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Abstract. The interferometric observations of dwarf stars in the solar neighbourhood, combinedlwitkrcos parallaxes

provide very precise values of their linear diameters. In this paper, we report the direct measurement of the angular diameter of
the bright star Sirius A with the VINGVLTI instrument. We obtain a uniform disk angular diametefigf = 5.936+0.016 mas

in the K band and a limb darkened value @6 = 6.039 + 0.019 mas. In combination with thiliPPARCOS parallax of
37922+1.58 mas, this translates into a linear diameter.@11+0.013D,. Using the VINCJVLTI interferometric diameter and

the published properties of Sirius A, we derive internal structure models corresponding to ages between 208 42dVAKO

This range is defined mainly by the hypothesis on the mass of the star, the overshoot and the metallicity.
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1. Introduction parallax to derive its linear diameter. From our models, we

. . . compute the age and the initial helium content of Sirius A. We
The brightest star in the sky, Sirius A (HR 2491, HD 48915), Kummarize in Sect. 2 the fundamental parameters of this star,

an A1V type dwarf. 'F is also a membe_r of the fifth .neare_s_t b\'/Y/hile Sects. 3to 5 are dedicated to the VINCI data processing
nary system. The existence of a massive companion, SirusRy anajysis. This section includes in particular the fit of the
was predicted by Bessel (1844) based on the apparent mojigf), jarkened disk model to the measured visibilities. Finally,

of Sirius A. It was later discovered visually by A. G. Clark, o yiscyssin Sect. 6 the macroscopic constraints that we apply

in 1862, and is still today among the most massive white dwafls, ;- cEsaM numerical models (Morel 1997) of the internal
(WD) known. Chandrasekhar (1935) published the first modsq

L a 7 P cture of Sirius A, and we predict the asteroseismic large

t_o explain its character_lstlcs. Slru_Js hgs been reporte_d ?ev‘#@guency spacing of this star.

times to be a red star in the ancient times, whereas it is now

almost white. The reason behind this color change is still not

understood, though several scenarios have been proposed itHfeundamental stellar parameters

last decades (Schlosser & Bergmann 1985; Bonnet-Bidea

Gry 1991; Whittet 1999). During the past century, many ef-

forts were directed towards compiling the properties of bosirius (A1V + WD) is a visual binary system with a 50 years

stars like their masses or chemical abundances. Sirius A prriod that has been studied extensively, and its orbit is known

hibits enhanced metal abundances in its photosphere and W8 high precision. From photometric astrometry covering a

therefore been classified as Am by Abt (1979). As the o80 year period, Gatewood & Gatewood (1978) determined the

bital period is relatively short (50 years), two revolutions ofrbital photocentric semi-major axis of Sirius A with respect to

the Sirius A-B binary have already been measured, allowitlye system barycenter. This determination relied upon the or-

Gatewood & Gatewood (1978) to derive precisely the masdatal parameters of the relative visual orbit of Sirius B given by

of the two components (Sect. 2.1). Moreover, Sirius A has beean den Bos (1960). These authors derived a mass for Sirius A

the first main sequence star to have its diameter measuredah2.143+ 0.056 M, using a parallax ot = 377.7 + 3.31 mas.

terferometrically by Hanbury Brown et al. (1967, 1974a).  This precision ofr has been recently improved thanks to the
The chief object in our study is to model the internal strudsIPPARCOS satellite mission (Perryman et al. 1997)at=

ture of Sirius A in order to reproduce its macroscopic charad/922+ 1.58 mas. We note that this value is consistent with

teristics. In this process, we use the angular diameter of this $kg parallax of Van Altena et al. (1995),= 3816 + 2.2 mas.

from our new VINCJVLTI measurements and thdipparcos Consequently, the sum of the masses has to be diminished

by 1.2%, giving for Sirius A a lower mass of12 + 0.06 M.

Send gprint requests toP. Kervella, e-mailpkervell@eso.org Independently of binary orbital elements, Holberg et al. (1998)

.1. Masses
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Table 1. Relevant parameters afCMa and its calibrators from the literature.

Name a CMa fCen dLep aCrt 31O0ri HR 4050
HD number HD 48915 HD 123139 HD 39364 HD 95272 HD 36167 HD 89388
my -1.47 2.06 3.80 4.07 471 3.38

Mk -1.31 -0.10 1.31 1.62 0.90 0.60

Sp. type AlV KOlllb G8Iiyv K1l K5Il K3lla

Ter (K)2 9900 4980 4580 4650 3930 4500
[Fe/H]f 0.5 0.0 -0.75 -0.2 -0.3 0.5

logg? 4.3 2.75 2.95 2.8 1.6 1.6

7 (masy 37922+ 158 53.5+ 0.8 29.1+ 0.6 18.7+ 1.0 7.2+ 0.8 4.4+ 0.5

6p (masy  6.039+0.019 5434+0.02C¢ 2.63+0.04 2.28+0.03 3.66+0.06 5.23+0.06
6up (Mas) 5936+ 0.016 5305+0.02C 2.57+0.04 2.22+0.03 3.55:+0.06 5.09+0.06

& From Cohen et al. (1992) far CMa, and from Cayrel de Strobel et al. (1997, 2001) for other stars.
b Parallaxes from th&liPPaRCOS catalogue (Perryman et al. 1997).

¢ Catalogue values from Cohen et al. (1999) for other stars.

4 Linear limb darkening ca@icients factors from Claret et al. (1995).

€ gCen angular diameters from Kervella et al. (2003b).

f Qiu et al. fora CMa, and Cayrel at al. (1997) for other stars.

9 Sirius angular diameters from this work (see text for details).

have re-determined the mass of Sirius B from precise measue-Sc and Ca are underabundant. In consequence, for such &
ments of its surface gravity and radius. Using HiPPARCOS  slow rotator and intermediate mass, it is very hazardous to esti-
parallax they found a mass bfg = 1.034+0.026 M, in agree- mate the mean metal content in the interior of the star from its
ment with the revisited sum of the masses. Also based on theface metal abundance.

Hipparcos parallax, Provencal gt al. (1998) hqve derived a Therefore, we propose to focus only on the abundances
value ofMg = 1.000+ 0.016Mo, in agreement with Holberg ot cNO, that are believed to be little modified by radiative

etal. (1998) ata 1.& level. forces (Richer et al. 2000), to estimate the value(i))s at
present day. We adopt an average abundance at present day o
2.2. Age (%), = 0012 + 0.002 in our models, that includes the mi-

. . Z - .
The age of the Sirius system has been poorly debated in fﬁgscopm diusion of the element X)' Is very important for

. . U .
literature. Based on Wood'’s (1995) sequences of cooling a 8 internal s.tellar opacity of the computed model and is a key
: . - . soqarameter with respect to the age of the star (see Sect. 6). It
of WD (carbon-oxygen model with thick H layer), Sirius B i sults, when using these elements as tracers, that the averag
found to be a young WD of about 160 (Holberg et al. 199§nf ' 9 ' g

. o etal abundance of Sirius A is in fact about half that of the
to 210+ 20 Myr (Holberg, private communication). The revisg o \While appearing to be low, the adop@dabundance is

ited mass of Sirius B (1.03M) corresponds to a progenitor le with , I i o f
mass ofx7 M, i.e. the approximate mass of a B5 main Sec_omparab € with Vega’s observed va ue..Vefga Is a fast FOtator
@ and therefore should not b&ected by radiative accelerations

quence star, from the empirical initial to final mass relation "~ = = . -
of Weidemann (2002). Such a massive star evolves to a Vo@skmg its true metal abundance. This corresponds to an ini-

in 40+ 5Myr. Consequently, assuming a simultaneous orig}if! value at zero age ¢%), = 0.0165 = 0.002. In order to

of both A & B components, the Sirius system is expected to %5 I|dat((aj the prt—;-wous ass?mptlontthlﬁt _E{he ;ntﬁta”'?]'t% of touter—
between 200 and 250 Myr old. ayers does not represent the metallicity of the whole star, we

also present, in Sect. 6, a model of Sirius A with the observed
metallicity (%)_= 0.0329, corresponding to the observed mean
2.3. Spectral properties surface abundances.

Sirius shows deep metallic spectral lines, and we propose that

the corresponding enhancement in metal abundance is a c®e:. Photometry

sequence of the strong radiative forces at work in the interior

of this star. This hypothesis is supported by the very low rotdhe photometric properties of Sirius are summarized in
tional velocity (Royer et al. 2002)sini ~ 16 kms?, that fa- Table 1. The magnitude and the parallax give an intrinsic lumi-
vors the action of these forces. In their comparison with the stawsity ofL/L, = 25.4+1.3. Following Lemke (1989), we adopt
Vega, Qiu et al. (2001) concluded that Sirius A appears to ba dfective temperature of¢ = 9900 + 200 K and a loga-
enhanced in abundances by about 1.0 dex on average whileitBm of the spectroscopic surface gravity of lpg 4.3 + 0.1.
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3. Interferometric observations value using linear cdicients taken from Claret et al. (1995).
and data processing As demonstrated by Boedét al. (2002), the star diameters in
the Cohen et al. (1999) list have been measured very homoge-
3.1. Instrumental setup neously to a relative precision of approximately 1% and agree

The European Southern Observatory’s Very Large TeIescdiM@” with other angular diameter estimation methods. The in-
Interferometer (Glindemann et al. 2000) is operated on toptgfferometric fficiency is computed from the coherence factors
the Cerro Paranal, in Northern Chile since March 2001. For tRBtained on these calibrators, taking into account the band-
observations reported in this paper, the light coming from tw¥idth smearing ffect (Sect. 5.2) and a uniform disk angular
test siderostats (0.35 m aperture) was recombined cohereftjmeter model. This process yields the calibrated squared vis-
in VINCI, the VLT INterferometer Commissioning Instrumentbilities that are used for the model fit.

(Kervella et al. 2000). We used a regulérband filter @ = In Table 2, two error bars are given for ea¢hvalue:

2/‘10:2'14 4"_nI)8bUt VIN.CI can .altso b? gperte_ltedbm e bant()j. — one statistical error bar, computed from the dispersion of
(4 = 14-18 um) gsmg an integrated oplics beam combiner: y, visibility values obtained during the observation,
(Berger et al, 2091’ Kervellg etal. 2003a). Two VLTI bagelmes;_ one systematic error bar defined by the uncertainty on the
were used_ for this program: D1-B3 and E0-G1, respectively 24 knowledge of the calibrator stars angular sizes.

and 66 m in ground length.
While the statistical error can be diminished by repeatedly ob-
serving the target, the systematic error cannot be reduced by
averaging measurements obtained using the same calibrator.
We used a modified version of the standard VINCI data reduthis is taken into account in our model fitting by checking
tion pipeline (Kervella et al. 2003c), whose general principke posteriori that the resulting uncertainty of the model visibility

is based on the original FLUOR algorithm (Caudul Foresto is larger than the systematic errors of each measured visibility
et al. 1997). The two calibrated output interferograms are sutadue. This conservative approach ensures that we are not un-
tracted to remove residual photometric fluctuations. Insteddrestimating the final error bars on the angular diameter of
of the classical Fourier analysis, we implemented a tim8irius.

frequency analysis €jransan et al. 1999) based on the con-

tinuous wavelet transform (Farge 1992). In this approach, t
projection of the signal is not done onto a sine wave (Fouri
transform), but on a function, i.e. the wavelet, that is locak. 1. Intensity profile

ized in both time and frequency. We used as a basis the Morlet o . o o
wavelet, a Gaussian envelope multiplied by a sine wave. wihiom the visibility curve shape before the first minimum, it is

the proper choice of the number of oscillations inside tfdmostimpossible to distinguish between a uniform disk (UD)
Gaussian envelope, this wavelet closely matches a VINCI @2d limb darkened (LD) model. Therefore, it is necessary to
terferogram. Itis therefore verigient at localizing the signal US€ @ model of the stellar disk limb darkening to deduce the
in both time and frequency. phgtospherlc angullar size of thg star, from the observed vis-
The diferential piston corrupts the amplitude and the shaﬁé“ty values. The intensity profiles that we used were com-
of the fringe peak in the wavelets power spectrum. A selectiBHted by Claret (2000), based on model atmospheres by Kurucz
based on the shape of fringe peak in the time-frequency §$992). We chose the four parametefs)/1(1) law of this au-
main is used to remove “pistonned” and false detection intdfOr, wheréu = cosf is the cosine of the azimuth of a surface
ferograms. Squared coherence facigtsre then derived by elemer_1t of the star. They are accurate approximations of the
integrating the wavelet power spectral density (PSD) of the fiumerical results from the ATLAS modeling code.
terferograms at the position and frequency of the fringes. The T0 compare the dierent types of approximated limb dark-
residual photon and detector noise are removed by makin%%{_”g laws, we chose the following approximate parameters for
least squares fit of the PSD at high and low frequency. The rllius: Ter = 10000 K (for Claret et al. 1995 and Claret 2000)
sulting measurement stability is satisfactory: on a good ser@isTer = 9800K (for Claret 1998), log = 4.0, [Fe/H] = +0.5,
of 500 interferograms of Sirius (10 min) the standard deviatiofd = 0 kms™. These were chosen as close as possible to
is typically 2.0%, and the final bootstrapped statistical error §#¢ Cohen et al. (1992) values. As noted by Claret (2000), the
the averagg: is only 0.16%. The:? values are converted intoS€Nsitivity of the limb darkening of &,z = 10000 K star to

calibrated visibilitiesv? through the observation of calibratofth® metallicity is negligible, so the true metal content of Sirius
stars (Sect. 4). is not critical. Diferentl (u)/1(1) square root and four parame-

ters laws for Sirius, from Claret et al. (1995) and Claret (1998,
2000) are plotted in Fig. 3. Though no formal error bars are
provided for these limb darkening models, the smalkdéences

The calibration of Sirius visibilities was achieved using wellbetween the four curves demonstrates the good internal consis-
known calibrator stars that have been selected in the Coliency of the diferent types of laws.

et al. (1999) catalogue. The characteristics of the selected cali-The limb darkening is directly measurable by interfer-
brators are listed in Table 1. The limb-darkened disk (LD) aommetry beyond the first minimum of the visibility func-
gular diameter of these stars was converted into a uniform digkn, as demonstrated by several authors on giant stars

3.2. Data processing

e . .
gr Angular diameter computation

4. Calibration



684 P. Kervella et al.: The diameter and structure of Sirius A

Table 2. Sirius squared visibilities.

JD Stations Baseline (m) Az V2 + Stat.+ Syst. Calibrators
2452682.71653 D1-B3 17.758 81.68 0.860R.0206+ 0.0007 ¢§Lep,aCrt
2452682.71251 D1-B3 18.139 81.45 0.874R.0210+ 0.0007 ¢SLep,aCrt
2452679.71932 D1-B3 18.270 81.36 0.8%60.0313+ 0.0023 4§Lep, 31 0ri, HR 4050
2452682.70813 D1-B3 18.544 81.18 0.8668.0208+ 0.0007 6Lep,aCrt
2452679.71478 D1-B3 18.684 81.08 0.8748.0309+ 0.0023 4sLep, 310ri, HR 4050
2452679.71085 D1-B3 19.032 80.84 0.86210.0300+ 0.0022 4Lep, 31 0ri, HR 4050
2452679.66856 D1-B3 22.063 78.01 0.8(9R.0280+ 0.0021 ¢ Lep, 31 Ori, HR 4050
2452679.66415 D1-B3 22.301 77.68 0.8110.0281+ 0.0021 ¢ Lep, 310ri, HR 4050
2452679.65967 D1-B3 22.527 77.35 0.8048.0278+ 0.0021 ¢ Lep, 31 0Ori, HR 4050
2452361.62629 EO-G1 60.439 1.29 0.1590.0074+ 0.0045 6Cen

2452361.64154 EO-G1 60.574 5.16 0.1608.0062+ 0.0045 ¢#Cen

2452361.57907 EO-G1 61.038 169.41 0.147/20085+ 0.0041 6Cen

2452358.55861 EO-G1 62.027 162.72 0.1433.0062+ 0.0042 6Cen

2452340.60484 EO-G1 62.148 162.07 0.1310.0059+ 0.0014 6Cen

2452340.57040 EO-G1 63.651 155.00 0.1243.0063+ 0.0014 6Cen

2452340.56629 EO-G1 63.831 154.23 0.1228.0054+ 0.0013 6Cen

2452340.54577 EO-G1 64.678 150.65 0.1388.0051+ 0.0013 6Cen

2452340.54210 EO-G1 64.816 150.06 0.1#520052+ 0.0013 6Cen

a All calibrators for Sirius were chosen in the Cohen et al. (1999) catalogue.
b The azimuth is counted clockwise from North, in degre®s-(90 deg).

(Quirrenbach et al. 1996; Wittkowski et al. 2001)Theay codiicient are tabulated by this author for a wide range
Unfortunately, for stars of the angular size of Sirius olof stellar parameterS(s, logg, ...) and photometric bandbl(
served in theK band, this requires baseline of 80 to 120 rto K). For Sirius {7 = 0 kms™, Tez = 10000 K, logy = 4.5,
that were not available for the measurements reported hergMt/H] = 0) we finda; = 0.5318,a, = —0.6921,a3 = 0.6698,
is intended in the near future to measure directly the LD ofamday = —0.2431. Figure 3 shows the corresponding intensity
number of nearby stars, using the VINCI and AMBER (Petrgwofilel (u)/1(1). In this paper, we assume that the limb darken-
et al. 2000) instruments on the long baselines of the VLTihg law does not change over thkeband, which is reasonable
With lengths of up to 202 m, they will allow the exploration offor a hot and compact stellar atmosphere, but this computation
the secondary and higher order lobes of the visibility functioean easily be extended to a wavenumber deperdent) in-
tensity profile. Following Davis et al. (2000), using a Hankel
5.2, Visibility model !ntegre_ll, we c.ar? derive the visibility laW(B, 6, p, o) from the
intensity profile:

The VINCI instrument bandpass corresponds tokhzand fil- 1
ter (2-2.4um). An important &ect of this relatively large spec-v = 1 f 1 (w)Jo (ﬂ-Bo-gLD 11— ,uz)ﬂ du )
tral bandwidth is that several spatial frequencies are simultane- 0
ously observed by the interferometer. Thieet is known as \ynereo is the wavenumber:
thebandwidth smearingdt is usually negligible foi? > 40%,
but this is not the case when visibilities come closer to the first= 1/ 3
minimum of the visibility function. In the case of Sirius A ob- . N .
served with the E0-G1 baseling? is already low (13%) and andAis a normalization factor:
we have to consider it. L
To account for the bandwidth smearing, the model visibif* = j(; | (e A 4)
ity is computed for regularly spaced wavenumber spectral bins ) o
over theK band, and then integrated to obtain the model visipil.n€e integral of the binned squared visibilities is computed nu-

ity. We assume in this paper a limb darkening model followirfg€rically over thek band and gives the modef for the pro-
the four parameters law of Claret (2000): jected baselindB and the angular diamet&p through the
relation:

4
M =1-) a4, @ V200.8) = [ [V(B.ho.0) T dor 5)
— K
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Fig. 1. Overview of the VINCJVLTI visibility measurements obtained Fig. 2. Visibility measurements obtained on Sirius on the E0-G1 base-

on Sirius. The solid line is the best fit visibility model, that takes intbne. The thin line is the best fit model, and the dashed lines mark the

account the limb darkening and the bandwidth smearing. limits of the 1o- error domain. For clarity, the plotted error bars are the
quadratic sum of the statistical and systematic errors.

where T (o) is the normalized instrumental transmission de-

fined so that 100% — ‘

fT(O')d0'=l. ©) el e
K | = |

We computed a model af (o) by taking into account the in- ool \ .

strumental transmission of VINCI and the VLTI. It was first : : : N

estimated by considering all known factors (filter, fibers, at- = ! ! ! }\\\

mospheric transmission, ...) and then calibrated on sky base %1 SR S 1"'&\;'”

on several observations of bright stars with the 8 m UTs (se ! ! ! ! W

Kervella et al. 2003b for more details). This gives, for Sirius, 8%y~~~ -+~ R EEEEE R R W

an average measurement wavelength of 2,476 ToToosan2000 ) f f it

The V2(6.p, B) model is adjusted numerically to the ob- 75, | - 777,:2?129%? S S R

served B, V?) data using a classicgf minimization process | | - sqrt 1995 ‘ ‘ ‘

to derived_p. The reduced? of the global fit is 0.30, charac- oo : : :

teristic of a satisfactory correspondence between the model ar 10 08 06 04 02 00

X

the measured? values. Figures 1 and 2 show the position of
the VINCI points on the squared visibility curve of the choseplg_& Published LD laws for Sirius in th& band, from Claret

model. et al. (1995), Claret (1998) and Claret (2000). The square root law
is already a good approximation to the Kurucz atmosphere models.

5.3. Angular and linear diameters The solid line shows results with the most recent four parameters
law introduced by Claret (2000). This last version was chosen for the

The x? minimization gives a limb darkened angular diameteirius LD fit of this paper.

Op = 6.039 £ 0.019 mas for Sirius A, while a simpler uni-

form disk model yield®yp = 5.936 + 0.016 mas. The conver-

sion formula between the LD angular diameter and the linear o
diameterD (in solar unit) is: contribution of the VINCIVLTI measurement uncertainty in

the error bar is only-0.004 D, or 37% of the total error.

D= __ 6o (7)

2p tan@o/2) o

5.4. Discussion
Assuming a solar angular radius @f/2 = 95964 + 0.02”
(Chollet & Sinceac 1999) and thieipPArRcOS parallaxp = Our LD angular diameter value can be compared to the value
37922 + 1.58 mas, we obtais;jiy;s = 1.711+ 0.013D,,. It  published by Hanbury Brown et al. (1974a). They found, using
should be noted that the parallax uncertainty is largely domin#ite Narrabri intensity interferometel,, = 5.89 + 0.16 mas.
ing the final error on the linear diameter. Therefore, an intrindihe diterence with our value of p = 6.039+ 0.019 mas
cally more precise interferometric measurement would not ie- —-0.8 -, making the two results statistically compatible

sult in an improvement of the linear diameter precision. Tvethin their error bars.
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Davis & Tango (1986) have obtained a value@®b = Grevesse & Noels (1993) mixture. The microscopiudion
5.63 + 0.08 mas using the amplitude interferometer, and r& described using the formalism of Burgers (1969) with the
vised the Hanbury Brown et al. (1974a) valuegdtp = 5.60+ resistance cdicients of Paquette et al. (1986). We take into
0.07mas. Using a limb darkening déeientu = 0.5900 account the radiative fiusivity as recommended by Morel &
(B band from Claret et al. 2000) and the conversion factor foFhévenin (2002), that limits thefiégciency of the microscopic

mula from Hanbury Brown et al. (1974b): diffusion in outerlayers of stars with intermediate masses.
We have neglected the radiative accelerations, as well as the
6o 1-u/3 changes of abundance ratios between metals whifhe at-
p= 6o \1-7u/15 (8) mosphere is restored using Hopf¢r) law (Mihalas 1978).

The adopted radius of the star is the bolometric radius, where
we findp = 1.053. This translates int p = 5.93+ 0.08 mas T(rx) = Tet. In the convection zones the temperature gradient
anddp = 5.90+ 0.07mas for the above UD values, reis computed according to the Mkf; convection theory with a
spectively. They dfer respectively by-1.3 and-1.90 from mixing length parameter of = 1 (Canuto & Mazzitelli 1991,
our result. This diference, marginally significant, could be ex1992). Following the prescriptions of Schaller et al. (1992) we
plained by an uncertainty on the limb darkening factor. It isave computed models that include overshooting of the convec-
much stronger at visible wavelengths than in the infrared, atide core (radiusR.o) over the distanc®, = Amin(Hp, Reo).
can be &ected by the presence of spectral features (TangoV8e adopted a valud = 0.15 in agreement with the results by
Davis 2002). Ribas et al. (2000) for a Bl star. In addition, we have also

Using spectro-photometric observations, Cohen et ahmputed stellar models without overshootidg € 0.00) of
(1992) have derived the angular diameter of Sirius atile convective core and with = 0.20 to estimate theffect of
found 6.04 mas (with Kurucz model atmospheres), in rematkis parameter on the age of the star. As a comparison, we have
able agreement with our direct measurement. also built a model with enhanceti/ X, corresponding to the

Due to the relatively slow rotational velocity of Siriusatmospheric abundances published by Qiu et al. (2001). It is
(vsini ~ 16 kms?, from Royer et al. 2002), we do not ex-intended to demonstrate the strorftpet of this overestimated
pect any detectable flattening of its disk. In addition, the flisalue of the internal abundance on the evolution stage of Sirius.
of Sirius B is totally negligible compared to A, in particular inEach model is described by about 760 mass shells. We consid-
the K band. We therefore do not foresee an asymmetry of theed that our model was representative of Sirius A when we
visibility function in azimuth due to these two contributors. reached the interferometric radius and the observed luminosity

Hanbury Brown et al. (1974a) have observed a small asyand éfective temperature of this star (within their respective er-
metry of the Sirius visibility function, proposing tentativelyror bars). The main characteristics of the computed models are
that this may come from a dust disk around this star. In tigesented in Table 3.
error bars, our measurements do not show this asymmetry, as
the D1-C3 and EO-G1 points are in good agreement with our i .
single disk visibility model. Nevertheless, it should be notef2- Results and discussion
that we have probed only two azimuth values, namely 80 : . . -
160 degrees (D1-C3 and E0-G1 baselines, respectively),aﬁ HR evolution diagram is presented in Fig. 4. We adopt the

that our error bars on the diameter measurements on the sh ?da;rdddefl_nltl?n of thte t.ZAMS’t'r']e' where nuclear refact|ons
baseline are relatively large. Therefore, we cannot exclude f fdin to dominate gravitation as the primary Source of energy

- - ; at least 50%. For the mass of Sirius A this corresponds to an
mally the presence of a disk accounting for approximately 1 .
y b 9 PP y e/?!apsed time of 4.2 Myr. Note that 100% of energy comes from

of the stellar flux. | i v after 10 Mvr. Th uti f model
As a remark, Benest & Duvent (1995) have proposed tH;c}lfC ear reactions only after yr. The evolution of models

a late M5 dwarf could be orbiting Sirius A, but our measur starts with the quasi-static contraction of a cloud with a cen-
ments do not have the necessary sensitivity to record the v?gﬂl temperature of 0.5 MK. According to these definitions, our

bility modulation that would be produced by a star of this typ i,eosdtehll; Zgig{g;’ fg:;ﬁ::)zit;tg%\:fl ,\:S%L;; :;digza;g ;T;tlrs-

with mg > 5. . .
The error bar is fixed by the uncertainty on the VINLTI
radius, that is itself largely dominated by thlPPARCOS par-
6. Modeling allax error bar.

Because the age of the WD can reach 210 Myr (Holberg,
private communicatioywe also computed models with a lower
We computed a number of evolutionary models of Sirius A umass 2.0M, which fit both the observed radius and thg.
ing the CESAM code (Morel 1997) including the pre-main séAfe had to change sligthly; and the value o(f%)I within its er-
guence evolution. The ordinary assumptions of stellar modedr bar, see modael, resulting in an age of 243 Myr for Sirius.
ing are made, i.e. spherical symmetry, no rotation, no magnatie can produce a greater age of 250 Myr (magjeihen in-
field, no mass loss. The relevant nuclear reaction rates are tagegasing the overshooting parameter A to the value 0.20.
from the NACRE compilation (Angulo et al. 1999). The equaAt the end of the pre-main sequence, Sirius A has generated
tion of state adopted is EFF (Eggleton et al. 1973), and taeconvective core due to the equilibration of the CNO nu-

OPAL opacities are from Iglesias & Rogers (1996) with thelear cycle. At the expected age of Sirius A for modehe

6.1. Hypothesis
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Table 3.Characteristics of our CMa A models remaining within the
uncertainty box of the observed properties of this star. The substripts
andsrefer respectively to the initial content at zero age and the surface
content at the end of the computed evolution. The adopted luminosity = -
islog(L/Ly) = 1.405+ 0.022 withTer = 9900+ 200 K. The observed
abundance of oxygen is0.32 + 0.20 dex (see text). The precision of
—
g

©

the age ist12 Myr corresponding to the crossing time of the shaded

parallelogram. <

Model a b c d e

M/Mg 2.12 212 2.12 2.07 2.07

age (Myr) 180 197 25 243 250 M

overshoot 0.00 0.15 0.15 0.15 0.20 -

Ter (K) 9870 9906 9817 9936 9944 log Ters

log(L/Le) 1398 1403  1.385 1408 1409  Fig 4. Evolutionary tracks in the HR diagram of models of Sirius A.

log g 4.30 4.29 4.30 4.29 4.29 The dashed rectangle delimits the uncertainty domain in luminosity

Y, 0.267 0.267 0.330 0.273 0.273 aqd dfective t_emperature, yvhlle .the shaded area repr_esents the uncer-
s tainty on the interferometric radius. The continuous line corresponds

(Y)i 0.0165 0.0165 0.0350 0.0145 0.0145 {5 modelb with overshoot and the dashed-dot line to moalevith-

(§)S 0.0116 0.0115 0.0289 0.0099 0.0099 out overshoot, both with a mass of 2.02,. Model d, corresponding

[O/H]; _017 -017 _023 -023 tp M = 2.Q7 M, and an age of 243 Myr, is represented by a dashed

line. The filled square is the center of the rectangle.

[O/H]s -033 -0.33 -0.39 -0.39

R/R, 1.71112 1.7107 1.7060 1.7105 1.7103

Avo (uHZ) 82 82 82 81 81

of the heavy elements on the thin upper convective layer of
Sirius A. By means of our model, we derive an age of 200

hydrogen mass fraction at centedis= 0.590 with a tempera- t0 250+ 12 Myr, consistent with the two evolutionary time es-
ture of 2246 x 1P K. The base of the external convective zonémates of Sirius B. The oldest age of Sirius A corresponds to a

is situated at 0.992R, andYs = 0.200. lower mass of 2.0M, which is the lowest mass value accept-
Removing the overshooting from our model reduces ti@®le within its error bar.
age of the binary by 10% (mode) while the modelk with The accuracy on this age is greatly strengthened by the

enhanced abundances leads to a too young age (25 MYNCI/VLTI radius, thus encouraging further studies to im-
for Sirius A, in significant disagreement with the age gfrove our knowledge of the diameter of nearby stars. Based on
Sirius B. At the present status of our observational constraiimsr model, we predict that the asteroseismic large frequency
on Sirius A, it is impossible to decide if overshoot exists @gpacing of Sirius A should be 81 to &Pz, if it exhibits radial

not in the central convective core. Note that our model givescillations. A more complete modeling of the external layers
a surface abundance of [M]S"s = —0.32 dex which agrees of this star for asterosismic frequencies prediction, including
with the abundance of the oxygen found by Kamp et al. (2002adiative accelerations, is currently in preparation.

Finally, if Sirius A is able to excite radial modes of oscillation, We would like to emphasize here the need for very high ac-
we predict the mean large frequency spacing to be rang- curacy parallax values, beyond thlipparcoOS precision. We

ing between 81 and 82Hz This is the primary observable ofhave shown that the uncertainty on our determination of the lin-
asteroseismology, and corresponds to tHéetEnce between ear radius of Sirius A is largely dominated by the error on the
the frequencies of oscillation modes with consecutive radial @fistance, despite its proximity (2.7 pc). The next generation of
dern (see Table 3). This large spacing is sensitive primarily {aterferometric instruments, such as the AMBER beam com-
the stellar density. It could therefore give a direct, high acchiner (Petrov et al. 2000), will provide high precision angular
racy estimation of the mass of Sirius A when combined wiiameters, together with their wavelength dependence. In order
the observed radius reported in this paper. to constrain the stellar structure models, that output linear val-
ues, it will be necessary to match the precision on the distance
to the angular diameter uncertainty. It is expected that future
space based astrometric missions will be able to give a sig-
We have reported in this paper our long-baseline interfenaificant improvement over thleliPPARcOS parallaxes, and are
metric observations af CMa A using the VINCIVLTI instru- therefore crucial in this respect. This work on Sirius A and the
ment. In conjunction with constraints from previous spectrastudy ofa Cen A & B by Kervella et al. (2003b) have demon-
photometric observations, we derived an evolutionary modstated that for the nearest stars, thanks to the very small error
for Sirius A. We propose that the apparently high surface methhr on the linear radius, we have advantage to replace the clas-
lic content of Sirius is not characteristic of the whole avesical error bars in the HR diagram, e.g. luminosity affdaive

age value ofZ for the star, and is caused by the levitatiotemperature, by the couple luminosity and radius.

7. Conclusion and perspectives
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The direct measurement of the limb darkening of Sirius Grevesse, N., & Noels, A. 1993, Cosmic Abundances of the Elements,
is the next step of the interferometric study of this star. It will ed. N. Prantzos, E. Vangioni-Flam, & M. CassOrigin and
allow a refined modeling of its atmosphere and will complete Evolution of the Elements (Cambridge: University Press)
the calibration of the radius that we presented in this paper. Thignbury Brown, R., Davis, J., Allen, L. R., & Rome, J. M. 1967,

observation will be achieved soon using the long baselines of MNRAS, 137, 393
the VLTI Hanbury Brown, R., Davis, J., Lake, J. W., & Thompson, R. J. 1974a,

MNRAS, 167, 475
Hanbury Brown, R., Davis, J., & Allen, L. R. 1974b, MNRAS, 167,
121
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