect to the splap: //www.1s.eso.org/lasilla/Telescopes/2p2T/Elp5M/
pattern. FEROS/offline.html
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generally obtained to allow a more robust continuum rectificeso weak EW < 10 mA), afected by telluric features, or
tion and removal of cosmic ray events. Changes of physi¢ab distorded to have theitWs reliably measured in the solar
origin in the spectral characteristics (e.g., because of flarirgpectrum were discarded. The derived oscillator strengths were
are very unlikely to operate on the timescales considered (lessnpared with previous estimates in the literature (Edvardsson
than 1200 s), and no significant line-profile variations betweenal. 1993; Feltzing & Gonzalez 2001; Kurucz & Bell 1995;
consecutive exposures are indeed found. The journal of ob3d¢euforge-Verheecke & Magain 1997; Reddy et al. 2003), and
vations is presented in Table 1. The continuum normalizatidd lines with a suspiciougf-value were rejected. These ex-
was achieved in 2 steps. A synthetic Kurucz model atmosphéiiited (1) a discrepancy greater than 0.5 dex when the only
(Kurucz 1993) calculated for an initial guess of the stellar spessurce of comparison was Kurucz & Bell (1995) or (2) a sys-
tral type and luminosity class (with solar metallicity) was firstematic shift greater than 0.1 dex with other values in the liter-
used to roughly determine the line-free regions, which weature. The final line list and a discussion regarding the atomic
then fitted by low-degree polynomials (the spectra have bedata can be found in the Appendix.
continuum-normalized by segments of 200 to 400 A). More ac-
curate estimates of the alltmosp.herlc parameters were Obtaw.?ﬁlletho dology
after the spectral analysis detailed below was carried out, an
this procedure was re-iterated. Method 1 The photospheric parametefigf, logg, andf)
and metal abundances were first determined from a self-
consistent analysis of the spectra by using the meadtives!
and the latest generation of Kurucz LTE plane-parallel at-
In Paper | unblended lines were selected from inspection ofreospheric models computed with the ATLAS9 code (Kurucz
synthetic spectrum computed with PiskunosssNTH program  1993) as input for the MOOG software originally developed
using atomic parameters from the VALD database (Piskunby Sneden (1973). We use models with a length of the con-
et al. 1995; Kupka et al. 1999, 2000) and a Kurucz mode¢ctive cell over the pressure scale height= |/H, = 0.5
atmosphere. Here we use instead a high-resolution spectii@ng., Fuhrmann et al. 1993), and without overshooting. These
of the K1.5 Ill star Arcturus (Hinkle et al. 2000). This star ishoices have a negligible impact on our derived abundances
well-matched in terms of spectral type to the stars under cdfess than 0.02 dex). The model parametdrg:,(log g, &,
sideration (see Table 1). No attempts was made to select liflegH], and [o/Fe]) are iteratively modified until: (1) the
blueward of 5500 A because of theffiiulty in defining the Fer abundances exhibit no trend with excitation potential or
continuum in this region. Special care was taken to select a sluced equivalent width (theW divided by the wavelength
of neutral iron lines spanning a wide range in excitation poteaf the transition), (2) the abundances derived from thedrel
tial and strength. Low-excitation neutral lines (except for irojelr lines are identical, and (3) the Fe aneklement abun-
were discarded, as they are bound to be the midstt@d by dances are consistent with the input values. As will be shown
NLTE effects. We followed the prescription of Ruland et ain the following, most of our stars exhibit a noticeable en-
(1980), by only retaining transitions arising from levels ledsancement of the electron-donor elements Mg, Si, Ca, and Ti.
than 4.4 eV below the ionization limit. For the few remainin§Vhen appropriate, we therefore used atmospheric models with
lines with detailed calculations, the NLTE corrections appegr/Fe]= 0.2 and 0.4 to account for the increase in the continu-
modest: they range frome = log(e)nite — log(e)te = —0.09  ous H opacity.
to —0.03 dex for Na 16154, from+0.05 to +0.06 dex for A concern is that departures from LTE for the low-
Mg1 45711 (Gratton et al. 1999), and fron0.01 to+0.09 dex excitation Fa lines would bias our determination of the ex-
for the Ca lines (Drake 1991). These corrections have been ajation temperature and ultimately abundances. For K-type
plied to the abundances derived here. subgiants, the models of €aénin & Idiard (1999) and Gratton

All gf-values have been calibrated on the Sun, i.e., a highal. (1999) suggest NLTE corrections of the ordenef~
S/N moonlight spectrum acquired with the same instrumen0.05 dex. Test calculations for HD 10909 indicate that arti-
tal configuration as the target stars was used in conjunctiozially decreasing the abundance of thel fiaes with a first
with a LTE plane-parallel Kurucz solar model (withgy = excitation potentialy, below 3.5 eV (Ruland et al. 1980) by
5777 K, logg = 4.44 cms?, and a depth-independent mithis amount would lead to an increase of 85 K and 0.25 dex
croturbulent velocityt = 1.0 kms™; Cox 2000) to carry in Teg and logy, respectively. The resulting mean iron abun-
out exactly the same abundance analysis as detailed bettamce wouldincreaseby about 0.06 dexafter fulfilment of
for the active binaries. The oscillator strengths were then atie excitation and ionization equilibria of the Fe lines. Only
justed until Kurucz’s solar abundances were reproduced. fBe/Fe] would be significantly féected ¢0.11 dex), while the
O1 26300.304, we corrected the solar equivalent widiN) changes would be less than 0.05 dex for the other elements.
for the contribution of Ni 16300.339 (Allende Prieto et al.  Method 2 Although the method detailed above appears ro-
2001). In order to be consistent with Kurucz models and opdmist against NLTE féects at the anticipated level, we further
ities, we adopt log,(Fe) = 7.67. As the analysis performedassessed the reliability of our results by carrying out the same
here is purely dferential with respect to the Sun, using thanalysis, but after excluding the Fines withy < 3.5 eV. The
meteoritic value instead (lag[Fe] = 7.50; Grevesse & Sauval effective temperature was in this case determined from the em-
1998) would have no consequence on our results. All lines iirical Teg-colour calibrations for FO—K5 giants of Alonso et al.
tially selected (with the exception of 016300) which were (1999, 2001) using the iron abundance obtained by Method 1.

3. Line selection and atomic data calibration
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Table 2. Distance, extinction in th& band, colour excesses because of interstellar extinction, dereddened coloufectig éemperatures.
The iron abundances quoted in this table (from Method 1) were used to deriviédtiive temperatures from thB ¢ V) and {/ — R) colours
(see Alonso et al. 1999).

HD 10909 HD 72688 HD 83442 HD 113816 HD 118238 HD 119285
d (pcp 130 131 286 300 760 76
A(V) (mag) 0.100 0.078 0.220 0.174 0.294 0.115
E(B - V) (magy 0.030 0.024 0.067 0.053 0.090 0.035
E(V - R (magf  0.019 0.015 0.041 0.033 0.055 0.022
E(V - R) (magy 0.025 0.019 0.055 0.043 0.073 0.029
E(V - I)c (magF 0.040 0.031 0.089 0.070 0.118 0.046
E(V — 1) (mag} 0.052 0.041 0.115 0.091 0.153 0.060
(B - V), (mag) 0.930 0.926 1.103 1.057 1.170 1.045
(V - R)o (Mag) 0.755 0.692 0.862 0.887 0.911 0.860
(V - 1Yo (mag) 1.285 1.168 1.454 1.379 1.545 1.483
Referencé S93 C S93 HIPF - V), S93 S93 C
[Fe/H] -0.41 +0.11 +0.02 -0.11 -0.12 -0.23
Teoou(B—V) (K) 4831+150 4989150 4616+ 150 4668t 150 4470:150 4662+ 150
Teoou(V - R) (K)  4741+100 4962:100 4510100 4445+ 100 4394:100  4495: 100
TeoouV = 1) (K)  4730+100 4939:100 4469+ 100 4580: 100 4347:100  4429:100
Texe (K)° 4830+87  5045:62 471587 4700+ 77 4575:119  4770:77

a Adopted distance for the determination of the interstellar extinction, derived ftipparcosdata (ESA 1997) for the stars with accurate
trigonometric parallaxes (see Table 10). Distance for HD 118238 from Strassmeier et al. (1993).

b Determined from the empirical model of galactic interstellar extinction of Arenou et al. (1992). The stellar galactic coordinates are quotec
Table 10.

¢ Conversion factors from Cardelli et al. (1989) and Schlegel et al. (1998).
4 References for the photometric data. S93: Strassmeier et al. (1993) and references thereidigpireosdata (ESA 1997); C: Cutispoto

et al. (2001). The colours in the Cousins syste¥h~R). and § - I)., were converted into — R) and (v — I) Johnson colours following
Bessel (1979).

€ Temperatures determined from the excitation equilibrium of theliRes (see text).

Table 2 lists the photometric properties of our program stafsally quadratically summed, ignoring any covariance terms.
along with the temperatures derived from tiBe(V), (V — R) Following standard practice, this error budget does not take
and (V — 1) colours. We use in the following the temperaturato account systematic errors. However, the strictijedential
determined from theR - V) index, as being a more reliable in-nature of our analysis minimizes many of them (e.g., inaccu-
dicator of the stellarféective temperature (Paper I). The valuesate atomic data). The abundances of some elements (Na, Mg,
derived from the{ — R) and {V — I) data will be primarily used and Ba) were derived from a single, strong line lying on the flat
to assess the reliability of colour temperatures in chromosphgortion of the curve of growth, and should therefore be treated
ically active stars. We do not attempt to use the Balmer lineswith some caution. As in Paper |, we assume for the colour
constrain the temperature, as this method is not well-suited femperatures an uncertainty of 150B<V) and 100K ¥ -R

the coolest stars in our sample (e.g., Barklem et al. 2002). andV - 1). These figures take into account typical photometric

The uncertainties on the atmospheric parameters af ertainties, internal errors in the calibration, and systematic
mainly from the errors inherent to the determination of thé%}f?‘cerences with other empirical relations (Alonso et al. 1999).

excitation and ionization equilibria of the iron linegsf and or the_metalllcny-dependeﬁ‘@ff-(B_— V) calibration, the un-
logg), or from constraining the abundances given by gfgrainties on [F#] were also considered. .

Fel lines to be independent of the reduced equivalent wigth ( The EWS (see _Table A1) were measured_wnh the _task
To estimate the uncertainty Ay, for instance, we consideredSplo_t'mplemen_ted n t_he IRA?:_software, assuming G_aussmn
the 1o statistical error on the slope of the relation betwe ofiles. Only. lines with a satisfactory fit were retalned_. For
the Fa abundances and the excitation potentials. The 3 p} e most raF"d rotators., more sgverei?eqted_ by blending
rameters of the atmospheric models were subsequently Var%(ablems, this resulted in a drastic reduction in thg number of
by the relevant uncertainty, and théieet on the mean abun_Ilnes used. Measurements performed on consecutive exposures

dance of each element derived. Other sources of uncertainties;par s distributed by the National Optical Astronomy
include the line-to-line scatter in the abundance determinatiahservatories, operated by the Association of Universities for
and the errors in th&W measurements (the latter estimateglesearch in Astronomy, Inc., under cooperative agreement with the
on a star-to-star basis). These 5 individuab*Errors” were National Science Foundation.
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suggest typical internal errors of the order of 3 m&d#6) 1994). With the exception of HD 10909, we derive systemat-
for weak or moderately strong lineEW < 100 mA), while ically higher dfective temperatures and iron abundances (see
this uncertainty is typically 2 mAx1%) for stronger lines. For Table 4). The surface gravities are also significantijedent.
HD 113816 and HD 119285, an excellent agreement was foundhe most extreme case (HD 113816), we derive a temperature
for the EWs of the 44 transitions in common with Paper |, dehigher by 250 K, a gravity lower by 1.25 dex and an iron con-
spite a rectification procedure and measurements carried @t higher by almost 0.8 dex than Randich et al. (1994). These
completely independently. large discrepancies in the iron abundances are unlikely to be
Although any abundance analysis should preferentially redplely accounted for by fiierences in the temperature scale;
on weak lines that both lie on the linear part of the curwdifferences in the gravity and microturbulent velocity (which
of growth and are insensitive to the uncertain treatment were often simply calibrated on the spectral type and luminos-
collisional broadening, this is fiicult to achieve in practice ity class) are also likely to play a role.
for such cool stars with moderate rotational velocities be- The oxygen abundance could be reliably measured from
cause of blending problems. As many damping constants @e 16300 for 2 stars in our sample (HD 10909 and
poorly known, all the lines that may have been significantiyD 113816), but inconsistencies are found with the results
van der Walls broadened (i.e., those with IBY{/ 1] > —4.55) given by the Q triplet at 7774 A. For HD 113816, for in-
were discarded from the analysis. This damping processsiance, we obtain [0Fe] = —0.22 and+1.19 dex for Or 16300
a minor contributor to th&Ws of the remaining transitions, and the near-IR @triplet, respectively. Such affiérence is too
and was accounted for by the Uid approximation in the large to be accounted for by granulatiofieets (Nissen et al.
computation of MOOG theoretical curves of growth (Blis™ 2002) or by departures from LTEAé = —-0.13 to —0.05 dex;
1955). Calculations including empirical enhancement factoBratton et al. 1999). A much hotter oxygen line-forming region
(Simmons & Blackwell 1982) would give very similar result§perhaps because of chromospheric heating) would help reduc-
(ATer < 30 K, Alogg < 0.15 dex,A[Fe/H] < 0.03 dex, ing the discrepancy because of the inverse sensitivity of these
A[M /Fe] < 0.05 dex). As shown in Paper I, the use of strongpectral features to the temperature (e.g., Cavallo et al. 1997).
Fe lines (with EWs up to 160 mA) is not thought to substanAlthough this is not clearly borne out by our exploratory cal-
tially affect our results. The selected transitions of the @ddeulations (see below), it remains to be fully worked out theo-
elements (Sc, Co, and Ba) are not significantly broadened deyically. Alternative explanations include an unusually strong
hyperfine structure (Mashonkina et al. 2003; Prochaska et @traviolet radiation field (Vilhu et al. 1987). In view of these
2000; Reddy et al. 2003). The Sc and Co lines are weakgroblems, the oxygen abundance is not discussed in the follow-
our spectra. Atomic linesfBected by telluric features were alsdng (the EWs of the oxygen features are given in Table A.1 for
discarded (we used the telluric atlas of Hinkle et al. 200Qompleteness).
Between 37 and 80 lines were used in total for each star (amongA striking feature of the abundance patterns, irrespective

which between 18 and 47 iron lines). of the method used, is the overabundance of most elements
with respect to iron (Fig. £) Figure 2 shows the abundance
ratios derived by both methods as a function of/HjeOnly

the iron-peak elements Co and Ni present abundances that are
5.1. Abundances and atmospheric parameters broadly consistent with the solar values, with a hint that nickel

_ _ is slightly depleted. The abundance ratio of the neutron-capture
Table 3 gives the atmospheric parameters and abundancesfi§nent Ba exhibits a large spread for a giveryffevalue,

termined from Methods 1 and 2. Compared to Paper |, the irg8 generally found for field dwarfs (e.g., Reddy et al. 2003).
abundances of HD 113816 and HD 119285 are lower by 0.3Rere is a clear indication for an increasing overabundance of

and 0.10 dex, respectively. The temperatures and surface gig¥-,-elements (defined as the mean of the Mg, Si, Ca, and
ities agree to within 70 K and 0.20 dex, respectively. The abufi-apundances) with decreasing [Ag

dance ratios of the other chemical elements (prior to our NLTE To assess the robustness of our results we carried out

corrections which were not applied in Paper 1) are within thge same analysis on a high-resolution spectrum of Arcturus

range of the expected uncertainties, with no systematic rénd§ e et al. 2000). We used the same line list and calibrated
In some cases (€.g., Mg), theffiérences are largely due t0 the,iomic data as for the active binaries. Our results are given in

different atomic data used. o Table 5 where they are compared with previous estimates in
The two methods used yield in some cases significantly difie iterature. Ourfective temperature and surface gravity are

ferent values for thefeective temperatures and surface gravig; the jower end of the previous estimates, but are very similar
ties (Table 3). The dierences may reach up to 110 K & {5 the values of Mckle et al. (1975). There is no evidence to

and up to 0.35 dexfor log However, this only has a noticeable, g gest that our analysis systematically yields spuriously high
impact on the abundance of barium (0.13 dex). For the other g\ qance ratios. Compared to the mean values in the liter-

ements (including Fe), the results given by the 2 methods afigie the abundances of the elements heavier than fia di
not significantly diferent (0.08 dex at most).

Our results regarding the atmospheric parameters and iron ¢ has to be kept in mind that NLTE corrections were applied
content of these active binaries appear at variance with pf&Na, Mg and Ca, but not to the other elements (Sect. 3). There is
vious studies and suggest that these systems may nottHegefore a systematic, albeit small, zero-poifiset between [N&el],
as iron-depleted as previously claimed (Randich et al. 1998g/Fe], [CaFe] and the other abundance ratios.

5. Results and discussion
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Table 3. Mean values of the atmospheric parameters and abundances as determined from Methods 4>3nd@H& (corresponding &
uncertainties and the number of lines included in the abundance an&lysise(also indicated. The abundances of Na, Mg and Ca have been
corrected for departures from LTE (see text). The lithium abundances are given in Table 9. Blanks indicateEfWat fioo the element in
question could be reliably measured. We use the usual notatigB} fAlog [N (A)/N(B)].—log [N(A)/N(B)]e.

HD 10909 (UV For) HD 72688 (VX Pyx) HD 83442 (IN Vel)

Method 1 Method 2 Method 1 Method 2 Method 1 Method 2
N <> N <> N <> N <> N <> N <>
Ter (K) 4830+ 87 4831+ 150 5045+ 62 4989+ 150 471587 4616+ 150
log g (cm s?) 2.90+0.13 2.90:0.13 2.77+0.10 2.58:0.09 2.75%:0.13 2.40:0.11
£ (kms?) 1.48+0.09 1.48+0.08 1.62+0.06 1.62+0.07 1.89+0.09 1.89+0.10
[Fe/H]? 47 -0.41+0.09 37 -0.4%x0.12 42 0.1%x0.07 36 0.0#0.12 41 0.020.10 35 -0.050.14
[Na/Fe] 1 024006 1 02010 1 045005 1 046009 1 04006 1 0.480.11
[Mg/Fe] 1 042003 1 042008 1 -0.04004 1 -0.020.09 1 0.13004 1 0.16:0.20
[Al /Fe] 2 0420.04 2 042007 2 0.18006 2 0.20:008 2 0.32£010 2 0.4%0.14
[Si/Fe] 8 024006 8 024008 4 0.10-0.06 4 0.12007 7 0.14-0.15 7 0.19-0.15
[Ca/Fe] 3 036:0.07 3 036015 3 0.080.08 3 0.08015 3 0.24-006 3 0.220.15
[Sc/Fe] 1 0174013 1 0.1%#0.19
[Ti/Fe] 1 03%008 1 035013 1 016009 1 0.16:0.24 1 0.19007 1 0.1&0.13
[Cr/Fe] 4 00010 4 0.0&0.24 4 0.00:0.08 4 -0.0x014 2 0.150.12 2 0.130.17
[Co/Fe] 1 018009 1 0.18015 1 00&010 1 0.00-0.15 1 0.16:009 1 0.080.15
[Ni/Fe] 10 -0.020.08 10 -0.020.13 10 -0.06-0.08 10 -0.060.14 9 -0.040.112 9 -0.040.15
[Ba/Fe] 1 -0.0%0.11 1 -0.0%026 1 015008 1 011024 1 0.16:0.13 1 0.060.29
HD 113816 (IS Vir) HD 118238 (V764 Cen) HD 119285 (V851 Cen)
Method 1 Method 2 Method 1 Method 2 Method 1 Method 2
N <> N <> N <> N <> N <> N <>

Ter (K) 4700+ 77 4668+ 150 4575+ 119 4470 150 477077 4662+ 150
log g (cm s?) 2.45+0.21 2.30:0.15 2.40:0.28 2.08:0.28 3.10:0.19 2.80:0.21
& (kms?) 1.79+0.08 1.79:0.07 2.78:0.19 2.78:0.21 1.71+0.07 1.74+0.09
[Fe/H]? 46 -0.11+0.09 40 -0.140.13 20 -0.120.13 18 -0.2¢:0.16 44 -0.230.10 36 -0.31:0.13
[Na/Fe] 1 035006 1 036011 1 04025 1 040:028 1 046:005 1 04%&0.11
[Mg/Fe] 1 012+003 1 0.130.09 1 028003 1 0.3%0.08
[Al /Fe] 2 019006 2 02010 2 05x025 2 053029 2 048005 2 0.5k0.12
[Si/Fe] 4 0.08011 4 0020211 4 034018 4 032021 4 0.180.09 4 0.220.11
[Ca/Fe] 3 025009 3 025016 2 003015 2 0.0x021 3 035008 3 0.340.17
[Sc/Fe] 1 -0.030.13 1 -0.06:0.19 1 0.16:0.16 1 0.09:0.21
[Ti/Fe] 1 016008 1 0.16014 1 036:016 1 034019 1 033008 1 0.320.14
[Cr/Fe] 3 012008 3 012015 1 002032 1 O0.0A035 3 025015 3 0.24-0.20
[Co/Fe] 1 000008 1 -00&014 1 01027 1 002029 1 0.06:0.10 1 -0.030.124
[Ni/Fe] 9 -0.130.10 9 -0.1%0.14 6 -0.14022 6 -0.1%025 9 -0.040.10 9 -0.0&0.15
[Ba/Fe] 1 034011 1 03%026 1 -029028 1 -042037 1 018014 1 0.0&0.29

@ Mean of the values for Reand Fal.

on average by only 0.04 dex. Once again, we find a discrdgy merging the empirical chromospheric model of the KO gi-
ancy between the oxygen abundances given by&300 and ant Pollux determined by Kelch et al. (1978) with our derived
the near-IR triplet (0.6 dex) which is too large to be simplphotospheric model for HD 10909. This modifies the tempera-
accounted for by NLTE féects (Gratton et al. 1999; Takedaure structure of the Kurucz model in two ways: (1) a reversal
2003). This suggests that the discrepancy observed in the aftthe temperature gradient in the uppermost photospheric lay-
tive binaries may not be entirely attributed to activity, but alsers corresponding to column mass densities; 0.30 g cnT?.
to other physical phenomena gadcaveats in the atmosphericThe temperature at this point (which defines the onset of the
models. Inconsistencies between these two oxygen abundaste®mosphere)l nin, is set toTmin = 0.788% T = 3805 K;
indicators in metal-poor stars is a long-standing, but still unr€2) an overall heating (up to 190 K) of the upper photo-
solved issue (e.g., Fulbright & Johnson 2003). sphere betweem = 0.30 and 14 g cr?. The temperatures
We now turn to examine the potential importance of chref the Kurucz and empirical models are taken to be identi-
mospheric heating in inducing the overabundances obseneal.atm = 14 g cnt2. The temperature-mass density relation
To this end, we follow the method of McWilliam et al. (1995)pf the merged model was interpolated between this point and
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Table 4. Comparison with previous studies.

Fekel & Balachandran (1993) Randich et al. (1993, 1994) This 8tudy
Name Tesr logg [Fe/H] Terr logg [Fe/H] Terr logg [Fe/H]
(K) (cms?) (K) (cms?) (K) (cms?)
HD 10909 (UV For) 4900 3.3 -0.3 483087 2.90+0.13 -0.410.09
HD 72688 (VX Pyx) 4900 3.0 -0.07 4900 25 -0.3 504562 2.77+0.10 0.11+0.07
HD 83442 (IN Vel) 4400 2.4 -0.4 471687 2.75+0.13  0.02:0.10
HD 113816 (IS Vir) 4450 3.7 -0.9 470077 2.45:+0.21 -0.1%0.09
HD 119285 (V851 Cen) 4650 3.6 -0.6 47¥@7 3.10£0.19 -0.23:0.10

& Values derived from Method 1.
b Value rescaled to our adopted solar iron abundances{lég] = 7.67).
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Fig. 1. Abundance patterns for the stars in our sample, determined from Metheft-band panelsand Method 2 right-hand panels

the temperature minimum. The electronic density was calawodels with an added chromospheric component is shown in
lated following Mihalas (1978). We also experimented witkig. 3. Determining an empirical model on a star-to-star ba-
a more prominent chromospheric component, perhaps meig (e.g., from fitting the chromospheric emission component
akin to RS CVn binaries (Lanzafame et al. 2000). In this cas#,optical lines) would be obviously preferable, but is beyond
Tmin = 0.870x Teg = 4200 K and the temperature at the outthe scope of this paper. We used these 2 atmospheric models to
ermost layer of the Kurucz model is set to 5500 K (instegmkrform on theEWs determined for HD 10909 the same spec-
of 5100 K). The temperature structure of the 2 atmosphetial analysis as described previously, varyihg, logg andé
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Fig. 2. Abundance ratios as a function of [FH} for Method 1 ¢op) and Method 2 ljotton). We define a mean abundance ratio of the
a-synthezised elementsy/Fe], as the unweighted mean of the Mg, Si, Ca, and Ti abundances.

until convergence. The chromospheric component was rescabetiveen our surface gravities and values derived from evolu-
during this procedure, witlmi/Teg held constant and the tem-tionary tracks (Fig. 13) suggests that thiéeet of the chro-
perature at the top of the model chromosphere decreased bynlosphere on the photospheric temperature structure may be
same amount as th&ective temperature. Theftitrences with less severe in reality than assumed by this model. In sum-
the results using the Kurucz models are presented in Tablar@ary, assuming that the atmospheres of chromospherically ac-
Strong lines are found to be modfected by the inclusion of tive stars can be described by a Kurucz photospheric model
a chromosphere, as expected for lines formed in comparativiglgds to amverestimatiorof both the &ective temperature and
higher photospheric layers. The strongiHimes yield much surface gravity. An overall heating of the upper photospheric
higher abundances (up to 1.0 dex). As a result, requiring tlagers because of chromospheric activity has a limited impact
iron abundance to be independent of the line strength leamfsthe abundance ratios (except for Ba) and does not appear
to a strong increase of the microturbulent velocity. The ovep systematically yield higher values (Table 6). The impact
all heating induced by the chromospheric component need®fa chromosphere on our abundance analysis is likely to be
be compensated by an “incipient” phototospheric model witargely due to dierences in the temperature structure of the up-
a much lower &ective temperature (up to 360 K). Achievingper photosphere where the LTE approximation is nearly valid.
ionization equilibrium of the Fe lines also requires a dramdattowever, because this assumption of LTE breaks down in the
ically lower gravity, with diferences reaching up to 1.1 dexow-density, high-temperature chromospheric regions, we warn
for the model withTn,in/Teg = 0.870. The fair agreementthe reader of the crudeness of these pilot calculations.
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Table 5. Comparison between our results for Arcturus and previous estimates in the literature.

References

This study Q) 2) 3) (4) (5) (6)
Ter (K) 4205 4260 4490 4350 4330 4300
log g (cm s?) 1.05 0.90 2.01 1.8 1.5 1.50
& (kms?) 1.59 1.8 1.8 1.5 1.7
[Fe/H] -0.72 -0.70 -056 -051 -038 -0.5 -0.5
[O/Fe] (6300) 0.17 0.40 0.26 0.4 0.40
[O/Fe] (7T774) 0.76 0.4
[Na/Fe] 0.26 0.25 0.3 0.20
[Mg/Fe] 0.56 0.50 0.24 0.4 0.40
[Al /Fe] 0.44 0.50 0.4
[Si/Fe] 0.46 0.35 0.19 04 0.30
[Ca/Fe] 0.24 0.25 0.08 0.3 0.20
[Sc/Fe] 0.09 0.05 0.2 0.20
[Ti/Fe] 0.25 0.30 0.22 0.3 0.25
[Cr/Fe] -0.02 0.05 0.0
[Co/Fe] 0.33 0.10
[Ni/Fe] 0.03 0.00 0.11 0.0 0.10
[Ba/Fe] -0.27 -0.25

a For comparison purposes, no NLTE corrections have been applied to our results.
Key to references: (1) Btkle et al. (1975); (2) Lambert & Ries (1981); (3) Kjeergaard et al. (1982); (4) Gratton & Sneden (1987); (5) Peterson
et al. (1993); (6) Donati et al. (1995).

Table 6. Effect of chromospheric heating on the atmo-
spheric parameters and abundances of HD 10909. For
each quantity X, the results are given in the formAX =
X(photosphere)X(photospherechromosphere). The results for
the model without a chromospheric component (Method 1) are given

in Table 3.
AX Tonin/Tes
0.788 0.870
x ATer (K) 200 360
-2 -1 0 1 2 Alogg (cms?) 035 1.10
log m (g cm™) A¢ (km st -0.37 -0.49
) A[Fe/H] 0.09 0.28
Fig. 3. Temperature structures for HD 10909 of the adopted Kurucz A[O/Fe] (6300) 0.06 0.23

model &olid line) and the 2 empirical models with an added chro-

mospheric componentiéshedand dottedline for Tmin/Ter = 0.788 A[O/Fe] (v774) -0.28 -0.86

and 0.870, respectively). A[Na/Fe] —0.02 = -0.02
A[Mg/Fe] -0.08 -0.12
A[Al /Fe] -0.06 -0.08
A[Si/Fe] -0.06 -0.13

To investigate further the fiect of stellar activity, we A[Ca/Fe] —0.05 0.04

looked for a correlation between the abundance ratios and the A[Sc/Fe] 0.04 0.16

Cam H+K emission-line fluxes (see Fig. 4) calculated follow- A[Ti/Fe] 001 0.02

ing Linsky et al. (1979). The relative fluxes in the Cdines A[Cr/Fe] —0.01 0.05

were first calculated by integrating the unnormalized spectra A[Co/Fe] 0.02 0.04

in the wavelength domainA(K;) = A(Kiy) — A(Kir) and A[Ni /Fe] 0.01 004

AA(H1) = A(H1y) — A(H1R) (see Strassmeier et al. 1990 for def- A[Ba/Fe] 0.15 0.33

initions), and then dividing these values by the corresponding Ale/Fe] 0.04 0.05

flux in the 3925-3975 A bandpas. All measurements are

performed from the zero-flux level. These relative fluxesare

converted into absolute surface flux@s,using (the subscripts With

refer either to the K or to the H feature): logFso = 8.264— 3.076 (V — R)g for (V —R)o < 1.3. )

f/m This calibration relation is appropriate for the range of colours
Frm =50 fso 50 (1) spanned by our program stars (see Table 2). The absolute
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83442
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118238

113816

Arbitrary units

10909

72688
|

3940 3960 3980
Wavelength (4)

Fig. 4. Can H+K profiles for our program stars, ordered as a function of decred&irdfrom top to bottomsee Table 7). The spectra have
been normalized tdso (see text) and vertically shifted by a constant value for the sake of clarity.

Table 7. Activity indices.

Name V-R)o Ter® logFx logFy logF, log¥F, Ruk® Rx
(mag) (K) (ergcm?st) (erg cnr? s7Y) (x 109 (x 10°)
HD 10909 (UV For) 0.755 483887 6.264 6.104 6.252 6.090 0.28.07 4.51+1.80
HD 72688 (VX Pyx) 0.692 5045 62 6.297 6.116 6.281 6.095 0.8®.04 5.08:0.28
HD 83442 (IN Vel) 0.862 471% 87 6.331 6.139 6.326 6.133 1.20.09 8.29:1.84
HD 113816 (IS Vir) 0.887 470@ 77 6.254 6.077 6.249 6.071 1.@D.07 6.85:1.44

HD 118238 (V764 Cen) 0.911 4545119 6.247 6.068 6.242 6.062 14D.12 5.36:1.46
HD 119285 (V851 Cen)  0.860 AT8077 6.337 6.149 6.332 6.143 1.2D.08 17.1+1.07

@ Values obtained with Method 1.
b The uncertainties were obtained after propagation of the errors on the absolute emission-line flufiestiveltemperatures.

chromospheric line fluxes were subsequently corrected for againstRy (Fig. 5). Note thaRy is always well below the em-
cipient photospheric contribution: pirical threshold defining the “saturation limit” for the X-ray

, RE emission in RS CVn binaries-(L0~3; Dempsey et al. 1993).
Trm = Fem = Ficm: ) The measurements of the activity indices are summarized in
The K and H indicesff—“,f/i, are taken from the radiative equi-Table 7. Finally, we define as an indicator of stellar spottedness
librium model atmospheres computed for 3 GK giant stars fye maximum amplitude of the wave-like photometric varia-
Kelch et al. (1978). The “activity indexRx, defined as the tions inV band,AVyaye (values from Strassmeier et al. 1993).
radiative loss in the Ca H+K lines in units of the bolometric Figure 5 suggests that the incidence of these photospheric fea-

luminosity is given by: tures scales (possibly in a non-linear way) with the stellar ac-
, , tivity level. Figure 6 shows the abundance ratios determined

R = F + 7:H_ (4) from Method 1 as a function d&®x. As found for the other ac-
aTgff tivity indicators, there is no statistically significant correlation

We use the excitation temperature as an estimat@qofin between the abundance ratios and the stellar activity level.

Eq. (4), but note that adopting the colour temperatures given
by the 8 — V) index would not significantlyf@iect our results. 5.2, Discrepancies in the temperature determinations:

In addition, we define as a “secondary” indicator of stel-  actjvity or binarity?
lar activity, Ry, given as the ratio between the X-ray and the
bolometric luminosities. The latter quantity was derived frorhhe excitation temperatures are found to be systematically
evolutionary tracks (Sect. 5.5), while the X-ray data are takéigherthan the values derived from photometric data (Table 2).
from the ROSATall-sky survey (Dempsey et al. 1993, 1997)This disagreement is more severe for temperatures determined
These “quiescent” X-ray luminosities in the 0.1-2.4 keV erirom (V — R) and V - 1) (AT ~ 175 K) than from B - V)
ergy range have been rescaled to our more accttiggarcos (AT =~ 65 K)*.
distances (Table 10). The major drawback of this activity in-
dicator is that it may not be representative of the stellar activ4 Note that interstellar extinction is not a major issue here; an uncer-
ity level at the epoch of the spectroscopic observations, a faghty of 30% inA(V) would typically translate into an error of 30 K
which might contribute to the scatter seen in the ploRgk in the colour temperatures.
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andAVyave also suggests that they may not be strictly related
to spots per se.

A cooler secondary component significantly contributing
to the overall spectral energy distribution would lead to spu-
riously low colour temperaturésThere are indeed indications
for such low-mass companions for some stars among our sam-
ple: HD 113816 (K5 V; Fekel et al. 2002) and HD 119285

1.3

1.2

1.1

Ry, (x10%)

+

e e b e

L R A I R

09 F ]
E 'If | | | | ] (M3 V; Saar et al. 1990). The sensitivity of the photometric
T o 15 o o1 oz os colours on the nature of the secondary has been already quan-
R, (x109) AV, .. (mag) titatively addressed in Paper I. It was found that suffbats

could be substantial for dwarfs, but would typically lead to dif-
ferences below 70 K for giants. Regardless of the seemingly
important role played by activity discussed above, binarity can
therefore hardly account for the largefdrences observed in
our subgiant stars (up to 340 K).

Fig. 5. Dependence oRyx on Ry (left-hand panéland on the max-
imum amplitude of the wave-like photometric variations\inband
(right-hand panél.

Chromospheric activity is likely toffect the emergent pho- o
tospheric spectral energy distribution and thus it might induce3- Lithium abundance

this discrepancy. To test this hypothesis, we show in Fig. 7 th@e |ithjum abundance was determined from a spectral synthe-
difference between the excitation and colour temperaturess@syf the Lir 16708 doublet. This more sophisticated approach
a function ofRuk, Rx, andAVwave- There is a suggestive in-\yas made necessary by the blended nature of this doublet at
dication, in particular from the QaH+K data, that the tem- 4 instrumental resolution and by its complex atomic struc-
perature discrepancy increases with the stellar activity levglre The synthetic spectra were generated using the MOOG
This result is in line with the recognition that chromospheriginware and the line list of Cunha et al. (1995), while the at-
cally active stars exhibit — R) and / — I) colour excesses of jyogpheric parameters used were those determined previously
about 0.06-0.10 mag compared to otherwise similar, but ingaple 3). Because of the weakness in the solar spectrum of
tive stars (Fekel et al. 1986). On the contrary, the much lowgg spectral features of interest, a relative calibration of the
temperature discrepancy suggested for Bre V) index might - ¢ _yajues as was done for the other spectral lines was not at-
be accounted for by fierences in theR-V) vs. Teq calibration e mpted. Instead, we use for lithium the laboratory atomic data
chosen (Alonso et al. 1999). quoted in Smith et al. (1998). As discussed by these authors, the
The most straightforward explanation for these coloyif-values are thought to be exceptionally accurate§theso-
excesses are photospheric spots, which are ubiquitoustdpe was not considered). For the CN molecules and other
RS CVn binaries and cover a substantial fraction of the st@ltomic lines in the spectral domain of interest, we adopt the
lar surface (up to 60%: O'Neal et al. 1996). We examineskcillator strengths of Cunha et al. (1995). The projected ro-
this possibility by creating a composite, synthetic Kurucz spegtional velocity, sini, along with the iron and lithium abun-
trum which is the sum of two normalized components Withances, were adjusted until a satisfactory Gaussian fit of the
Ter = 3830 and 4830 K for the spots and photosphere, respgfend primarily formed by Fe16707.4 and the Li doublet was
tively. We can reasonably assume that the flux emerging frefshieved (see Fig. 8). The fit quality is largely insensitive to the
the spots is adequately described by a Kurucz model (see, eaundance of the other chemical species, and solar values were
Solanki & Unruh 1998 in the case of sunspots). We follow thg@ssumed. A very small velocity shifé{ km s'1) was applied to
method of N& et al. (1995) and consider a single spot lyingccount for an imperfect correction of the stellar radial veloc-
in the center of the stellar disk (i.e., no limb-darkening wag;. Mean macroturbulent velocitieg, appropriate to the stel-
included) and with a covering factofs = 30 or 50%. We |ar spectral type and luminosity class were used (Fekel 1997).
then performed on this composite spectrum the same anapstrumental broadening was also taken into account. A close
sis as for the active binaries. We also computed the expectgfleement was found in all cases betweeen the iron abundance

colour excesses (and resulting temperatures) from the Kurgggen by the weak FE.16707.4 line and the mean values in
models after convolution with the appropriate filter functions
Table 8 gives the colour and temperaturadiences compared ° An enlightening, albeit extreme, illustration is provided by
to the values that would result for a spotless photosphere. Sgts101379 (K3 Ill, GT Mus). This system comprises a pair of eclips-
have a roughly similar quantitativéfect on the temperaturesing A dvyarfs (M_u_rdoch et al. 1_995) and was initi_ally included in our
derived from spectroscopic and photometric data, and are §hdy. Itis cIaSS|_f|e_d as single Ilned_ by Strassmeier et al. (1_993). From
able to explain the distinct behaviour & ¢ V) and { - R) the 3 photometric indices, we obtain colour temperatures in the range

at high activity levels seen in Fig. 7. Although a more detailiﬁlo_szm K. These values are about 650 K higher than the excita-

. d . . fth n temperature, and are clearly inconsistent with the spectral type.
treatment is warranted, an interpretation of the temperature nversely, results obtained with Method 1 suggest an iron content

crepancies in terms of spots is therefore not supported by @ge/H] ~ —0.45) difficult to reconcile with the young stellar age de-

calculations (see also Fekel et al. 1986). The temperature @igd from theoretical isochrones. This low metallicity is likely to be

crepancies are likely to be a manifestation of activity processegurious, and to result from a dilution of the continuum by the hot,
but the lack of correlation between the temperatufiedénces early-type eclipsing binary (which is only 0.8 mag fainteMp
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Table 8. Effect of cool spots on the mean colours, as well as on the excitation and colour temperatures.

fe AB-V)o AV-Ro ANV-1o ATec AT(B-V) AT(V-R AT(V-1)

(mag) (mag) (mag) (K) (K) (K) (K)
0.3 0.026 0.022 0.065 100 51 60 113
0.5 0.056 0.046 0.132 200 109 123 221
1:\‘HH‘HH‘HH‘H{,\‘HHHHHHH{ 27 ‘ .
0.9 [ ] L ﬁ ]
= f T ] 1.5 — —
L loge(Li)=1.70 T loge(Li)=1.61 ] = = 4
0.8 loge(Fe)="7.86-1 loge(Fe)="7.48+ — r 7
r vsini=85 | vsini=v.5 ] et o b
r HD 72688 ¢=4.0 + HD 113816 ¢=4.0 20 [ ]
P ISR AU AU AU SN EA RTINS RS A o 1 - —
L I B B L L B L L BN B = L J
1 r - L 4
09oF ] 0.5 135 .
=9 F —+ 4 = |
r loge(Li)=1.08 T loge(Li)=1.42 ] : : ‘ ‘
0.8 loge(Fe)="7.751— loge(Fe)="7.29 0 20 40 60
[ vsini=11.0 [ vsini=6.5 ] 1
[ HD 118238 ¢=4.0 1+ HD 119285 ¢=4.0 : Voo (km s7)
Colv v b b b T b b by v 100
6707 6707.5 6708 8708.5 6707 6707.5 67v08 6708.5 Fig. 9. Lithium abundance as a function of the rotational velocity.
Wavelength (&) Wavelength (&)

The latter quantity was calculated using oudifeetive temperatures
Fig. 8. Spectral synthesis of the Li16708 doublet. The atmospheric(Method 1), the luminosities given by evolutionary tracks (Sect. 5.5),
parameters derived from Method 1 have been used. The resulttgl the rotational periods (Table 1). The synchronous and asyn-
lithium and iron abundances (the latter given byt i6707.4),vsini, chronous systems are plotted as filled and open circles, respectively.
and macroturbulent velocity’) are indicated (velocities in knty).

Table 9. NLTE lithium abundances. We use the usual notation:j content on the stellar evolutionary status, mass or activity

loge(Li) = logN(Li) — 120. The uncertainties were determined age.g., Randich et al. 1993, 1994). The Li abundance is sensitive
detailed in Sect. 4. to a variety of competing physical processes, however, and we
feel that meaningful conclusions can only be drawn by seeking

Name Metho dligE(L?vletho q2 stati;tical trends in muc_:h Igrg.er gamples than analyzed_ here.
HD 10909 (UV Fo) 206 206 We s_lmply note a tentative |nd|cat|or_1 that systems W_lth hlgher
HD 72688 (VX Pyx) 1.70:0.12 1.66:0.19 rotational velocities might have retained more of their primor-
HD 83442 (IN Vel) <0.6 <0.6 dial Li (Fig. 9; see also Barrado y Navas=uét al. 1998). We

HD 113816 (IS Vir) 1.610.15 1.58:0.21 do not find evidence for systems with synchronized orbits to
HD 118238 (V764 Cen) 1.080.20 0.92:0.33 be less lithium depleted, as would be expected if internal mix-
HD 119285 (V851 Cen) 1.420.14 1.30:0.21 ing was inhibited in tidally locked binaries (Zahn 1994). This

mechanism is perhaps more likely to explain the lack of very
lithium-poor stars in close binary systems (Costa et al. 2002).

Table 3. Likewise, the sini values used are in good agreement
with previous estimates in the literature (Table 1). NLTE coi= : .
rections interpolated from the grids of Carlsson et al. (1994) flg'r4' Stellar kinematics
the relevant atmospheric parameters (typicaldy= +0.2 dex) The space componentd)( V, W) were computed from
were applied to the lithium abundances (see Table 9). OwiRgpparcosdata following Johnson & Soderblom (1987). They
to the weakness of the Li16708 feature in HD 10909 andwere subsequently corrected for tHEeet of diferential galac-
HD 83442, only upper limits could be determinedffBiences tic rotation (Schéller & Elsdsser 1988), by adopting a solar
between our abundances (prior to NLTE corrections) and pregalactocentric distance of 8.5 kpc and a circular velocity of
ous estimates in the literature (Barrado y Navasat al. 1998; 220 km s?. All kinematic data are quoted in Table 10 and refer
Costa et al. 2002; Fekel & Balachandran 1993; Randich et@l.the LSR at the star’s position and to a right-handed refer-
1993, 1994, Soderblom 1985; Strassmeier et al. 2000) can genee system (i.e., witbl oriented towards the galactic centre).
erally be accounted for by fierences in the temperature scaleRough estimates of the kinematic ages are also given. A so-
Several stars among our sample exhibit a lithium abular motion U,V,W), = (10.0,5.2,7.2) km s was assumed
dance not only higher than what would be expected for sufehnen & Binney 1998). The peculiar space veloc8y,s
evolved objects, but also higher than single stars with similgiven by:S = (U? + V2 + W?)Y2 and is shown as a function
characteristics (do Nascimento et al. 2000). Echoing previafgFe/H] in Fig. 10. The kinematic properties of HD 72688,
investigations, our data do not show any dependence of thB 113816, and HD 118238 suggest that they belong to the
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Table 10.Kinematic data, along with kinematie,; Schefler & Elsdsser 1988) and evolutionary ageg.j. No determination otis, from
Method 2 was possible for HD 119285 (see Fig. 11). The last row gives the stellar mass derived from the evolutionary tracks (Method 1).

HD 10909 HD 72688 HD 83442 HD 113816 HD 118238 HD 119285

« (1950.0) () 26.09 127.75 14381 195.96 203.32 205.14
5 (1950.0) () ~24.26 -34.46 ~41.80 -4.58 -33.22 -61.12
1) 201.96 254.82 268.75 309.96 31353 309.19
b () —77.16 3.14 7.61 57.82 28.47 0.86

7 (Mmas) 762110  7.65:059  350:1.19 333101 197119 13.1% 134
1o COSS (Mas) 151.031.01 -18.26:0.43 -72.4%083 -3.1%103 -1981.03 220%1.01
5 (Mas) 97.42069  327:047 1953094 -1922071 -443080 16.68:1.03
o, (km s1)2 ~462:1.65 6.40:495  487:30  19.0:040  9.3:30  93.27:0.65
U (kms?) -116.7+155 -16.6:1.5 -94.4:30.9  85:3.3 26£29  57.4:0.9
V (km s%) ~159+18  -9.6:48  -57.5:34 351470 -189%:55 71810
W (km s%) 211438  -147:0.8 465156 5355 -11.1+55 —14:07
S (km s 11974151 242622  120.0:251 36568  22.1+55  91.9:10
Tkin (Gyr) 29 ~0.3 29 ~1 ~0.2 ~9

750 (Method 1) (Gyr) 78 0.603 2,530 1.0%5 0.332 15°

Tiso (Method 2) (Gyr) 78 0.6'93 4.052 1o 0.428

M (M) 1.2 2.6 1.6 2.1 3.3: 1.0

a Radial velocities of the center of mass from Strassmeier et al. (1993) and references therein, except for HD 10909 and HD 72688 (de Meic
& Mayor 1999).

oo b T TTTTTTT for a-element enhanced mixtures of Kim et al. (2002). These
F % } ] isochrones have been constructed fowaglement abundance
=z °F ++ B ([a/Fe] = +0.3) that is a better match to the overabundances
E -0.2 { - observed than the value [Fe] = +0.5 used by Salasnich et al.
= o4k + E (2000). For HD 72688, we use the isochrones for scaled-solar
o ] mixture of Yi et al. (2001). Both set of evolutionary models
L o A N IO use the same input physics, up-to-date opacities and equations
0.2 - B of state, and are evolved from the pre-main-sequence birthline
— 0F { to the onset of helium burning in the core.
% oz b Jr E The positions of the stars in the HR diagrams for the ap-
LT = } ] propriate Fe andd/Fe] abundances are shown in Fig. 11. The
-0.4 7 metallicity of the isochrone was chosen to match as closely as
T A B possible our spectroscopic values (allowance was made for the
0 50 100 150 different solar iron abundances assumed). The absolute magni-
S (km s7) tudes are not significantlyfizcted by the presence of a faint,
Fig. 10. [Fe/H] as a function of the peculiar space velocities fof@iN-sequence companion. Our stars share a very similar evo-
Method 1 ¢op) and Method 2 lgottor). lutionary status and are all starting to ascend the red giant

branch. Estimates of the stellar masses were derived from the
evolutionary tracks (Table 10), and suggest that these stars have
thin disk population. The situation is less clear for HD 1090@Volved from main-sequence progenitors with masses ranging
HD 83442, and HD 119285 which display at least one velotom about 1.0 to 3 M, (i.e., of spectral type G2-A0). The
ity component typical of the thick disk or halo (e.g., Soubira@volutionary age derived from Method 2 for HD 119285 ap-
1993¥. pears uncomfortably large and points to an underestimated ef-
fective temperature. However, the loci in thé,—Ts plane
are very sensitive to the somewhat subjective choice of the
isochrone metallicity. Furthermore, if HD 119285 belongs to

A comparison with theoretical isochrones allows us to exafile thick disk (a possibility that cannot be ruled out from its

ine the stellar evolutionary status and provides a consisterl\gemat'cs? Table 10), then we would expect it to be about
test on our derived surface gravities. In virtue of the departurks GYr old. This value is, within the uncertainties, consistent
exhibited by most stars in our sample from a scaled-solar chefith the isochrones. The evolutionary ages are in fair agree-

ical composition (Fig. 1), we use the recent set of isochronf@nt with the kinematic ages (Table 10), and are shown as a
function of [FgH] in Fig. 12.

6 See alsochttp://physique.obs-besancon. fr/modele/ A comparison between the gravities derived from the ion-
descrip.html ization equilibrium of the Fe lines and from the evolutionary

5.5. Evolutionary status
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[a/Fe]=+0.0 [Fe/H]=+0.38 [a/Fe]=+0.3 [Fe/H]=-0.17 [a/Fe]=+0.3 [Fe/H]=+0.17
72 [—T T T T { T T T T { T 1] [—T T T T { T T T T { T [—T T T T { T T T { T 1

M, (mag)

M, (mag)

4 - : | T
3.75 3.7 3.65 3.75 3.7 3.65 3.75 3.7 3.65
log T, (K) log T, (K) log T, (K)

Fig. 11. Positions of the program stars in the HR diagrams for Methoab(d) &nd Method 2 lfotton). The theoretical isochrones are shown
for [a/Fe] = 0.0 and [FgH] = +0.38 (eft-hand panelsHD 72688), [r/Fe] = +0.3 and [F¢H] = —0.17 (middle panelsfrom top to bottom:
HD 10909 and HD 119285), as well ag/fe] = +0.3 and [F¢H] = +0.17 (right-hand panelsfrom top to bottom: HD 118238, HD 113816,
and HD 83442). The metallicity of the isochrones refers to a solar iron abundaneg(Reg= 7.50 (Yi et al. 2001; Kim et al. 2002). The age
of the isochrones (in Gyr) is indicated in the left-hand panels.

02 ;‘ L ‘ L L L \; 35 T T { T T T T { T T T T { T T T y
z %j E I ]
E L ]
o -02F + = k
= C ] 3+
-04 '—E—< - & -
[ - |
- - I
0.2 - 5 r
- O0F }{ = 25|
e E ] o |
g oRf E g |
-0.4 |- = I
Clov o v b v b g 2
0 5 10 15 20 L.
Tieo (Gyr) L ! |
1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1
Fig. 12. [Fe/H] as a function of the ages derived from the theo- 2 25 3 35
retical isochrones for Method 1ap) and Method 2 ljotton). For log g, (em s7)
HD 119285, no age estimate from the evolutionary tracks was pos-
sible from Method 2 (see Fig. 11). Fig. 13. Comparison between the gravities given by the theoretical

isochrones and the values derived from Methosdli¢) and Method 2
(dashed. In the latter case, no estimate of the gravity from the evo-
. - . lutionary tracks was possible for HD 119285 (see Fig. 11). The error
tracks is showr_1 in Fig. 1_3' A rgasonable agreement |s_fou% rs forythe theoreticF;I gravities were derivecg from fqhe u)ncertainties
although there is a clear indication that the spectroscopic grgi-ne position of the stars in the HR diagrams.

ities are systematically lower by about 0.15 dex. Whatever the

cause of this putative discrepancy (see Allende Pietro et al.

1999 for a thorough discussion), we simply stress here thmtterns A[M /Fe] < 0.05 dex) and would thus noffact the
such a gravity fiset would have little impact on the abundanceonclusions presented in this paper.
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6_ COnCIuS'OnS 04 TY ‘ T 1T ‘ T 1T ‘ T 1T T T T 3
o F Reddy et al. (2003) B
The temperatures derived froM{R) and /—1) colour indices @ 02 E E
appear to beféected in our sample by activity processes whose Eﬂ 0 T oo E
exact nature remains to be identified. On the contrary, a fair 5 ~0-2 £ E
agreement between the excitation temperatures and the values -0.4 I N N N N
derived from the B - V) data is found, suggesting that this 04 £ of o ey
colour index might be a more robust indicator of thEeetive W 02 F E
temperature in chromospherically active binaries (provided that a0 0 377‘7 e ;{; —————————————————————— E
the metallicity is known with reasonable accuracy). ‘:T -02 F ' : =
Irrespective of the method used, our study suggests that ac- “04 T
tive binaries may not be as iron-deficient as previously thought o L L L L I
(see also Ottmann et al. 1998). The physical mechanisms lead- 5 o [ NevferseTVerheeeke & Magain (1997) 2
ing to the noticeable overabundance of most elements withre- 0 Facaoad PSR 3
spect to iron remain to be identified, although an interpretation 2 02 E R E
in terms of nucleosynthesis yields remains viable. In particular, < 70'4 = E
the gradient betweewr]Fe] and [F¢H] is much steeper than for B e L e
thin disk dwarfs (e.g., Reddy et al. 2003), but is reminiscentof .~ 0.4 £ Edvardsson et al. (1993) E
the thick disk population (e.g., Feltzing et al. 2003). Partofthe = 92 F E
gradient could therefore be due in our sample to amix of the & O p# g E
2 populations (thin and thick disk stars; Sect. 5.4). Onthe other 5 —0.2 £ i E
hand, these stars are presumably not evolved enough to have 04 el L
experienced deep convective mixing (as supported by the high 0.4 ?‘ L ‘ | ‘K‘ur‘u‘c‘z ‘&‘ };e‘u‘ (‘1;;5;%
Li abundance in some of them; Table 9). The abundance pecu- 5 02 F =+ 1 =
liarities observed are thus hard to explain in the framework of a0 0 F4- o A =
standard evolutionary theory. Z 02 F H o =
Our data do not show a clear correlation between the abun- —04 i1 1 TTX R f:
dance ratios and the activity level (Fig. 6), therefore firm con- 10 50 30 40 50
clusions regarding the potential role played by chromospheric 7

activity in inducing the overabundances observed must await ) _ _
the analysis of a much larger sample. Our exploratory caldij9- A.1. Comparison between our calibratgéi-values and previous

lations suaaest that chromospheric heating of the upper hoq terminations in the literature. Theffédrences are given in the form
99 P 9 pperp A(loggf) = loggf (literature)— loggf (this study). The values of

sphere is unlikely to significantlyect the abundance patternsKurm:Z & Bell (1995) for Fa 17780 and Si 16029 are @-scale, and
A more sophisticated and rigorous approach (e.g., relaxing tjg likely erroneous. '

assumption of LTE) is, however, needed to investigate this is-
sue further and to establish the importance of other physical

processes causally related to activity. Feltzing & Gonzalez (2001) derived their values from the Kitt

AcknowledgementsThis research was supported through a Europe neak Solar Flux Atlas (Kurucz et al. 1984) and a MARCS so-
Community Marie Curie Fellowship. G.M. and I.P. acknowledgll Model (Gustafsson et al. 1975). Edvardsson et al. (1993)
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use of the Simbad database operated at CDS, Strasbourg, Francdawapectrum obtained as part of their observational programs.
wish to thank an anonymous referee for useful comments. In contrast, they f-values of Kurucz & Bell (1995) come from

a variety of experimental studies, and are therefore highly het-
erogeneous. This is likely to be reflected in the large scatter
seen in Fig. A.1 (bottom).

Table A.1 gives for each spectral line the wavelength, excita- The agreement between our values and those found in the
tion potential (Kurucz & Bell 1995), the adopted lg§-value literature using a similar approach is reasonably good (the dif-
(see Sect. 3), and tHeW measurements. Kurucz solar abunferences never exceed 0.25 dex). The agreement is in par-
dances are also listed. Figure A.1 presents a comparison ti@tar excellent with Neuforge-Verheecke & Magain (1997)
tween ourg f-values and previous determinations in the liteand Reddy et al. (2003). However, a systemafisad for ele-
ature after rescaling to Kurucz solar abundances (Edvardsswents heavier than Ca is found with Edvardsson et al. (1993)
et al. 1993; Feltzing & Gonzalez 2001; Kurucz & Bell 1995and Feltzing & Gonzalez (2001). There is some indication
Neuforge-Verheecke & Magain 1997; Reddy et al. 2003pr an increasing fiset between Edvardsson et al. (1993) val-
Except for Kurucz & Bell (1995), allyf-values have also ues and ours for stronger lines. This discrepancy might stem
been calibrated on the Sun. Neuforge-Verheecke & Magdnom our neglect of some damping processes in the determina-
(1997) values were determined from theeg€ Solar Atlas tion of the solar abundances (e.g., van der Walls broadening
and by using the solar model of Holweger &uMEr (1974). implemented without enhancement factors), as also done by

Appendix A: Line list and oscillator strengths
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