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Abstract. Detailed evolutionary models of the visual binarynost accurate potentiality of testing stellar physics in condi-
« Centauri, including pre main-sequence evolution, have be@ms slightly different from the solar ones and then deserve
performed using the masses recently determined by Pourbaixivided attention for internal structure modeling and oscilla-
et al. (1999). Models have been constructed using the CE#éh frequency calculations. By coincidence, the masses and the
equation of state, OPAL opacities, NACRE thermonuclear repectral types of components A/B (HD 128620/1, IDS 14328-
action rates and microscopic diffusion. ¥&-minimization is 6025 A/B, Hipparcos 71 683/1) bracket those of the Sun. The
performed to derive the most reliable set of modeling paigh apparent brightness and the large parallax imply that sur-
rametersp = {tqcen, Vs, [%]i,aA, ap}, wheret,cen is face abundances and astrometric parameters are known better
the age of the systeni; the initial helium content,[%}i than for any star (except the Sun. The basic intent of this paper
the initial metallicity and,«as and ap the convection pa- is to modeln Cen A & B using updated physics. This allows to
rameters of the two components. Using the basiihiB- predict thep-mode oscillation frequencies, which will be useful
Vitense [(1958) mixing-length theory of convection, we ddo exploit future asteroseismological observations as expected,
rive pgy = {2710Myr,0.284,0.257,1.53,1.57}. We ob- for instance, from the project Concordiastro at the South Pole
tain a noticeably smaller age than estimated previously, (fossat et al. 2000). Also, as “solar like stars”, the two compo-
agreement with Pourbaix et al. (1999), mainly because of thents are primary targets for the MONS (Kjeldsen €t al. 1999b)
larger masses. If convective core overshoot is considered siatial mission and their oscillations are expected to be well
get ooy = {3530 Myr, 0.279,0.264,1.64,1.66}. The use of separated in the frequency spectrum.
Canuto & Mazitelli [1991/ 1992) convection theory leads to Based on the reasonable hypothesis of a common origin for
the setpcm = {4086 Myr,0.271,0.264,0.964,0.986}. Us- both components, i.e. same initial chemical composition and
ing the observational constraints adopted by Guenther & D&ge, the calibration of a binary system consists in determining a
marque [(2000), and the basic mixing-length theory, we obensistent evolutionary history for the double star, given (1) the
tain pgp = {5640 Myr, 0.300, 0.296, 1.86,1.97} and surface positions ofthe two componentsinaH-R diagram, (2) the stellar
lithium depletions close to their observed values. masses and, (3) the present day surface chemical composition.
A seismological analysis of our calibrated models has be&he goal is to compute evolutionary models that reproduce the
performed. The determination of large and small spacings Iséservations. This procedure yields estimates for the.agee
tween the frequencies of acoustic oscillations from seismic dbitial helium mass fractioiy; and initial metallicity[ %¢]; (log-
servations would help to discriminate between the models &ithm of the number abundances of iron to hydrogen relative
a Cen computed with different masses and to confirm or rulethe solar value), which are fundamental quantities for our un-
out the new determination of masses. derstanding of the galactic chemical evolution. We also derive
values of the “mixing-length parameter” or “convection param-
Key words: convection — diffusion — stars: binaries: visual eter” o, ratio of the mixing-length to the pressure scale height.
stars: evolution — stars: fundamental parameters — stars: irfdice the initial masses and the physics are fixed, the modeling
vidual: « Cen of the two componestA & B of a binary system requires a set
p of five so-called modeling parameters:

Fe
O = {t*7K7 [H]ivaAaaB} .

1. Introduction

As the Sun’s nearest stellar neighbors, the two membersldfmost cases there are only four reliable observables namely,

the visual binaryy CentauriA & B (G2V + K1V) provide the the effective temperatureéb.g 4, Ter and the luminosities
L, Lgorthe gravitylog ga , log gg of each component. There-

Send offprint requests t®. Morel fore, one of the unknowns hasto be fixed. Very often the mixing-
Correspondence tdPierre.Morel@obs-nice.fr length parameters are assumed to be the same for both compo-
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Table 1. Modeling parameters and main characteristics of the oscillation spectrantef A & B derived in this study and taken from the
literature. The symbols have their usual meaning (see text). The references are: (1) this papeAmodeBzsy, (2) this paper, model4 .,

& By, (3) this paper, modelAcm & Bewm, (4) this paper, modelAcp & Bap, (5) Flannery & Ayres|(1978), (6) Demarque et al. (1986),

(7) Noels et al.|(1991), (8) Edmonds et al. (1992), (9) Neufarge (1993), (10) Lydon et al| (1993), (11) Pourbaix et al. (1999), (12) Guenther &
Demarquel(2000).

aa oB Y [Ee]; (%) to Cen A Eﬁz Avg JT/OBQ

Myr uHz  puHz pHz pHz
1531000 1575007 0.28415:005 0.25715:092  0.0443 27107550 108 89 154 125 (1)
1647005  1.667007  0.27970:003 0.26479:952  0.0450 35301550 107 91 154 125 (2
0.967005  0.99%005  0.27110-00% 0.26415-9%4 00450 40907550 108 75 157 11.7 (3)
1.861009 1977012 0.30015:005 0.29675-9%%  0.0480 56407210 102 45 161 106 (4)
1.33 1.33 0.246 0.04 6000 = 1000 (5)
1.37 1.37 0.236 0.02-0.04 3500 — 5500 118 (6)
1.6 1.6 0.32 0.04 5000 + 500 @)
1.15 1.25 0.300 + 0.005 0.026 +0.003 4600 +400 108 6.2 179 126 (8)
2.10 2.10 0.321 0.038 4840 ©)
1.70£0.1 21401  0.298 & 0.006 0.031+0.002 5600 + 500 (10)
1.86+£0.8 21408 0.284+0.058 0.030 2700 107 9 (11)
2.33 2.54 0.280 0.034 76004800 101 4.6 173 15 (12)

nents, even if the mass ratio differs significantly from unitybrate the system and draw information on the two components
Once detailed spectroscopic analyses have been performed®well as on the physics governing their structure. Table 1 gives
the system, the precise present day surface metallicities of staesvalues of the calibration parameters derived in all those stud-
come as additional observational constraints. ies which we now briefly summarize.

In this paper we attempt to reproduce the observed metallic- Initially, Flannery & Ayres (1978) and Demarque et
ities and, if possible, the lithium depletion by means of modeds. (1986) could only use the luminosities @Cen A & B as
including microscopic diffusion. We calibrate the binary sysbservational constraints. Flannery & Ayres models support the
tem using both Bhm-Vitense’s[(1958, hereaftdéfLTgy) and fact that the system is metal rich with respect to the Sun with
Canuto & Mazitelli (1991[ 1992, hereaftdf LT n) MiXing-  Z, cen ~ 2Z. Demarque et al[ (1986) derived the age of the
length convection theories. system as a function of metallicity; they also computed;the

The paperis divided as follows: in Sddt. 2, we recall the maimode oscillation spectrum @f Cen A. Noels et al[{1991) in-
results obtained in previous theoretical works and, in §éct. 3, weduced a general procedure for fitting models to the binary
emphasize the difficulties related to the choice of mixing-lengflystem. They derived the age, the helium content and the metal-
parameters. In Sefl. 4, we discuss the modeling of the transpioity of the system and the value of tHdLTgy parameter
processes acting beneath the convection zone. The observatiagsiiming that it is the same for the two stars. Neufarge (1993)
material, relevant to the evolutionary statusxden and avail- revisited that work using OPAL opacities (Iglesias ef al. 1992)
able in the literature, is collected in Sddt. 5. The method of cabemplemented by her own low-temperature opacities. Fernan-
ibration is described in Sefl. 6. In Sé&dt. 7, we present the stetlas & Neuforge (1995) showed that the mixing-length parame-
modeling procedure. In SeEt. 8, we give the results with empher « obtained through calibration is different for the two stars
sis on the seismological analysis. We summarize our results amdl that their values become very similar if the mass fraction

conclude in Sedi]9. of heavy elements increases abde- 0.035. They also per-
formed model calibrations with theI[LT ¢y convection treat-
2. Previous theoretical works ment with a mixing-length equal to the distance to the top of

, , ) the convective envelope, thus avoiding the calibration of a con-
On the basis of rotational velocity measurements, obsergdliion parameter. In parallel, Edmonds et/al. (1992) were the
Li abundances an@all emission intensity, Boesgaard & Hajrst 19 add the observed metallicity as a constraint (releasing in

gen (1974) attributed to the system an agé,afen = 3.6GYT.  ym the hypothesis that is unique) and to include the effect
Then, several groups calculated stellar evolution models to cal-
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of microscopic diffusion. More recently, Pourbaix et al. (1999)y Hipparcos, indicating that does not vary much for masses
revisited the calibration of the Cen system. They calculated alose to the solar mass.
new visual orbit on the basis of available separations, position For binaries with well-known properties a<Cen, the ques-
angles and precise radial velocities measurements and detiwe of the universality of the mixing-length parameter has been
new consistent values of the orbital parallax, sum of massegamined many times. Tallé 1 shows that among the attempts
mass ratio and individual masses. The main result is that tfecalibratinga Cen A & B inluminosities and radii using mod-
masses of the components are 5% higher and that the heleimbased on th&ILTgy, two yield values ofx different for
abundance and age are significantly smaller than previous @sch component and different from, (Lydon et al.[199B;
timates. Guenther & Demarque (2000) performed several cBburbaix et al"1999) while other calibrations suggest similar
ibrations of the system using different values of the parallarlues for the two stars (Edmonds etlal. 1992; Fernandes &
including the Hipparcos value and models calculated with upeuforge 1995). Also, Fernandes et al. (1998) calibrated three
dated physics including helium and heavy elements diffusiasther binary systems and the Sun with the same input physics
They estimated the uncertainties on the calibrated parametard concluded that is almost constant fo@%] in the range
resulting from the error bars on mass, luminosity, effective terfi2] + 0.3 dex and masses in the ran@é — 1.3 M, while
perature and chemical composition. Morel et al. [2000b) found a small difference @f(x~ 0.2) in

The differences between these calibrations reflect the greas two components of thePeg system.
improvements in the description of the stellar micro-physics As pointed out by many authors (e.g. Lydon et[al._1993;
achieved during the last two decades and the progress of Miglersef 1991) accurate masses and effective temperatures are
analysis of the observational data. However, uncertainties regquired to draw firm conclusions on whether M&Tsv pa-
main on the transport processes (e.g. convection, microscaiteters are different or not. This is also illustrated by the large
and turbulent diffusion). Apparently none of the previous calerror bars onx (= 0.8) quoted by Pourbaix et al. (1999) which
brations has attempted to reproduce the observed surface métalude all possible observable sources of errors including the
licities (except Guenther & Demarque 2000) and lithium abuerrors in the masses. For a detailed estimate of the error budget
dances which are fundamental data for the understanding of $ee e.g. Guenther & Demarqlie (2000).
transport processes beneath the convection zone of solar-likeSome 2-D and 3-D numerical simulations of convection
stars. have been performed and translated into effective mixing length

As asteroseismology will in a near future strongly corparameter (Abbett et gl. 1997; Ludwig et[al. 1999; Freytag et
strain the stellar models, some of the above described theoretiggi1999). They suggest that, for stars with effective temper-
works give the main characteristics of the oscillation spectrusgure, gravity and metallicity close to solar the mixing-length
of the componentsv, anddv g, — see definitions Se€t.8.8.1).parameter remains almost constant. Similar results are obtained
The “mean” large separatiofr, between the frequencies ofpy Lydon et al. [[1993) who compared modelsco€en A &
modes of a given degree and of consecutive radial order depeBdsased on the results of numerical simulations of convection
onthe stellar radius and mass. The “mean” small separé@tign and found that a single value of may be applicable to main
between the frequencies of modes with degree0 and 2 and sequence solar type stars. In thE.Tcy convection theory,
consecutive radial order, measuredday,, is sensitive to the Canuto & Magzitelli [1T991,1992) used two modern theories of
structure of the stellar core. Talile 1 gives estimates of thegebulence to establish a formula for the turbulent convective
quantities from the literature and from this work. flux which replaces th&ILTgy expression (because the full
spectrum of convective eddies is taken into account, the convec-
tive efficiency is magnified by about one order of magnitude).
The MLT ¢y theory also makes use of a mixing length which
The calibration of a solar model provides the value of the sis-equal, either to the distance towards the outermost limit of
lar mixing-length parameter,, which in turn is currently used the convection zone, or to the fractiom)(of the pressure scale
to model other stars with the same input physics. The valuehsfight. The solar calibration with tRd LT ¢ treatment yields
a changed in time because of successive updates of the inpuitve value of the order of unity. It is to be noted that for the
physics, in particular the low-temperatures opacities and mo&ein, models calibrated withILT o\ have frequencies which
atmospheres. Apart from the difficulty of evaluating,, the are closer to the observations than those calibrated\iitisy,
guestion arises whether stars of different masses, initial che@hristensen-Dalsgaard etal. 1996).
cal composition and evolutionary status can be modeled with a
uniquea.. Because models are also used to calculate isochro
it is important to try to clarify the situation: i is proved to
vary significantly with mass, metallicity and with evolutionfor the Sun, it is now well established that microscopic diffu-
the isochrones might have quite different shapes which cowslidn by gravitational settling has a measurable impact on models
modify the age estimates. On the other hand, models of virus on their pulsation spectrum. As time goes on, all chemi-
ious masses, all computed with,, can reproduce quite well cal species sink in the gravitational well, except the lightest
the slope of the main-sequence of the Hyades cluster (Perrymae, 'H. At the surface, the amount of hydrogen is enhanced
et al.[1998) and of field stars (Lebreton et al. 1999) observettile helium and heavy elements are depleted. This implies a

3. The puzzle of the mixing-length parameter

"Wiffusion and transport processes
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Table 2. Astrometric properties of the CentaurA & B binary systemP is the orbital period in yrg the semi major axis in arc seconsd,the
parallax in masK = Mg/(Ma + Mz) the fractional mass.

P a w K Ma/Me Mg /Mg References
79.92 17.515 750 0.453 1.09 0.90 Heintz (1958, 1982)
749+ 5 0.454 +£0.02 1.10 0.91 Kamper & Wesselink (1978)
750.6 = 4.6 Demarque et all (1986)
7421+ 1.4 ESA (1997)
79.90 £0.01 17.594+0.03 737.0£2.6 0.45+0.1 1.16 £0.03 0.97+£0.03 Pourbaix et al[(1999) (orbital parallax)
T471+£1.2 Soderhjelm[(2000)

decrease of the surface metallicft§], with respect to time. common origin of both components, five unknowns enter the
Since the time-scale of abundance variations in the convectiondeling of their evolution. There are six most currently avail-
zone is roughly proportional to the square root of the massatfle constraints: (1) the effective temperaturesf@en A & B,
the convection zone (Michaud 1977), the microscopic diffusiaterived from precise detailed spectroscopic analysis, (2) either
time-scale decreases with increasing stellar mass implying this spectroscopic gravities or the luminosities, these latter de-
diffusion is more efficient in massive stars. As a consequencieed from the photometric data and parallax, using bolometric
a smaller surface metallicity is expected foCen A than for corrections (3) the surface metallicities. In the following, we
«a Cen B. This is an additional constraint for the models. discuss all the relevant available observations and we choose

As lithium burns at temperatures close to 3 MK, the olthe most appropriate and accurate observables to be fitted in the
served surface abundanfd]; (H = 12) is often used as a calibration process.
probe for theories of transport processes at work beneath the
externgll convective zone. The microscopic dlﬁu§|on alone 451 Astrometric data
not efficient enough to explain the lithium depletion observed
in the Sun and stars; thus, there is a need for an unknown ph¥sif a visual binary, the parallax uncertainty is the largest source
cal process, e.g. a turbulent mixing, acting in the radiative zoakerror in the derivation of the sum of masses via the third
just beneath the outer convection zone — e.g. SchatZman| (198@pler law (Couteal 1978, 40, VI). UnfortunatetyCen was
Montalban & Schatzmaii (2000) for a review. According to th&ifficult” for Hipparcos with the secondary at the edge of the
present state of the art, either the shear resulting from the diffeensitivity profile ($derhjelm 2000). &derhjelm improved the
ent rotational status between the convection zone and the radidiustment of the Hipparcos parallax by taking into account
tive interior (e.g. Zahn'1992), or internal waves (e.g. Mdipan the known orbital motion but, as expected, the orbital curvature
& Schatzman 2000), are believed to be responsible for that tagvered during the 3.25 yr mission, was not sufficient to derive
bulence. For stars more massive than the Sun, turbulent mixantgliable mass ratio of the components. Table 2 shows that the
is required, in some (hypothetical) mixed stellar mass fractiomew parallax value differs from the former by more than
to connect and to extend somehow the mixing of the extern#lith respect to the original Hipparcos value this new one is
convection zones. This avoids the complete segregation of hi®ser to the long focus photographic determination of Kamper
lium and heavy elements from the surface and can explain t&Vesselink (1978) based on Heintz's (1958) orbital elements.
AmFm phenomenon (e.g. Richer e{al. 2000). Despite numerous After numerous independent investigations during almost
attempts, there is today no fully satisfactory prescription for tut00 years, Pourbaix et al. {1999) derived an orbit based both
bulent diffusion able to account for the observed solar lithiugn visual astrometric and precise radial velocity data, leading to
depletion; for other stars the situation is even worse ! Furthewnsistent determinations of orbital parameters, orbital parallax,
information on the mixing processes at work below the outeum of masses, mass ratio and, thus, precise mass values for
convection zones can be provided by simultaneous observatiorisen A & B. Here, we prefer to use of Pourbaix et al. (1999)
of lithium and beryllium, this latter being depleted deeper in theass values becausédgrhjelm’s [2000) ones are based on
stars at temperatures slightly larger than for lithium. disparate sources (i.e., Hipparcos parallax, Heintz's (1958) orbit

and the mass ratio of Kamper & Wesselink (1978)). We do not
) ) ) take into account mass errors in the calibrations.

5. Observations of the visual binarya Cen The inclinations of the orbits of Heintz (1958, 1982) and

The calibration of a binary system is based on the adjustmé&iurbaix et al.[(1999) agree within less than one tenth of a
of the stellar modeling parameters, so that the model of egd@#gree; = 79°29 + 0°01, sini ~ 1 (the Sun lies close to
component at timeé, c.. reproduces the available observablei§ie orbital plane ofx Cen). With the reasonable assumption
within their error bars. Among different possibilities, one ha#at the orbital and rotational axis are parallel, owing to the
to choose the most suited set of variables to be used in the &4gh inclination,cCen A & B are seen about equator on and
ibration according to the observational and theoretical materi@® observed rotational velocities are close to their equatorial
available. As aforementioned, because of the assumption ofédHesvsini ~ v.
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Table 3. Spectroscopic data of theCen system. The effective temperatures are in K, the metallicities and the lithium abundance in dex. For
sake of brevity the uncertainties are not recalled.

Tera Tearn logga loggs [%]a  [%]s  [Lila [Lils  References

5793 5362 0.22 0.12 French & Poweéll (1971)

5727 5250 4.38 473 0.29 0.37 England (1980)

5820 5350 —-0.01 -0.05 Bessell[(19811)
1.28 Soberblom & Dravins (1984)

5720 4.27 0.15 Rabolo et al. (1986)

5793 5305 4.40 4.65 0.20 0.20 Smith et/al. (1986)

5793 5305 4.50 4.50 0.20 0.14 Abia et al. (1988)

5727 5250 4.42 4.65 0.20 0.26 Edvardsson (1988)

5727 4.27 0.10 Furenlid & Meylah (1990)

5800 5325 4.31 4.58 0.22 0.26 1.3 <04 Chmielewskietal[(1992)

5720 4.27 0.15 Edvardsson et al. (1993)

5830 5255 4.34 451 0.25 0.24 Neuforge-Verheecke & Magain (1997)
1.37 King et al. {1997)

5730 5250 4.2 4.6 0.20 0.22 &bvenin (1998)

5790 5260 4.32 4.51 0.20 0.23 This paper

5.2. Photometric data ain (1997), the atmosphere models of Bell et[al. (1976) grid and

Photometric data are available in the B (Mermilliod et the basic technique of the curve of growth.

al.[1997) andK (Thomas et al. 1973) bands. But, as claimed
by Flannery & Ayres[(1978) and Chmielewski et al. (1092§.3.1. Effective temperatures

the dynamical range of commonly used photometers is IIni‘é\bleD presents effective temperatures compiled from the lit-

ited, which does not allow precise photometric measuremeia ., e "Chmielewski et al. (1992) derived the effective tem-
of bright stars. This makes theCen photometric data rathergeratures from the best fit of the wings of the, line. Re-

unsafe (Chmielewski et al. 1992) and we preferred to u Sntly Neuforge-Verheecke & Magain (1997) obtainedZhe

the dSDECtrOSChOD'C dat_a. dHoweve;jr, lfor Eo:npanspn, we haﬂ’ forcing the abundances derived from Fel lines to be inde-
used these photometric data to derive bolometric correct ndent of their excitation potential. They not only used the

and effective temperatures of the two components from I lines to determine the effective temperature of each star but

the empirical calibrations of Alonso et al. (1995, 1996) an&so checked their results using tHig line profiles. Inn Cen A,

(2) the theoretical calibrations of Lejeune et al. (1998). Tflﬁe two methods lead to consistent results that are also in good

Fe - . . B
fegévt_f’ [ﬁ]leggglflélc(z)a&brago; of Alo_nséciGeSt aj\[. ;é?(gG)agreement with those of Chmielewski et al. (1992), although
€aos toler, A = and feg,p = the two analyses made use of different model atmospheres. In

while the theoretical (based on model atmospheres) Cal'b&aten B, the two methods lead to marginally discrepant results

tions of Lejeune et al.[(1998) yield.g o ~ 5800K and : e
- ; s _ ossibly due to Non-LTE effects and to the sensitivityHof to
Ter, 8 =~ 5250 K, all well compatible with spectroscopic tem—p y

L o the treatment of convection.
peratures. Thé,, (V — K, [X]) empirical calibration of the

bol tric flux (Al t al 1995 ides bol i We have reconsidered the fit of hydrogen lines of
olometric ux (Alonso et al. 1995) provides bolometric COlEhmielewski et al[(1992). We took into account the overabun-
rectionsBC, (V') = —0.09 andBCp (V) = —0.23 close to the

. . o ) dance of thex Cen system which strengthens the metallic lines
values inferred from the theoretical calibrations of Lejeune

. . . Sﬁd displaces the pure wings of H lines; we also took into ac-
al. {1998) €-0.11 and—0.23 respectively). Let us point out thatcount the relative strength of metallic linesirCen B, different

these bolometric corrections are larger than those adoptedﬁ%\(n what is found in solar-like profiles, because of the lower
Guenther & Demarque (2000). temperature. Consequently, the fit proposed by Chmielewski et
al. (1992) seems to overestimate the temperature and we dis-
5.3. Spectroscopic data and atmospheric parameters place it toward cooler values, more importantly in the case of
CenB. Our adopted effective temperatures are respectively
0 + 30K and 5260 + 50K for aCenA & B. These new
Eposed temperatures agree, within tleeetror bars, with the

For both stars many spectroscopic data existin the literature wi
good signal to noise ratios because of their high magnitudes. /-}

Table[3 exhibits rather scattered results we decided to ree% é'l based temperature determinations of Neuforge-Verheecke

mate the effective temperatures, surface gravities and metal & . .
" ; ' . : Magain[(1997) and, as quoted in Jeci. 5.2, they are close to
ities. For our analysis we used the spectroscopic data publlsI[‘:iheéli gaini( ) q ' y

by Chmielewski et al[{1992) and Neuforge-Verheecke & Mag-e values based on Lejeune et bl. (1998) calibrations.
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5.3.2. Surface gravities Table 4. Atmospheric abundances afCen A & B. The references

. . are: (1) Furenlid & Meylan|(1990), (2) Neuforge-Verheecke & Mag-
Usually log g, the logarithm of the surface gravity, is detery;, (1997), (3) Thvenin (1998).

mined by the detailed spectroscopic analysis using the ioniza-

tion equilibrium of iron. Tablé I3 shows the results obtained aCenA o CenB

by different authors. We remind that the surface gravities fro

Neuforge-Verheecke & Magaih (1997) and from Chmielews81 g:sg 8)) 0.14(1) 0-28(2)

et al. (1992) are very close. Using the published equivalegt 15 () 021(2) 0.10(1)

width (hereafter EW) and the error bars of Neuforge-Verheecke  0.30(3) 024(2) 0.23(1) 0.40(3) 0.24(2)
& Magain, we derive by the basic curve of growth procedursy  0.35(3) 0.27(2) 0.20(1) 0.45(3) 0.27(2)

logga = 4.32+0.05 andlog gg = 4.51 £0.08foraCenA & Ca 0.30(3) 0.22(2) 0.13(1) 0.21(2)
B, respectively. Sc  0.30(3) 0.25(2) 0.13(1) 0.26 (2)
Ti  025(3) 025(2) 0.08(1) 0.27(2)

, . V  0.30(3) 0.23(2) 0.08(1) 0.32(2)

5.3.3. Chemical composition Cr 025(3) 025(2) 0.13(1) 0.27(2)
Furenlid & Meylan [(1990) and Neuforge-Verheecke & MaMn 0.23(2) 0.25(1) 0.26(2)

. 0.20(3) 0.25(2) 0.12(1) 0.22(3) 0.24(2)
7
gain (1997) have found an average metal overabundance Bf 035(3) 028(2) 0.16(1) 0.26 (2)

arpund 0.2 dex. As in Seft.5.3.2, using oscillator strengtl%.lc,) 028(3) 030(2) 0.16(1) 0.30(2)
microturbulence pqrameter, E_W, published by Neufqrgg— 020(3) 020(2) 0.05(1) 0.14 (2)
Verheecke & Magain and the iron curve of growth derivegd, (g () 0.17(2) 0.04(1)
as aforesaid, we gdt], = 0.20 £ 0.02dex and[¥¢]gs = |4 0.0 @)
0.23+0.03 dex fora Cen A & B, respectively; the error bars arece  0.40(3)
from Neuforge-Verheecke & Magain. We note that metallicitiesd  0.35(3) 0.20(2)
agree, within the & error bars, with the values of NeuforgeSm  0.40(3)
Verheecke & Magain. Eu 0.15(2)

Tabld4 shows that C, N, O and Fe, the most abundant “met-
als” and electron donors, have uniform overabundances of about ) o i ) )
~ 0.2dex. In consequence, it is reasonable to construct modaireement with other determinations. With the estlmgted radius
having a uniform abundance of all metals enhanced by a f&-flaCena = 1.2Re and R cens =~ 0.91Ro, the periods of
tor 1.7, corresponding to 0.2 dex compared to the Sun, and {Z&tion are respectivelif,, cen o =~ 22d, andP, gen s = 41d.
opacities with solar mixture. On the main-sequence, for stdil€y Pracket the solar value.
lar masses close to the solar one, the differential segregation
between the metals does not significantly modify the mode&js4. Seismological observations

(Turcotte et al. 1998) this permits, for the equation of state and )
opacity data, to keep the ratios between “metals” to their irff1any attempts have been made to detect solarphkeode os-

tial value despite the differential segregation by microscopfdlations in aCenA, from ground-based observations. They
diffusion and gravitational settling. lead to controversial results. Gelly et al. (1986) reported a detec-
TabldB reveals a good agreement between the measuremté‘?ﬁs but the claimed mean large separation between the oscilla-

of the lithium abundancex Cen A presents a depletion close /0" frequencies\y, = 165.5 uHz was very large and inconsis-
the solar on€[(ii, o = 1.11, Grevesse & Sauval 1998) while, intent with the theoretical value (Demarque et al. 1986). Despite

a Cen B, the lithium is clearly more depleted. The assumptidR€ Use of more sensitive techniques, Brown & Gilliland (1990)

of a common origin of the two stars eliminates the possibility dil€d to detect any ?s_cillation and gave an upper limit for the
a different initial lithium abundance in the pre-stellar nebula@MPlitude of 0.7ms’, i.e. 2-3 times the solar one. Pottasch et

Neither an error on temperatures nor on surface gravities3h(1992) have detected oscillationsi@en A. They found aset

model atmospheres can explain these differences with the s@iaiegularly spaced peaks, with a mean separation correspond-

depletion. ing to Ary = 110 uHz, consistent with the known properties of

The situation is similar fof Be. Observations by Primas etthis star, but with an amplitude of oscillation larger than the up-

al. (1997) indicate th&Be is depleted imv Cen B whilea Cen A per limit of Brown & Gilliland (1990). Edmonds & Crarn (1995)
exhibits a quasi-solar abundance. did not detect unambiguously tipemode oscillations, but they

found an evidence for almost the same periodicity as that found
) by Pottasch et al_{1992) in the power spectrum. More recently,
5.3.4. Rotation Kjeldsen et al.[(1999a) found tentative evidencegfonode os-

Fora Cen A, Boesgaard & Hageh (1974) estimated a rotatiorfdfiations ina Cen A, from equivalent width measurements of
period 10% larger than the solar one. More recently Saart@€ Balmer hydrogen lines. They proposed four different pos-
Osten [(1997) measured rotational velocities da€en A & B sible identifications of the eight observed frequency peaks in

of respectively2.7 + 0.7km s~ and1.1 + 0.8kms™?, in good the power spectrum, which correspond to sets of the large and
small frequency spacingar, and dvg o of (106.94,12.30),
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Table 5. All symbols have their ordinary meanin§The brackets indi
Top, left panel: adopted observational data to be reached by the ¢

681

cate values derived from basic fornjula.
alibration.

Top, right panel: Observational constraints of the “best” model of Guenther & Demarque (2000).
Bottom panel: Characteristics afCen A & B and Sun models computed with the same input physicsal®en A (respt. « Cen B) models
are named “A..” fespt. “B..”). The first four rows recall some items of Talile 1: the ages (Myr), the initial helium mass fractions, the initial

heavy element to hydrogen mass ratios, and the mixing-length parameters. The next three rows give the effective temperatures in K, the surface

gravities and the metallicities. The six next rows present respectively the luminosities, the total radii in solar units, the surface massffractions
hydrogen and helium, the ratios of heavy element to hydrogen and the lithium abundances. In the n&xt @kl ., are respectively the
radius and the temperature (in M K) at the base of the external convectionRgris the radius of the convective core (including overshoot for
modelA., & Bo,). At center, T, p., X., Y. are respectively the temperature (in M K), the density (in g&nthe hydrogen and the helium

mass fractions.

ModelsBv, ov & CM ModelsGbD
aCenA aCenB aCenA aCenB
M/Mg 1.16 £ 0.031 0.97 +0.032 1.1015 £ 0.008 0.9159 4 0.007
Tem 5790 + 30K 5260 4+ 50K 5770 £ 50K 5300 & 50K
log g 4.32 +£0.05 4.51 £ 0.08 {4.28 £ 0.02 4.54 +0.03}
[%] 0.20 +0.02 0.23 +0.03 0.22 +0.02 0.26 + 0.04
L/Lg {1.534 £ 0.103  0.564 &+ 0.064} 1.572 +£0.135 0.509 4+ 0.06
Models withMLTgv theory Models withMILT ¢\ theory
Apv Bsv Aoy Bov Acp Bap OBV Acm Bcum OcMm
ta Cen 2710 3530 5640 4685 4086 4685
Y 0.284 0.279 0.300 0.274 0.271 0.274
(%)i 0.0443 0.0450 0.0480 0.0279 0.0450 0.0279
« 1.53 1.57 1.64 1.66 1.86 1.97 1.93 0.96 0.99 1.03
Tew 5795 5269 5795 5269 5759 5332 5778 5794 5268 5778
log g 4.324 4.508 4.316 4.509 4.286 4.523 4.438 4.324 4.522 4.438
[% 0.20 0.23 0.20 0.23 0.22 0.25 0.000 0.20 0.23 0.000
L/Lg 1.527 0.571 1.555 0.569 1.565 0.547 1.000 1.526 0.552 1.000
R/Ro 1.228 0.909 1.239 0.907 1.259 0.867 1.000 1.228 0.893 1.000
Xs 0.722 0.701 0.729 0.708 0.711 0.695 0.737 0.735 0.717 0.737
Ys 0.250 0.270 0.243 0.262 0.260 0.275 0.245 0.236 0.253 0.245
[Li]s 2.72 1.10 2.54 0.496 1.94 -3.32 2.46 2.33 -0.54 2.46
(%)s 0.0384 0.0418 0.0385 0.0419 0.0410 0.0433 0.0245 0.0386 0.0418 0.0245
Re,/R. 0.776 0.698 0.758 0.692 0.707 0.675 0.715 0.741 0.685 0.715
Tes 1.503 2.585 1.644 2.653 2.020 2.846 2.178 1.801 2.761 2.178
Reo/R. 0.026 0.054 0.061 0.038
T 17.00 13.66 17.46 13.76 19.43 14.26 15.77 17.74 13.71 15.76
Pe 126.0 96.28 125.5 100.8 172.0 123.7 155.9 146.8 102.4 155.9
X 0.374 0.540 0.387 0.510 0.178 0.400 0.330 0.283 0.497 0.330
Y. 0.594 0.428 0.580 0.458 0.788 0.566 0.649 0.684 0.470 0.649

(106.99, 8.15), (100.77,11.70) and (100.77, 6.42)Hz. The
frequency resolution of the seismological observations will
much improved in a near future, up to QuHz, with several
ground-based and space projects.

5.5. Adopted observables constraining the models

The masses are from Pourbaix etfal. (1999). We emphasize that
ltke parallax is required to derive the masses but neither the ef-
fective temperatures nor the gravities.

While this work was under investigation, Guenther & De-
marque [(2000) published new calibrations of th€en binary
system. As a matter of comparison we have calibrated tben
binary system with their constraints. Table 5 presents the ob-

To constrain the models at present day, contrarily to previoservable constraints of the “best” model of Guenther & Demar-
works, we prefer to use the spectroscopic gravities we derivgale [2000). They significantly differ from ours, though corre-
consistently from effective temperature and metallicities insteagondingly to almost the same mass ratios. The trigonometrical
of the luminosity derived from the photometry, bolometric coparallax of ®derhjelm|(2000) is larger than the orbital parallax
rection and parallax. Tablé 5 gives the effective temperature$Pourbaix et al[(1999) and leads to smaller masses and larger
gravities and metallicities we selected to constrain the modgl&espt. smaller) luminosity foi Cen A (respt. o Cen B).
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6. The method of calibration mass, computed with the same physics but initialized either on

I . . . re main-sequence or at zero-age homogeneous main-sequence
The calibration of a binary system is based on the adjustm(g? almost identical after a feld” years, a small quantity with

of stellar modeling parameters to observational data at the ?ggpect to the expected age of théen system. To save compu-

of the system. For a given mass, fixing t.h? physics, the effect \é%ions, along the search of a solution with fffeminimization,
temperature, surface gravity and metallicity of a model have the

formal dependences with respect to modeling parameters: we have initialized each evolution with ahomogeneous zero-age
P P gp " main-sequence model. The models presented in Table 5 include

Fe the pre main-sequence evolution. They are initialized with ho-
Ten(F)moa = Ter <t*3Yi’ [H]i’a*) ’ mogeneous zero-age stellar model in quasi-static contraction
Fe with a central temperature close to the onset of the deuteron
log g(*)moa = logyg (t*; Y;, [H]i’a*> , burning, i.eT, ~ 0.5 MK.
Fe Fe Fe o
[ﬁ]s(*)mod = [ﬁ]s (t*§Yh [H}i,a*> : 7.1. Nuclear and diffusion network

. S \We have taken into account the most important nuclear reac-
Zth zlbflség:;)eigi‘itr?(f anZ?gfhiigzlf:gdsgf;%O:tz:sz Lastennq}ons of PP+CNO cycles (Clayton 1968). The relevant nuclear
PR ' reaction rates are taken from the NACRE compilation (An-
Fe gulo et al[ 1999) with the reactioiBe (e, vy)"Li taken from
Pa Cen = {ta Cen; Y, [H]i’O‘A’aB} ’ the compilation of Adelberger et al. (1998). Weak screening
_ ) (Salpeter 1954) is assumed. We have used the meteoritic value
leading to observables as cIoFse as possible to the obgffreyesse & Sauval 1998) for the initial lithium abundance,
vations Tegt(x), logg(x) and [f7]s(x), we minimize the |1 _ 33110.04. Forthe calculations of the depletion, lithium

X*(te, Vi, [ li; @a, ag) functional defined as: is assumed to be in its most abundant isotdpform. The ini-
9 tial abundance of each isotope is derived from isotopic fractions
=3 (Teﬁ(*)m"d - Teff(*)> n and initial values of” = 3He + “He and Z in order to fulfill
Nayys o (Teg (*)) the basic relationshiy +Y + Z = 1 with X = 'H + 2H. For
2 the models computed for the? fitting, the isotopegH, "Li,
n (log 9(*)mod — log 9(*)) " (1) "Be are set at equilibrium.
7 (log g(x)) Microscopic diffusion is described by the simplified formal-
[%}S(*)mod _ [%]S(*) 2 ism of Michaud & Proffitt[(1998) with heavy elements as trace
+ . ([%]S(*) ) elements. We have neglected the radiative accelerations as they

amount only to a tiny fraction of gravity in the radiative part for
whereo (Tu()), o (log g(x)) ando ([E2],(x)) are the uncer- stars with masses close to the solar one (Turcotte et al| 1998).

tainties associated to each star. For a grid of modeling paraté @ssume that changes#fas a whole, describe the changes
tersgp, we have computed main-sequence evolution of mod@gmetals and we use the approximation:

with a Cen A & B masses. Then thg? was computed using Fe e 7 e
Eq. () in a refined grid obtained by interpolations. We kepy| = log(—~) +log(5) —log(—~)e =~
for the solution the “best)p = @, cen Which corresponds to 7

the 2 .... These best modeling parameters are used to compute ~ 10%(%) - log(f)ca

models ofa: Cen A & B including pre main-sequence and their

frequencies. We do not further attempt neither to improve neith ZE= is the iron mass fraction withis.
to investigate the stability of the solution via the steepest de-
scent method (Noels et al. 1991; Morel et[al. 2000b). TEbleﬂ2
shows the confidence limits of modeling parameters of models
computed in this paper. The confidence limits of each mod&le have used the CEFF equation of state (Christensen-
ing parameter, the other being fixed, correspond to the malialsgaard & ppen 1992) and the opacities of Iglesias &
mum/minimum values it can reach, in order that the generatdgers((1996) complemented at low temperatures by Alexander
models fit the observable targets within their error bars. & Ferguson[(1994) opacities for the solar mixture of Grevesse
& Noels (1993). We have not taken into account the changes of
abundance ratios between the metals withidue to diffusion;

for stellar masses close to the solar one they do not really affect
Basically the physics employed for the calculation of modelstise structure of models (Turcotte et/al.”1998).

the same asin Morel etal. (1997b). The ordinary assumptions of In the convection zones the temperature gradient is com-
stellar modeling are made, i.e. spherical symmetry, no rotatiguted according to eitheMLTgy or MLTqy convection

no magnetic field, no mass loss. It has been already claimtttgories. The mixing-length is defined &s= «oH,, where

see Morel et al (2000a), that stellar models of about one soléy is the pressure scale height. The convection zones are

. Equation of state, opacities, convection and atmosphere

7. Evolutionary models
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mixed via a strong full mixing turbulent diffusion coefficientificantly differ from those obtained without this constraint. For
dy = 1013 cm? s~! which produces a homogeneous composill o Cen A models a convective core, caused by an enhance-
tion (Morel[19974a). ment of the CNO nuclear energy generation, appears as soon

At the end of the pre main-sequence both componends, the central temperature becomes slightly larger than 17 MK
have for a few million years, a temporary convective core. Fand the mass fraction of hydrogén = 0.37. Fig.[d, Table§I1
a CenA, slightly more massive than the Sun, a second convaad5 clearly show that various sets of modeling parameters al-
tive core is formed during the main-sequence due to the onselm¥ to verify the observational constraints within the error bars.
the CNO burning (e.g. Guenther & Demardue2000). Follovin absence of seismological observations there is no criterion
ing the prescriptions of Schaller et al. {1992) we have calibratadailable to discriminate between models. Tables 1Land 5 show
models with overshooting of convective cores over the distanttat, within the confidence domains, the values of the mixing
O, = 0.2min(Hp, R.,) WhereR,, is the core radius. length parameter of the two components are very close.

The atmosphere is restored using a gridZdfr, Tog, g)
laws, prov?ded by Cayrel (2000)r (is the R_osseland optipal8_1_ MLTgy models
depth) derived from atmosphere models with the solar mixture
of Grevesse & Noels (1993) and metallic[t%] = 0.2. The ModelsAgy & Bgy have an ageé, ce, = 2710 Myr compat-
atmosphere models were computed with the Kurucz (1991) Alble with the estimate of Pourbaix et &l. (1999). The values of
LAS12 package. The connection with the envelope is madetla convection parameters are almost equal & ag) and
the optical depthy, = 20 where the diffusion approximation for close to the value derived if they are forced to be identical in
radiative transfer becomes valid (Morel et/al, 1994). A smoothe x? minimization. They are quite close to the value obtained
connection of the gradients is insured between the uppermiagtNoels et al.[{1991) but differ notably from the estimate of
layers of the envelope and the optically thick convective bottoRourbaix et al[{1999) though remaining within their large con-
of the atmosphere. It is an important requirement for the caldidence domains. They are smaller than the solar valyeln
lation of eigenmode frequencies. The raditis of any model « Cen A a convective core is formed at time- 2.6 Gyr a few
is taken at the optical depth whereT'(r,.) = T.g. Typically, Myr just beforet,, cen. Fig[d, bottom panels, shows the loci in
7, increases fronr, ~ 0.43 in the initial pre main-sequencethe H-R diagram reached by thg;v & Bgy models when one
model, until7, ~ 0.53 at the present time. The mass of thenodeling parameter changes within its uncertainty domain, the
star M, is defined as the mass enclosed in the sphere of edher modeling parameters being fixed. The limited extents of
dius R,.. The external boundary is located at the optical depthe permitted solutions are consequences of limits in metallicity.
Text = 1074, where the density is fixed to its value in the atTable[®6 shows the partial derivatives of the observed parame-
mosphere model(7.;) = 2.22 102 g cm3. To simplify, the ters with respect to the modeling ones. Our results are similar
chemical composition within the atmosphere models is assuntedhose of Brown et al[ (1994), except for the derivatives with
to be unaffected by the diffusion. respect to the age which are very dependent on the exact evo-
lutionary stage on the main sequence. As already noticed by
Guenther & Demarqué (2000), the luminosities are very sensi-
tive to the helium mass fraction (see the large values of their
Models have been computed using the CESAM coderivatives with respect ti; in Table[®), which in turn gives
(Morel[1997a). The numerical schemes are fully implicit ana narrow confidence level for the initial helium abundance (see
their accuracy is of the first order for the time and third order fdrable1).
the space. Each model is described by about 600 mass shellsFor both components the surface lithium depletion is not
this number increases up to 2100 for the models used in seismafficient enough to fit the observed values.
logical analysis. Evolutions are described by about 80 models.

About half of them concerns the pre main-sequence evoluti%név'\e/lZie;j;ogi;i]f?g;r‘]’;';hl;\éirrs&c;c:'ggog;;mgegwe (I:r?res
vV BV -

deed their outer convective zones penetrate deeper. For model
8. Results B,y this depletion is marginally compatible with the observa-
. . tion, while it is not large enough for modal,, . All these dif-
For different sets of modeling parameters we have computede ces with modeld v & Bpy, of course, result from the

3\’0'”“0”?3;;@3}3 using dtge convgc&on.thlﬁogggijg; 2 overshooting of convective cores but in a roundabout way via
itense (195BMLTgv) and Canuto azitellif{ =-=2Y% the v2 minimization which adjusts the modeling parameters as

MLTcy). Using thex” r'ninimi.zat?on described in Set. 6, Weahwhole. The convective core of model, is formed at time
have selected the best fits taking into account the accuracy ofLI €3 16 Gyr.

observational constraints. Tablés 1 Ahd 5 (bottom panel) present
the characteristics af Cen A & B and Sun models computed ModelsAqp & Bgp are calibrated according to the Guen-
with the same input physics. Fig. 1 presents the evolutionaher & Demarque(2000) observational constraints and masses.
tracks in thelog L/ L, versuslog T H-R diagram. We also The age, initial helium mass fraction and metallicity and the
performedy? minimization with the constraink, = ag, but, convection parameters are significantly larger than those de-
for brevity sake, we do not report the results as they do not sigyed using the mass values of Pourbaix etlal. (1999). We have

7.3. Numerics
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Fig. 1. Evolutionary tracks in the H-R diagram of moddls~, Bev (full), Acwm, Bowm (dashed) and..., Boy (dot-dash-dot). Dashed rectangles

delimit the uncertainty domains. Top panel: full tracks from PMS. The stellar evolution sequences are initialized on the pre main-sequence soon
after the deuteron ignition. The “+” denote 1 Gyr time intervals along the evolutionary tracks. Middle left and right panels: enlargements around
the observed: Cen A, & B loci. Bottom left and right panels: loci ef Cen A & B models computed with the{LL.Tgy convection theory and

modeling parameters within the confidence domains presented in[Table 5; full triapglg:changes only, full stary changes only, empty

circle: Y; changes only and full dot.%e]i changes only.
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Table 6. Partial derivatives of observabliss Toq A, log %' [%]A, log Teqr B, B, log % and [%]B with respect to modeling parameters
ta cen(My), aa, ap, Y and[ 7], of modelsAgy & Bgy.

OlogTega  Olog % 0 [%]A OlogTegs  Olog % 0 [%L

Otacen —2.151077 4.16107° —2.3010"° 1.6310°C 2.32107% —9.24107¢

daa 0.0380 8.23107%  0.0541 0. 0. 0.

dan 0. 0. 0. 0.0306 0.0213 5.67107°
i 0.469 3.85 —0.911 0.621 3.55 —0.185
d[%], —212107° —0.014  0.024 —2.4010"° —0.0129  0.0205

obtained similar modeling parameters from tieminimiza- Table 7. Theoretical global asymptotic characteristics of the low de-

tion using models with Guenther & Demarque (2000) massgsep-mode and-mode spectrum of the starCen A & B. The quan-

and our observational constraints. Therefore, the differences ##é€s voo, Ao dvo,2 anddvi,s (no = 21), describing thep-mode

tween the modeling parameters of models; & By andAcp oscillations, are given inHz - see definitions Se€t.8.8.1. The char-

& Bgp mainly result from the mass differences, but also froffteristicg-mode period? is given in mn. The lower panel presents

the disparity of observing targets, although in a less extent. Fgf Va1ationsA[Avol, A[dvo.2], Alov,s] andA[y] for the models

modelsA..r. & Ben the convection parameters are close to thCé)mputed with theMLTgvy theory and extreme modeling parameters
GD GD P : . al, tacen, Yi and [£2]; within the confidence domains presented in

solar value. In the modelqp the convective core is formed-l-ableﬂ_

at the timet ~ 3.7 Gyr, larger than in otheMLTgy models

and the lithium depletion at the surface is marginally compati- Voo Avo  dvon dvis P

ble with the observed value. The value of the central hydrogg\r];V 23910 1081 89 147 448

mass fraction is half that obtained in the otbéETpy mod- 23659 106.8 9.1 13.6 563

els. In modeBgp the lithium depletion is Compatible with theA:M 2397.3 108.1 7.5 12.8 44.3

observation. Acp 22569 101.7 4.4 97 492
Bsvy 34568 1540 125 206 555
8.2. MLTCM models Bov 3467.2 154.3 12.0 19.8 52.1

) ) ~ Bom 35464 1574 117 19.5 50.9
In agreement with Canuto & Mazitelli {1991, 1992) convectioB.,, 3603.7 160.2 10.7 184 43.6

theory, the convection parameters of modgls,; & Bcy are
close to unity and close to the solar value. The age is slightly — —

AlA Al Al AlP,
smaller than the solar one but larger than that of modgls & [Avo] [vo.2] [0v1.5] (7o)
Bgv; the outer convection zone is deeper. According to the oh®Y

servations, the lithium of mod® .y is almost totally depleted Ato‘A :_Oi13200 2597 01'17 oésl 0541
. . . a Cen— —J. —1. —o. .
but practically no deplgtlon occurred in m'ode%ls;M and .the AY.=0.004 09 01 03 36
solar one. The convective core of model,; is formed at time A[EE); = 0.004 0.2 0.01 0.04 0.2
t~3.9Gyr.
Bev
Aap =0.14 3.6 0.1 0.2 0.2
8.3. Seismological analysis afCen A & B Ato cen=1300 5.4 -1.2 -1.6 -8.2
_ . AYi=0.004 -1.1 -0.1 -0.1 0.9
The starsa Cen A & B are solar-like stars. The oscnlauonsA[%]i — 0.004 0.2 0.01 0.01 0.1

of such stars may be stochastically excited by the convection
as in the case of the Sun. The amplitudes of solar-like oscil-

lations have been estimated for stars of different masses adin the solar case (Provost et[al. 2000), the lowest frequency
ages (Houdek 1996; Houdek et[al. 1999). The models we hayghode oscillations ofi Cen A have a mixed character between

calibrated are close in the H-R diagram, but have different ip- and g-mode behavior and are very sensitive to the structure
ternal structure and they could be discriminated with the hedpthe central stellar regions.

of seismology. The properties of the stellar oscillations are re-
lated to the variation along the radius of the sound speatd
of the Brunt-Vaissala frequencyN (Christensen-Dalsgaard

Berthomieu 1991) Thﬁ'mOde frequenCieS are mainly relateq'he frequencies Oi)_modes of given degreé are almost

to ¢, while theg-modes, with lower frequencies, are determinegyasi-equidistant. Fiffl 2 represents the variatiom\ef, , =
essentially byV. We have computed for all our models the adi,;M — v,_1,¢ as a function of the frequency for models;y
abatic frequencies of oscillation for modes of low degree®  andBgy; n is the radial order of the modAw,, , represents the

to 3, which may be detected by future observations. Teblgsige spacing between the mode frequencies. It is roughly con-
presents thp-mode frequencies for the modelsy andBgv.  stant at large frequencies, larger th2800 1 Hz for o Cen A

& 8:3.1.p-mode oscillations
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Table 8. Low degree frequencies farCen A and B.

aCenA, modelAgv o Cen B, modeBgv
{=0 =1 =2 =3 £=0 =1 =2 {=3

216.50 239.04  332.72 354.66 280.33  313.25 40494 460.11
330.58 357.01 414.45 450.61 439.72 504.26  575.00 635.19
433.74 47341 525.29 567.19 594.94 674.45 748.46 810.92
539.84  589.81 640.82 683.00 765.25 845.17 916.83 980.26
651.62 703.50  754.02 797.53 932.81 1013.63 1085.89 1148.42
763.65  817.42 867.89 911.05 1101.83 1179.48 1251.72 1315.75
876.96  929.96 980.65 1024.62  1268.49 1346.02 1416.99 1480.67
989.90 1043.11 1093.39 1136.78 1433.70 1510.26 1581.42 1645.03
1102.65 1154.54 1204.33 1247.43 1598.27 1673.35 1742.83 1806.05
10 1213.79 1264.47 1312.49 1354.49 1759.39 1833.61 1901.74 1963.56
11 1321.79 1370.95 1418.40 1460.41 1917.69 1989.93 2057.43 2119.37
12 1427.80 1476.58 1523.87 1566.71 2073.10 2145.00 2212.06 2274.53
13 1533.43 1583.08 1631.25 1674.60 2227.40 2299.89 2367.70 2430.43
14 1640.95 1690.78 1738.77 178229 2382.75 2455.04 2522.86 2585.94
15 1748.45 1798.25 1845.79 1888.78 2537.58 2609.85 2677.04 2739.71
16 1855.24 1904.34 1951.62 199497 2691.18 2762.91 2830.18 2892.90
17 1961.01 2010.40 2057.91 2101.70 2843.92 2915.35 2982.68 3046.16
18 2067.20 2117.07 2165.32 2209.86 2996.13 3068.24 3136.07 3200.00
19 2174.62 222510 227355 231842 3149.16 3221.60 3290.20 3354.77
20 2282.71 2333.49 2382.26 2427.33 3303.04 3375.80 344450 3509.53
21 2391.27 2442.08 2490.76 2536.02 3456.99 3530.11 3599.13 3664.29
22 2499.56 2550.55 2599.41 2644.81 3611.26 3684.29 3753.67 3819.43
23 2608.02 2659.04 2708.02 2753.86 3765.55 3838.97 3908.55 3974.76
24  2716.48 2767.90 2817.19 2863.25 3920.10 3993.88 4064.07 4130.66
25 282546 2877.03 2926.58 2973.04 4075.36 4149.28 4219.77 4286.93
26 2934.69 2986.58 3036.24 3082.83 4230.79 4305.15 4375.88 4443.28
27 3044.15 3096.07 3145.94 3192.80 4386.60 4461.07 4532.20 4600.01
28 3153.68 3205.77 3255.68 3302.66 4542.70 4617.33 4688.59 4756.82
29 3263.18 3315.36 3365.50 3412.70 4698.84 4773.76 4845.36 4913.76
30 3372.84 3425.10 3475.26 3522.63 4855.34 4930.30 5002.17 5070.99
31 348242 3534.76 3585.10 3632.58 5011.94 5087.14 5159.10 5228.14
32 3592.07 3644.40 3694.70 3742.31 5168.62 5243.95 5316.22 5385.43
33 5325.52 5400.85 5473.22 5542.77

O©CoOoO~NOUDWNERE|S

and 3500 . Hz for o Cen B. Below these frequencies it varies In the high frequency range the large and small frequency
within 10%. In the lower frequency rangAy,, , has an oscil- spacings which characterize thenode spectrum are usually
latory behavior which is the signature of the helium ionizatioestimated by analytical fits of the frequencies and of the small
zone (e.g. Gough1991). We note that it is important to take irfffequency separations. The numerical frequencies are fitted by
account such a variation while searching peak equidistancytlire following polynomial expression (Berthomieu et al. 1993b):
thep-mode power spectrum.

Another characteristic quantity of the oscillation spectrumis, , — 1, + Av,(n + £ no) + ag(n + £ ng)2.
the small separation, i.e. the difference between the frequencies 2 2
of modes with a degree of same parity and with consecutiyfie quantitys, (- varies almost linearly with the frequency
radial order: or the radial order. The small spacing is estimated by using the
OVg 442 = Vngl1,0 — Un t42. fit:

This small quantity is very sensitive to the structure of the cogg, , ., ~ Se0sa + Se(n —ng).

mainly to its hydrogen content. Asymptotic analysis predicts

thatitis proportional té(¢+1). Fig [3 givesivy » and% xév1,3  Asin the solar case, we consider a set of 9 modes centered at
as a function of the frequencies for the mod&ls, andBgy. ng ~ 21, which corresponds approximately to the middle of the
For a given model, these two quantities are very close at higinge of the expected excited frequencies {i.e.3 mHz) for
frequencies, as expected from asymptotic approximation am€en A, according to Houdek (1996). The fitted coefficients
they vary almost linearly with frequency for radial orders a, are very small. The quantitxv, does not much depend on
larger than about 16 far Cen A and 10 forx Cen B. the degree, so thakv, ~ Ay, and it characterizes the large
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il . 1 Wwhich has also a larger mass, is significantly smaller by about
‘:.‘: 5 uHz. The result is opposite fer Cen B. All these differences
2 2L ‘ ] can be accounted for by the differences in mass and radius.
A . 1 The small separations/ » anddv, 3 decrease with stellar
Lwecsoscace 1 ageand mass (Christensen-Dalsgaard1984). The valties of
B L o oo, e 1 anddv, 3 obtained for our calibrated models are comparable
- . R 1 to those of Pourbaix et al. (1999). As expected, they decrease
l l 1 with the age for the models without core overshoot, and thus
2000 4000 are significantly smaller for th& cp model ofa Cen A. Future
asteroseismic observations could help to discriminate between
v(uMz) such models.

Fig. 2. Variations of the large frequency separations between modes The lower panel of Tablgl 7 presents the variatidja vy,

of consecutive radial ordehv, » = v, — vn_1.0 for p-modes of A[dvg o] and A[ov, 3] for the models computed with the

degree? = 0 (full point) and¢ = 1 (open point) as a function of MLTgy theory and extreme modeling parametefs,, cen, Y;

the frequency forx CenA & B (modelsApy & Bgy). The relation and[£¢]; within the confidence domains presented in Table 1.

between the frequencies and the radial order are taken from[TJable 84 variations of\ v With o, t, cen andy; are essentially due

asymptotically predictediv,, . is almost constant at high frequency.q the difference of model radii. The small spacirﬁ@z and
ovy 3 depend mainly on the age and are less sensitive to the

f . h I : ionall differences in radius.

requency spacing. The small spacings are conventionally mea'According to Gough'{1991), further information on the stel-

Zﬁge(sibyéyﬁ?gﬁh;agltg ir(l:%vx]s thtic(iq?(?rrmg@rﬁ(g dﬁgéggi lar structure can be provided by low degree oscillations, from
v1,3 Whi v pu the second order difference of frequencies:

& B given in Tabldb.

These large and small separations of frequency, which ch&; ¢ = v, ¢ — 2Up41,0 + Vnt2,0.

acterize the-mode oscillation spectrum, depend on the stell%hen plotted as a function of the frequency (Elg. 4), this quan-

mass and age and slightly decrease with the age (Ch”Sten?E{) has a sinusoidal behavior with two different “periods” of

4 al. 1¢ i )
elated 10 he ervelope stuctire of the stllar model and 4210 /Hz andTO0 iz, The larger period has the largest
. P s . — al¥|plitude and is due to the rapid variation of the adiabatic index
vary proportionally tolM 2 R~ 2, while the values obv » and

— . T'; in the Hell ionization zone. lts contribution to the frequenc
ovy 3 reflect the structure in the core. ! q y

The computed values ofw. are respectively smaller is also clearly visible in Fid.]2. The lower periddis an indi-
P Yo P y cation for a discontinuity in the derivative of the sound velocity
(respt. larger) than the solar ones due to largefspt. smaller)

masses of Cen A( .o Cen B). These values donot de enﬁf the base of the convection zone and is the inverse of twice
vespL. a ’ P e travel time of the sound from the surface to the base of the

much on the description of the convection or on the convective . .
. C(()pvecnon zone (e.g. Audard & Provost 1994):
core overshoot, as can be seen from a comparison of the mod-

elsApv, Acw, Aoy andBgy, Bew, Boy. On the contrary, the g Ry g
value of Ayg obtained for the oldest moddélgp of o CenA, -

Cc
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Fig. 4. Variations of the differences of frequenciés, , = vy, —

2Un+1,¢ + Un+2,¢ fOr p-modes of degreé= 0, 1, 2, 3 as a function of
the frequency forn Cen A & B (modelsAgy & Bgy). The “period”

‘P of the small oscillation i203 pHz for Agy and255 uHz for Bgv

The predicted value @? is larger fora Cen B than forx Cen A, with

of P, for the models ofxr Cen A & B. When the calibration of
«,Cen A is made with a core overshoot (which increases the ex-
tent of the convective cord), is significantly larger (by 23%).
The other differences between the valuedpfor the models

of a Cen A & B are accounted for by the differences in mass
and in radius.

9. Discussion and conclusion

Detailed evolutionary calculations of the visual binary

« Centauri, including the pre main-sequence have been per-
formed using the recent mass determinations of Pourbaix et
al. (1999). Models have been constructed using the CEFF equa-
tion of state, OPAL opacities, NACRE thermonuclear reaction
rates and microscopic diffusion. We have revisited the effec-
tive temperatures, surface gravities and metallicities, using pub-
lished spectroscopic data and taken these quantities as observa-
tional constraints. We have determined the most reliable so-
lution within the confidence domains of the observable con-
straints via ay? minimization. Each solution is characterized
by o = {tacen, Yi, [5¢]i, aa, ap}, Wheret, e, is the age of

the systemy; the initial helium content{,%]i the initial metal-

licity and aa andag the convection parameters of each star
model. We obtained calibrations using different convection the-
ories and adapted values for the mixing-length parameter of
each component.

With the basic Bhm-Vitense
length theory of convection, we derivedpgy =
{2710 Myr, 0.284,0.257,1.53,1.57}. With a con-
vective core overshoot of 0.20H,, we obtained
Pov = {3530Myr,0.279,0.264,1.64,1.66}. With the
Canuto & Mazitelli (1991, 1992) convection theory, we
get pom = {4086 Myr,0.271,0.264, 0.964,0.986}. Us-
ing the mass values and the observational constraints
of the “best” model of Guenther & Demarqué (2000),
the basic mixing-length theory, we obtained

(1958) mixing-

mainly due to a deeper convection zone fo€en B (see Ta- pgp = {5638 Myr, 0.300,0.296, 1.86,1.97}.
ble[5). The corresponding amplitude is sensitive to different pro- We have also performeg? minimizations forcing the use
cesses, like convective penetration below the convection zafea unique value for the convection parameters of models of

(e.g. Berthomieu et al. 1993a).

8.3.2.g-mode oscillations

In the low frequency range, the frequencies are mainly det
mined by the Brunt-¥issila frequencyN. The period of low b
degree gravity modes is proportional to a characteristic peri

1 (RN
Vn’fNPOil(n"‘E[):%‘/R Td'r

a CenA & B. We have not reported the results as they are not
significantly different from the former ones.

The most striking fact in our results is the small values ob-
tained for the ages which are noticeably smaller than previous
Eﬁ]dies, except those of Boesgaard & Haden (1974) and Pour-
ix et al. [(1999). With respect to the recent models of Guenther
Demarquel(2000) this is due mainly to the mass discrepancies
resulting from the small differences in distances. Thé.5%
increase between the masses of Pourbaix €t al. (1999) we used
and those used by Guenther & Demardue (2000) results from

The integral, which defineg), is taken in the inner radiative by the 1.5% disparity between the revised Hipparcos parallax
zone, i.e. from the radius of the convective cBrg fora Cen A, (Sdderhjelni2000) used by Guenther & Demarque and the or-
or from the center fory Cen B, to the base of the external conbital parallax determination of Pourbaix et al. As revealed by

vection zoneR,.. For stars without convective core, like thahe x2 minimization, in the case of the present calibration of

Sun ora CenB, e, depends on the degree of the oscillationy Cen, the determination of the age appears to be more sen-
e¢ = {/2 + &, for stars with convective core (lika CenA) sitive to the mass differences than to the basic observational
g¢ = £ (Christensen-Dalsgaard 1984). Tdble 7 gives the valussnospheric constraints namely, effective temperature, gravity
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— or luminosity — and metallicity. According to our results, nonass models. The diﬁerence% between ourr Cen models
really satisfactory criterion allows to discriminate among diffeand the Sun are compatible with the scattering found in the so-
ent sets of modeling parameters: they all generate models wHarhneighborhood (Pagel & Portinari 1998) and in other binary
fit the observational constraints based on H-R diagram analysystem calibrations (Fernandes ef al. 1998).

and metallicities. A naive argument, however, can plead in favor We have computed the large and small frequency spacings
of a subsolar age: as theCen binary system is formed of metalof acoustic oscillations for all the models. The large separa-
enriched material, it formed from more processed intersteléon Ay, for the three models with large masses are within
matter than the Sun; this may indicate thaCen is younger 2 pHz, despite their differences in age and physics. They are
than the solar system. such thatAry ~ 107 — 108 uHz. The variations ofAv, tak-

ing into account the uncertainties in the observable constraints,

, . : - effective temperatures, gravities and metallicities, are of about

fitted on our observational constraints, the mixing-length param; .

eters are noticeably smaller than the convection paramegtef 1 iHz. Forthe modehgp, of small mass, the large separation,
y b © Ay ~ 102 yHz, is in agreement with the value of Guenther &

thre Torlar mﬁdil c)a(llibra:t%df\r/viﬁ me SLarg\(/%Vip hytSiCIS;(;hgeggiﬁeirrinﬁgmarque (2000) and significantly lower for our other models.
are larger than expected o € Luawig etal. 12 )S. m‘ﬁ;e differences i\, are mainly explained by the differences
tions. For the models fitted to the observational constralntsiﬁ mass and radius

the "best” model of Guenther & Demarque (2000), the values For the three models with large masses the small separations

derived fora bracket the calibrated solar value. For all modeb&y vary from 7.5 109.1 uHz for o Cen A and are of about
computed withM LT gy theory we note that the smaller the agem(ifHZ for aCen.B. Fo.r each model the variations g »

the smaller the mixing-length parameters. within the observable uncertainties aré Hz. For the model

For models computed witMLTcy, convection theory, in Acp, 0vg 2 is much smaller and in agreement with the value of

accordance with Canuto & Mazitelli (1991, 1992) we Obta'guenther&Demar ue. Allthese differencedin » are mainl
mixing length parameters both close to unity and to the conve que. )2 y

: . . télated to the differences in central hydrogen content, hence in
tion parameterv of the solar model calibrated with the sam ydrog

; T e age.
physics,aa ~ ap ~ ag ~ 1. This indicates that the convec- g

tiontheory of Canuto & Mazitellimay support the assumption gf These results show that the determinatiohof, andsvy ;

. y . ysupp P seismological observations would help to discriminate be-
a universal convection parameter and it seems to provide befter . .
: . . D ween the models aff Cen A computed with different masses
fits to observations, as already pointed out by helioseismol

as aforesaid in Sefl. 3 O%¥d to <_:onfirm or not the_new determination of the masses by
T Pourbaix et al. This implies an improvement of the accuracy
For the o« Cen A models fitted on our observational conef the observables used to constrain the calibrated models of
straints, as in the solar model, microscopic diffusion alone asCen A & B. Concerning the comparison with the seismic ob-
not efficient enough to account for the observed surface lithiugarvations, the large splitting estimated by Pottasch et al. (1992)
depletion. This may indicate that an unknown physical procegsid Edmonds & Cram _(1995) favor Pourbaix et al. (1999).
at work beneath the outer convection zone, reinforces the miasses. The different possible estimations for the large and
croscopic diffusion and gravitational settling to transport trgmall spacingg\v, andédv 2 by Kjeldsen et al.[(1999a) do not
material down to the lithium burning zone. FarCen B, the allow to discriminate between the models. We note, however,
only available observation of the surface lithium abundancetitat their estimatiot\vy = 100.8 uHz anddvg » = 11.7 uHz
an upper limit (Chmielewski et al._1992): allCen B models is highly improbable.

predict values compatible with this observation except model We conclude that, even far Cen, the best known binary

Bgy. The surface lithium depletion of models calibrated with stem, the models are not strongly enough constrained by the

the Guenther & Demarque (2000) observational constraints 2. : . .
. . available astrometric, photometric and spectroscopic data. In or-

close to the observations and, in that sense, they appear to, be . " . .
. . . derto deeply test stellar physics additional information on the
more satisfactory than models fitted on our observational con: .
S : S anternal structure is needed. Up to now ground-based observa-

straints: in these models there is no need for additional physical” . : . I
- : . .2 Tions give tentative evidence for acoustic oscillations@en A.

process to transport the lithium to its burning zone. But this im-

L . . n a few years from now, one can expect that asteroseismology
o  cfom space e, COROT (ol et Bl 1356) HONS (Kl
. . 9 y ) P .~ senetal.1999b) and MOST (Mattews 1998) missions and from
in more massive stars result from physical processes which are . - . .
C ) round, e.g. Concordiastro (Fossat €tal. 2000), will provide data
not active ina. Cen, though masses and rotation status are close : o
10 solar ones accurate enough to improve our knowledge of stellar interiors.

All our models with large masses have initial helium ConAcknowledgementsWewouldIiketo express our thanks to the referee,
tents close to the solar valdg, — 0.003 < Y; < Yo, + 0.010,  py. pourbaix, for helpful advices. This research has made use of the
while the models with low masses have a high initial heliur§impad data base, operated at CDS, Strasbourg, France. This work has
contenty; = Y5 + 0.026. With a primordial helium abundancebeen performed using the computing facilities provided by the OCA
of Yy ~ 0.235 we get a galactic enrichment ﬁ% ~ 2.0, both  program “Simulations Interactives et Visualisation en Astronomie et

for the Sun and low mass models agg = 1.2 — 1.6 for high Mécanique (SIVAM)".

For the models computed with the basi¢. T'gy theory and
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