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ABSTRACT

Context. In the context of the space missions CoR&pler, Gaia, TESS, and PLATO, precise and accurate stellar agessas, and
radii are of paramount importance. For instance, they arei@rfor constraining scenarii of planetary formation a&wdlution.

Aims. We aim at quantifying how detailed stellar modelling can iioye the accuracy and precision on age and mass of individual
stars. To that end, we adopt a multifaceted approach wheoawéully examine how the number of observational constsas well
as the uncertainties on observations and on model inputgshsfect the results of age-dating and weighing.

Methods. We modelled in detail the exoplanet host-star HD 52265, a main-sequesutar-like oscillator that CoRoT observed for
four months. We consideredftérent sets of observational constraints (Hertzsprung&udata, metallicity, various sets of seismic
constraints). For each case, we determined the age, magsraperties of HD 52265 inferred from stellar models, andjwantified
the impact of the model input physics and free parametersal¥gecompared model ages with ages derived by empiricaladstbr
Hertzsprung-Russell diagram inversion.

Results. For our case study HD 52265, our seismic analysis providegyaA = 2.10- 2.54 Gyr, a mas# = 1.14- 1.32 M., and
aradiusk = 1.30 - 1.34 R,, which corresponds to age, mass, and radius uncertairftied 0, ~ 7, and~ 1.5 per cent, respectively.
These uncertainties account for observational errors anermt state-of-the-art stellar model uncertainties. €rismic study also
provides constraints on surface convection propertiesutiir the mixing-length, which we find to be 3215 per cent lower than
the solar value. On the other hand, because of helium-magnhedercy, the initial helium abundance is determined nmwthd mass
value. Finally, we evaluate the seismic mass of the exoplanee M, sini = 1.17 — 1.26 Myyites much more precise than what can
be derived by Hertzsprung-Russell diagram inversion.

Conclusions. We demonstrate that asteroseismology allows us to sul@taminprove the age accuracy that can be achieved with
other methods. We emphasize that the knowledge of the megepies of stellar oscillations - such as the large frequeeparation-
is not enough to derive accurate ages. We need precisedndivirequencies to narrow the age scatter that is a resthieaiodel
input physics uncertainties. Further progress is requivdzetter constrain the physics at work in stars and the bdism content.
Our results emphasize the importance of precise classidrsparameters and oscillation frequencies such asheibbbtained by
the Gaia and PLATO missions.

Key words. asteroseismology - stars: interiors - stars:evolutioarssoscillations - stars: individual: HD 52265 -stars:damental
parameters -planets and satellites: fundamental paresnete

1. Introduction by interferometry — stellar ages cannot be determined by di-
- . . rect measurements, but can only be estimated or inferred. As

Stellar ages are crucial input parameters in many astrepilys o, jevved by Soderbldni (2010), there are many methods to esti

studies. For instance, the knowledge of the stellar forna@te 416 the age of a star according to its mass, evolutionats, sta

and age-metallicity relation (Gilmore 1999; Hernandedst a,ng configuration — single star or star in a group. The ages of

2000) is essential for understanding thg_formanon andugiar ingle main-sequence (MS) stars are often inferred fromiremp

of our Galaxy [(Freeman 1993). In addition, precise ages ef thm indicators (activity or rotation) aridr from stellar model

oldest Galactic halo stars are essential to set a lowertimite isqchrones that are compared with observed classical garam

age of the _Umverse (Watson 1998). Moreover, the huge h'arv[ee?rs such asféective temperatur@ey, luminosity L or surface

of newly discovered exoplanets calls for accurate and eeC 4yiry Jogg, and metallicity [F¢H]. However, the precision and

ages of their host stars, a crucial parameter for undenstgnd; .\ racy that can currently be reached are not good enough to

planet formation and evolution (Havel et al. 2011). _ precisely characterize exoplanéts (Havel ét al. 2011)e@éer-
While stellar masses afat radii can be measured directlyyor sources hamper single-star agé-dating: errors on teErad-

for some parUcuIar.stars — masses and radn for members of Ph 4 data, internal error related to the age-dating nmesthad,

nary systems, radii for giant stars or bright dwarfs obsele/a fo stellar-model-dependent methods, degree of realisthef

models. Depending on the mass and evolutionary stage and on

* Tables 4, 5, A.2, A.3, A.4, A.5 are also available in elecitdarm ;
19 ' ' ' the method, the error on age may be in the range of 50 to more
at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (1302895) or 9 y g

via httpy/cdsweb.u-strasbg/agi-biryqcat?JA+A/
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than 150 per cent (see for instance Lebreton & Montalbai®20a.24 + 0.02 M, a seismic radius of.33+ 0.02 R, and a seis-

and references therein). mic age of 26 + 0.2 Gyr. Note that the error bars on these values
Indeed, stellar model outputs, as the age attributed toemgivdo not include the impact of the uncertainties on stellar ehod

star, are quite sensitive to the physical inputs of the model inputs. The mass of the exoplanet was not evaluated either.

culation. For instance, the processes of transporting amgi In this study, we characterize the star in terms of age, mass,
chemical elements, such as convection and overshootiegymi radius, initial helium content, etc. To that end, we perfedn
scopic difusion, and turbulent dusion induced by hydrody- 3 |a carte modelling based on several classes of dedictled s
namical instabilities have been found to have a major impagir models corresponding toftBrent assumptions on the input
Unfortunately, these processes are still only poorly desdr physics and chemical composition, and we usetkdint sets
and often have to be parametrized. of observational parameters to constrain the models. Waexa
Progress is made with the availability of asteroseismined how the uncertainties on the observational consgaint
data provided by the high-precision photometric missiorsh the model input physics and free parametéecathe results
CoRoT (Baglin et al. 2002) aridepler (Koch et all 2010). Low- of stellar modelling.
amplitude solar-like oscillations have been detected imyma |, sect[, we review the observational data available for

stars, and their frequencies have been measured with & pregh 57065, 1n Secfl3, we describe our methodology and choices

sion typically of a few tenths of micro Hertz (elg. Michel &t @ 1o, cases of interest. The results are detailed in Sect
2008; Chaplin & Miglio 20183). Seismic data have recently angl o range of age mass radius. initial heliumconteﬁ?aand

very frequently been used to age-date and weigh stars. /@Yre g _length parameter of the models. They show that using

. &% mic constraints severely restricts these ranges.dfopari-
mology, attempts to determine the mass and age of large S§I§ sec{ 11 discusses the empirical ages of the stag Héit.

of stars based on their mean seismic properties (Chaplin ety presents ages obtained through isochrone placemenm in t
2014). In this approach, interpolation in large grids ofl-St€et75prung-Russell (H-R) diagram. We discuss the impéct o
lar models by dterent techniques provides the mass and ag&, yncertainty on the mass of the host-star on the mass of the

; o - ; B%)planet in Secf]6, and we draw some conclusions inSect. 7.
tive approach, which is more precise, is the hereafter name

“a la carte” modellin (Lebreton 2013), that is, the detailed
study of specific stars, one by one, also referred to as “bou-

tique” modellin_g, (see e.g. D. Soderblom, 2013, invitede®v 5> opservational constraints for HD 52265
at the International Francqui Symposf)mThis approach has

been used to model CoRoT am@pler stars (see the reviewsThis section reviews the observational data that we usedras c
by [Baglin etall 2013; Chaplin & Miglio 2013). Stars hostingtraints for the modelling of HD 52265.
exoplanets have been modelled for example_by Gilliland.et al
(2011)/ Lebretan (2012), Escobar et al. (2012), Lebretoa$,
and Gilliland et al.|(2013). 2.1. Astrometry, photometry, and spectroscopy

In the present study, we address the specific problem of ) ) .
quantifying the sources of inaccuracy th&eat the estimates of HD 52265 (HIP 33719) is a nearby single GOV star. According
age, mass, and radius of stars. In the past, Browrl ét al.){z@94 0 _its Hipparcos parallaxr=34.53+0.40 mas |(van Leeuwen
dressed this problem theoretically, while Lebreton etE996) 2007), it is located at29 pc. To model the star, we consid-
discussed it in an early prospective study related to thpagere €red the observational data listed in Table 1. In the liteest
ration of the Gaia-ESA mission. The need for this quantificjt€ gathered twenty spectroscopic determinations offiieetive
tion has become even more crucial because age, mass and&@peraturele;, surface gravity log, and metallicity [F¢H]
dius of exoplanet host-stars are key to characterizing kwe-p 0f HD 52265 reported since 2001. We adopted here the aver-
ets and then to understanding their formation and evolutiddg€ of these quantities and derived the error bars from the ex
This is therefore a prerequisite in the context of the spaise mireme values reported. To derive the luminoditywe used the
sions CoRoTKepler, and forthcoming Gaia, TESS, and PLATOParallax and the Tych&/r magnitude Vr=6.358:0.004 mag,
Recently/ Valle et al.[ (2014) used a grid approach and a syMbich we translated into the Johnson valg= 6.292+ 0.005
thetic sample of solar-type MS stars to carry out a theordp@d; following Mamajek et al..(2002). The bolometric correc
ical investigation to identify and quantify the sources of btion BC=—0.014+0.012was derived fromier, logg, and [Fe'H]
ases on the mass and radius determinations. Here we instégig9 the tools developed by VandenBerg & Clem (2003). The
consider the & la carte approach to characterize a GeRvT Stefan-Bthzmann radius corresponding to the adoptedbsgaiti
target, HD 52265, as an illustrative case-study. The G-typeaNdTe is Rsg = 1.28+ 0.06 R,.
metal-rich star HD 52265 is a MS star that hosts an exoplanet Butler et al. (2000) detected an exoplanet through observed
whose transit was not observable, l@dRoT provided a rich radial velocity (RV) variations of HD 52265. From the RV carv
solar-like oscillation spectrum that was analysed by Batal. they derived the semi-amplitude orbital periodP, eccentricity
(2011) and Gizon et all (2013). HD 52265 has been modelledand semi-major axig of the orbit. From RV data and the
by Soriano et al.. (2007) prior to its observation ®yRoT, and Kepler third law, a lower limit on the mass of the planet can be
then byl Escobar etall (2012) and Lebreton & Goupil (201®)ferred, via
on the basis ofCoRoT data. The asteroseismic modelling by
Escobar et all (2012) was based on the large and small mean Hlesini — v23

_2\1/2 1/3
quency separations (see Sé¢t. 2). It provided a seismic ofiass ° stk (1 )4 (P/21G)"", (1)

1 We use “a la carte” in opposition to “set meal” to stress thinp Wherei is the angle of inclination of the orbital plane on the sky
that models are specifically fashioned to study a case-stady (see e.g.l_Perryman 2011). This is discussed in more detail in
2 http://fys.kuleuven.be/ster/meetings/francqui Sect[6.
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Table 1. Main observational constraints for the modelling of HD 5226

Ter logg [Fe/H] L (Av) AVasym (do2) (roz) (rroy/10)
(K] [dex] [dex] [Le] [pHZ] [uHZ] [uHZ] - -
6116+ 110 432+0.20 022+0.05 2053+0.053 9813+0.14 9819+0.05 820+0.31 0084+0.003 Q033+0.002

2.2. CoRoT light-curve inferences and seismic constraints 2.2.2. vmax (Av), and scaling relations

Ultra high-precision photometry of HD 52265, performed or-rom the oscillation power spectrum of HD 52265, Ballot et al

boardCoRoT for four months, provided a light-curve carrying(2011) extracted the frequency at maximum amplituglg, =

the solar-like oscillation signature (Ballot eflal. 2011). 2090+ 20uHz. This quantity is proportional to the acoustic cut-
off frequency, itself related tofiective temperature and surface
gravity (see e.g. Brown etlal. 1994; Kjeldsen & Bedding 1995;

2.2.1. Individual oscillation frequencies Belkacem et al. 2011). This yields a scaling relation thata

HD 52265 shows a pressure-mode (p-mode) solar-like oscilH’;tsed to constrain the mass and radius of a star of krin

tion spectrum, in which Ballot et al. (2011) identified 28able . /v, 0 0=(M/Mo)(Tea/5777) Y3(R/Rs) 2, (4)
low-degree p-modes of angular degréesO0, 1, 2 and radial or-
dersn in the range 14-24 (see their Table 4). The frequenciederevmaxe = 3050uHz is the solar value and the index sc
vne are in the range 1500-255Mz. Because the data are ofstands for scaling.
high quality, the precision on each frequency is of a fewhent  The diference in frequency of two modes of same degree
of uHz. and orders that tlier by one unit reads

In the present study, individual frequencies were usedre co
strain stellar models. Before turning to the problems eglab Ave(n)=vnr=vn-1.c, (%)

the use of individual frequencies, we briefly recall somelcbasand is named the large frequency separation. We used the mean

properties of s_tellar oscillations. ) ) large frequency separation to constrain stellar modelsarud-
A formulation adapted from the asymptotic expansion Qe it in three dierent ways, but each time the observational

Tassoull(1980) is commonly used to interpret the observed 10,51ye and the model value were calculated accordingly.

degree oscnla_tlon spectra (see €.g. Mosseret al.l 2013rednd First, the mean large frequency separation can be calculate

erences therein). It approximates the frequency of a p-mbdeyg an average of the individual separations defined bylEqes. W

high radial orden and angular degrefs<n as first calculated the mean separati@v,) for each observed an-
gular degreef = 0, 1, 2) by averaging over the whole range of

Vg (n + }5 + 6) AVasym— £( + 1)Do, @) observed radial orders. We then obtained the overall mgza: se

2
ration from(Av) = % > {Av). Its value is reported in Tablé 1.
(=0

where the cofficientse, Avasym andDg depend on the consid- ~ Second, in the asymptotic approximation (EGl 2),
ered equilibrium state of the star. In particular Ave(N)=Avasym is approximately constant regardless of the
¢ value. We carried out a weighted least-squares fit of the

R 1 asymptotic relation, Ed.] 2, to the 28 identified frequencied

R
Avee |2 dr d Do ~ Avasym (" dc 3 obtained the value oAvasym given in Table[R, as well aBg
Vasynt= o A PormE ) T (3 (143 + 0.05uHz) ande (134 + 0.01). The quoted error bars
0 S0 were inferred from a Monte Carlo simulation.

Third, as mentioned in Se€L._ZR(N\v) « (p)¥/2. This yields
wherec is the adiabatic sound speed= (I'1P/p)Y/? (I'; is the a scaling relation that can be used to constrain stellar mads
first adiabatic indexP the pressure, and the density). For a radius (see e.@. Ulrich 1986; Kjeldsen & Bedding 1995),

perfect gasc « (T/u)? whereT is the temperature andthe _
mean molecular weight. (A)sc/ (Av)o=(M/Mo)"*(R/Ro) %%, (6)

The quantityAvasym measures the inverse of the sound travg\llhere(Av)Q = 1349 uHz.

time across a stellar diameter and is proportional to th@®gu  The inversion of Eq<14 ard 6, with the observed values of
root of the mean density, whilBy probes the evolution status AV), Vmax, and Teg of Table[l yiéldsRsc - 133+ 002R,

(and @hen age) thr_ough the sopnd speed gradient built by €. = 1.25+ 0.05M,, and log gc = 4.29+ 0.01 dex.
chemical composition changes in the stellar core.

Thee term weakly depends amand¢ but is highly sensitive
to the physics of surface layers. The problem is that ougaria 2.2.3. Small frequency separations and separation ratios
in solar-type oscillators are the seat offiident convection, a 3-
D turbulent process, which is poorly understood. The maugl|
of near-surface stellar layers is uncertain and so are thede
comp_uted frequencies. T_hes_e s;_o_—called near—sqrfﬁeete are d, ;. o(N)=vnr—vn-1 r42 (7)
a main concern when using individual frequencies to coimstra
stellar models because they are at the origin offesepbetween and is commonly referred to as the small frequency separatio
observed and computed oscillation frequencies. Some @abir  Modes of¢ = 1 are rather easy to detect, while modes of
recipes can be used to correct for thiset. This is discussed in ¢ = 2 are not always observed or afféegted by large error bars.
more detail in Seci._3 2. This led Roxburgh & Vorontsov (2003) to propose to use the five

The diference in frequency of two modes of degrees th@edi
by two units and orders thatféér by one unit reads
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points small separatiorddy;(n) anddd;o(n) as diagnostics for - - ' ' ' '
stellar models. They read 006k

(8)
(9)

1
ddo1(N) = S (n-10 — 4Vn-11 + 6vno — 4vn1 + Vns10)
8

2
e
=3
9]

T

1
ddio(n) = —5(¥n-1.1 — 4vno + 6vn) — 4vni10 + Vne11)-
8

According to the asymptotic relation (Eg. 2j2(n) scales as
~6Dg, while ddy1/10(n) scales as:2Dy. Thus, they all probe the
evolutionary status of stars.

Furthermore| Roxburgh & Vorontsoy (2003) demonstrate
that while the frequency separations are sensitive to s@dace
effects, theseféects nearly cancel in the frequency separatic
ratios defined as

((rro1) 4 (rr10))/

0.03f

0.02F

120 140 160 180

(AV)(uHz)

100

ro2(n) = do2(n)/Avi(n)
rro1(n) = ddo1(n)/Av1(n) ; rrio(n) = ddig(n)/Avo(n + 1).

(10)
(11)

80

As detailed in the following, we used these frequency sepiid. 1. Asteroseismic diagram showing the run dfrg.) +
rations and ratios to constrain models of HD 52265. We dendié10))/2 as a function ofAv) for stars with masses in the range
by (do2), {ro2) and(rro1,10), the mean values of the small fre-0.9.—.]:.3 M@.durlng the MS. Models have been cz;k_:ulated with
quency separations and separation ratios. To calculaim¢ta@ an initial helium abundancé = 0.275, solar metallicityZ/X =

values given in Tablgl2, we averaged over the whole range®9245, and mixing-length parametef, = 0.60. Evolutionary
observed radial orders. stages with decreasing central hydrogen abundXpeee pin-

pointed.

2.2.4. Related seismic diagnostics

Ulrich (1986) and Christensen-Dalsgaard (1988) propasade
the pair (Av) and(doy)) as a diagnostic of age and mass of M
stars. To minimize near-surface physics ttev§ and(ro)) pair We present the optimization method we used to obtain a model
can be used instead (Oti Floranes et al. 2005). that best matches a selected set of observational coristrdia

The advantage ofro2) is that it decreases regularly as evoeonsidered several choices of observational constraastgx-
lution proceeds on the MS. But when only moded'ef 1 are plained in Sect(_3]4. First, we chose a reference set of input
observed, it is interesting to consider the mean rafiog/10), physics for the modelling and, for this set, the optimizatave
which are also sensitive to age (see e.g. Miglio & Montalbars a reference model for each selected case of observatimmal
2005; Mazumdar 2005). This s illustrated in if. 1, whichwh  straints. In a second step, we carried out additional optitions
the run of {rro1) + (rr10))/2 as a function o{Av) along the evo- based on other possible choices for the input physics. We the
lution on the MS of stars of élierent masses. For all masses, thguantified the age and mass uncertainties, for instance iy co
(rro1/10) ratio decreases at the beginning of the evolution on tiparing the additional models to the reference one. Belownse fi
MS to a minimum and then increases to the end of the MS. Tpeesent the inputs of the models (Séci] 3.1), then the cdloal
lowest value is higher and occurs earlier as the mass of éine gif the oscillation frequencies (Seff. 13.2), and finally tipgi-o
increases, that is as a convective core appears and develops mization method (Sedf_3.3) and the choice of the sets ofrebse

Deviations from the asymptotic theory are found in stargtional constraints (Se€i_3.4) .
as soon as steep gradients of physical quantities build lig. T
occurs for instance at the boundaries of convective zones
cause of the abrupt change of energy transport regime. S

glitches dfect the sound speed, and an oscillatory behaviowe have modelled the star with the stellar evolution
is_then visible in frequency fierences (see e.g. Goughtode Cesam2K (Morel & Lebretdn 2008; Marques ét al. 2013).
1990; Audard & Provost 1994; Roxburgh & Vorontsov 1994). IFollowing[Lebreton et al[ (2008), to ensure numerical aacyr
Lebreton & Goupil(2012), we used the oscillatory behaviour the models were calculated with2000 mesh points and 100

the observedro(n) andrrig(n) ratios to estimate the amounttime steps were taken to reach the optimized final model of the
of convective penetration below the convective envelope &far. Our aim has been to evaluate thEee of the choice of

HD 52265. the model input physics on the inferred age, mass, and radius
of HD 52265. We considered the input physics, and parameters
described below and listed in Taljle 2.

§' Searching for an optimal model of HD 52265

e . ) . »
W Model input physics and chemical composition

2.2.5. Rotation period and inclination of the rotation axis

Ballot et al. (2011) derived a precise rotation peri®t,; = — Opacitiesgquationof state(Eo9), nucleareactiorrates: Our

12.3+0.14 days from the light curve. Gizon et al. (2013) used
seismic constraints to estimate the inclination of the spis of
HD 52265 and found sin= 0.59*3-18. This allows us to estimate
the mass of the exoplanet detected by RV variations (Butlak e
2000), under the standard assumption that the stellariontat
axis is the same as the axis of the exoplanet orbit (see[Ject. 6

reference models (sét, Table[2) are based on ti&PALOS
EoS (Rogers & Nayfonav 2002) and o@PAL96 opacities
(lglesias & Rogers 1996) complemented at low tempera-
tures byWICHITA tables l(Ferguson etlal. 2005). We used
theNACRE nuclear reaction rates (Angulo eflal. 1999) except
for the *N(p, y)*°0 reaction, where we adopted the revised
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LUNA rate (Formicola et al. 2004). To estimate uncertainties,
we also calculated models based on@RALOL EoS(setH)
and theNACRE nuclear reaction rate for tHéN(p, y)*°0 re-
action (seD).

Microscopicdiffusion: Our reference models take into ac-
count the microscopic ffusion of helium and heavy ele-
ments including gravitational settling, thermal and comnce
tration difusion but no radiative levitation, following the for-
malism of_ Michaud & Préitt (1993, hereafter MP93). Note
that Escobar et al. (2012) showed that radiative accetersiti
do not dfect the structure of the models of HD 52265. To
estimate uncertainties, we calculated models withofiitidi
sion (setE), and in selG models with dffusion, but treated
with the|Burgels formalisn_ (Burgers 1969, hereafter B69).
In a test, we investigated thefect of mixing that results
from the radiative diusivity associated with the kinematic —
radiative viscosityaq (SubsetA described in Appendix]A).
According to_Morel & Thévenin (2002), it can be modelled
by adding an additional mixing with aflision codficient
Orad = DR X vag With Dgr =~ 1. It limits gravitational set-
tling in the outer stellar layers of stars with thin conveeti
envelopes.

Convection: Our reference is tl&&M convection theory of
Canuto et all(1996), which includes a free mixing-length pa
rameteracony = €/Hp (€ is the mixing length andHp the
pressure scale height). To estimate uncertainties, wadons
ered in setB the MLT theory (Bohm-Vitense 1958). When —
enough observational constraints were available, theevalu
of acony Was derived from the optimization of the models.
When too few observational constraints were available, the
value of the mixing length had to be fixed. For the reference
model, it was fixed to the solar valugonycgm = 0.688 or
aconvmit = 1.762, which results from the calibration of the
radius and luminosity of a solar model with the same input
physics (see e.g._Morel & L ebreton 2008). Other choices for

the individual frequency separationss,10(n) of HD 52265
(Lebreton & Goupil 2012).

Rotation: We did not include rotational mixing in our mod-
els, except in one test case (see sulfset Appendix[A8),
where we considered rotation and iteets on the trans-
port of angular momentum and chemicals as described in
Marques et al.| (2013). In that case, additional freefitoe
cients enter the modelling: a déieientK,, intervenes in the
treatment of magnetic braking by stellar winds (see Eq. 9
in [Marques et al. 2013), following the relation by Kawaler
(1988). We adjustet,, so that the final model has the ob-
served rotation period. This is one option among many pos-
sible ones. A thorough study of the impact of rotation on the
modelling of HD 52265 will be presented in a forthcoming
paper.

Atmospheric boundary condition: The reference models
are based on grey model atmospheres with the classical
Eddington T+ law. In setF, we investigated models based
on thel Kurucz|(1993) T- law. For consistency with these
Kurucz (1998) T tables, in model$ convection is com-
puted according to theLT theory.

Solar mixture: We adopted the canonicaN93 mixture
(Grevesse & Noels 1993) as the reference, but considered
theAGSS09solar mixturel(Asplund et &l. 2009) in 98t The
GN93mixture (Z/X)e, ratio is 00244, while theaAGSS09mix-

ture corresponds t&(X), = 0.0181.

Stellar chemical composition: The mass fractions of hy-
drogen, helium and heavy elements are denoteXby,

and Z respectively. The presenZ(X) ratio is related to
the observed [F@H] value through [F¢H] = log(Z/X) -
log(Z/X)e. We took a relative error of 11 per cent &y K)o
(Anders & Grevesse 1989). The initiaZ (X), ratio is de-
rived from model calibration, as explained below.

For the initial helium abundancg we considered dlierent
possibilities. When enough observational constraintsewer

the mixing length are considered in the study and presented available, the value o¥, was derived from the optimiza-

in AppendixXA.
Coreovershooting: In reference models we did not consider
overshooting. We explored its impact in alternate models

where we assumed that the temperature gradient in the over-

shooting zone is adiabatic. A first option (d¢twas to set
the core overshooting distance tofag.=ao, xmin(Rec, Hp),
whereR. is the radius of the convective core ang = 0.15.

In a second option (seX), we adopted the Roxburgh (1992)
prescription, in which overshooting extends on a fractibn o
the mass of the convective cokk, the mass of the mixed —
core being expressed 8,y c=aov X Mcc With agy = 1.8.
Convectivepenetration: Convective penetration below the
convective envelope is the penetration of fluid elements int
the radiative zone due to their inertia. It leadsfitogent con-

tion of the models. When too few observational constraints
were available, the value of) had to be fixed. For the ref-
erence model, we derived it from the helium-to-metal en-
richment ratio Yo — Yp)/(Z — Zp)=AY/AZ, whereYp andZp

are the primordial abundances. We adopted0.245 (e.g.
Peimbert et al. 2007Yp=0. and,AY/AZ=~2, this latter from

a solar model calibration in luminosity and radius. Other
choices forYy are considered in the study and presented in
AppendiXA.

Miscellaneous: The impact of several alternate prescrip-

tions for the free parameters is investigated and described
in AppendixA.

vective heat transport with penetrative flows that estaldis 3 2 calculation of oscillation frequencies

close to adiabatic temperature gradient, and to féinient

mixing of material in the extended region. A model for co
vective penetration has been designed by Zahn (1991).
this model, the distance of fluid penetration into the radia:
tive zone read$, = %Hp, whereyp = (0logy/010gP)ag

n\'/,\Le used the BelgiumLOSC adiabatic oscillation code
Scuflaire et al. 2008) to calculate the frequencies. Frecjes

nd frequency dierences were calculated for the whole range of
observed orders and degrees. The observed and computed seis

is the adiabatic derivative with respect to the pressuté  mjc indicators defined in Se€f. 2 were derived consistently.

the radiative conductivity = %{3 (x ando are the opacity
and Stefan-Boltzmann constant, respectively). The free pa
rameterépc is of the order of unity but has to be calibrated
from the observational constraints. We adopted here eit
&c = 0.0 (reference sef, no penetration) ofpc = 1.3

(setK), this latter best adjusts the oscillatory behaviour

As mentioned in Secf] 2, near-surfadteets are at the ori-

in of an dfset between observed and computed oscillation fre-
encies. We investigated the impact of correcting the com-
puted frequencies from thes#exts. For that purpose, in some
(ﬂaodels (presented in Section 3.4 below), we applied to the
computed frequencies, the empirical corrections obtaimgd
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Table 2. Summary of the dferent sets of input physics considered for the modelling Bf32265. As detailed in the text, the
reference set of inputs denoted by REF is based on OPALO5 GBAIL.9§WICHITA opacities, NACRE-LUNA reaction rates
(this latter only for'*N(p, ¥)*°0), the CGM formalism for convection, the MP93 formalism facnoscopic dffusion, the Eddington
grey atmosphere, and tkeN93solar mixture and includes neither overshooting nor cotimepenetration or rotation. For the other
cases we only indicated the input that is changed with réspebe reference. The colours and symbols in column 3 aré nse
Figs[4 td® and in Fid.]9, but note that the colour symbols uséilgy.[3 are unrelated.

Set Input physics Figure symboblour

A REF circle, cyan

B convection MLT square, orange

C AGSS09 mixture diamond, blue

D  NACRE for*N(p,y)*0 small diamond, magenta

E no microscopic dfusion pentagon, red

F Kurucz model atmosphere, MLT bowtie, brown

G B69 for microscopic dfusion upwards triangle, chartreuse
H EoS OPALO1 downwards triangle, purple
I overshootingre,=0.15Hp inferior, yellow

J overshootingMgyc=1.8 X Mc superior, gold

K convective penetratiofbc=1.3Hp  asterisk, pink

Table 3. Summary of the dferent cases considered for the modelling of HD 52265. A anthbMdsfor age and mass.

Case Observed Adjusted Fixed
1 Ter, L, [Fe/H] A, M, (Z/X)o Qconvs Yo
2a, b, C Teﬂ‘, L, [FQ’H], (AV) A, M, (Z/X)O, Qconv Yo
3 Ter, L, [FE/H], (Av), Vimax A, M, (Z/X)o, @convs Yo =
4 Ter, L, [Fe/H], (Av), (do2) A, M, (Z/X)o, @convs Yo  —
5 Teir, L, [Fe/H], (ro2), {rroy1o0) A M, (Z/X)o, @cons Yo —
6 Ter, L, [Fe/H], roa(n), rroyao(n) A, M, (Z/X)o, @cons Yo —
7 Te, L, [FQ’H], Vnt A M, (Z/X)Oy Qeonvs Yo —

Kjeldsen et al..(2008) from the seismic solar model:

inmarorondititrngnednny
as ,0bs\Pse 1 ]
E A
vnmIOdcorr — VnmIOd L SEp L , (12) - 2
’ ’ I'se | Ymax < 5
6
Wherevn’“,"‘icorr is the corrected frequency® and»°"s are the .
. 9

computed and observed frequenbyg is an adjustable cdi-
cient,rse is close to unity when the model approaches the be
solution, andasg is deduced from the values b§s andrsg. We £13
followed the procedure of Brandao et al. (2011). Kjeldsealle
obtained a value disgo = 4.9 when adjusting the relation on so-
lar radial modes frequencies. However, the valulesgf, should
depend on the input physics in the solar model considert
Indeed| Deheuvels & Michel (2011) obtainkgk, = 4.25 for a
solar model computed with the Cesam2k code and adopting
CGMinstead of theaLT description of convection. Furthermore
bsg can difer from one star to another. Under these consider
tions, we treatedsg as a variable parameter of the modellin%_ . .

that we adjusted in the range $35.5] so as to minimize the dif- ©19- 2. Elements of the correlation matrix of the observed ra-

ferences between observed and computed individual fregsn t0S ro2(n) andrroy10(n). Lines (columns) 1 to 8 correspond to
(see alsb Gruberbauer eflal. 2012). thergy(n) ratios (1 is in the range 17-24). Lines (columns) 9 to

16 correspond to thirgy(n) ratios and lines (columns) 17 to 24
correspond to ther;o(n) ratios fiis in the range 16-23). As ex-
pected, there are strong correlations between some of the da

We used the Levenberg-Marquardt minimization method in tlj]% particular between theroy(n) a_ndrrlo(n) ratio_s that have the
way described by Miglio & Montalban (2005) to adjust theefre SaMEN value or values on that difer by one unit

parameters of the modelling so that the models of HD 52265

match at best observations, within the error bars. The gesgin
of the match is evaluated through&minimization. We calcu-
lated

HD 52265

3.3. Model optimization

whereNgps is the total number of observational constraints con-
sidered X moa aNnd X; obs are the computed and observed values
of thei™ constraint, respectively, aacﬁ is a reduced value. We

Nobs 2
Y= Z (Xi,mod — Xi,obs) and 2 = P (13) distinguished(éassicbased on the classical parameters@gm
=0 02 s R Nops 7 based on the seismic parameters. The more observational con
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straints available, the more free parameters can be adjuste 3. Case3: Age andmassfrom scaledvaluesof (Av) andvmax,

the modelling process. If too few observational consteaare

andclassicaparameters.

available, some free parameters have to be fixed (see below).This case is similar to case 2a with the additional constrain

Accordingly, seven optimization cases were considereistasl
in Tablel3 and described in Seci]3.4 below.

ONvmax from the scaling relation (EG] 4). Frequencies are not
explicitly calculated in this case.

In the cases where we considered the constraints broughtéyCase 4. Age and massfrom large frequencyseparation

individual separations ratiaggz(n) andrro10(n), we had to take
into account the strong correlations between the ratiogvat
uate the correlations, we drew random samples of 20,00@salu
of each individual frequency, assuming the errors on thyufee-
cies are Gaussian, and then we calculated the corresparading
tios and the associated covariance mafrjxisplayed in Figl .

(Av), meansmall frequencyseparation(ds,), and classical
parameters.

In this case the frequencies are explicitly calculated and
corrected for near-surfacedfects according to E@.12. The
model(Av) and({dp,) are compared with the observed values
of Table[1.

Casesb and 6: Age and massfrom frequencyseparations
ratios—op, rroy10— andclassicalparameters.

e T In both cases the frequencies are explicitly calculated. In
X = Z(Xi»mo"_ Xi0bs) -C™". (Ximod = Xi.obs) - (14) case 5, the mean values of; and rrgy10 Were calcu-

=1 lated and compared with the observed values of Table 1.
whereT denotes a transposed matfix (Press &t al.|2002). In case 6, we used the observed individual ratiggn),
rro110(n) to constrain the models. Since the usewfrroi 10
allows us to minimize the impact of near-surfad@eets
(Roxburgh & Vorontsov 2003), we used uncorrected ratios.

We hereafter describe the various situations considerestavh ~ On the other hand, we always accounted for observed data
Npar unknown parameters of a stellar model are adjusted to fit COrrelations. However, a model neglecting these cormati
Nops Observational constraints. We considered the cases summa-¥as calculated, which shows that they do nffeet the re-
rized in Tabl€B. For each case we made one model optimization sults very much (see Appendi¥ A). In the append|xr, we also
with each set of input physics listed in Tafle 2. We recalttha discuss the point made by Roxburgh & Voronisov (2013) on
the mean values of the frequency separations —either aisery e correct way to extract from a model the frequency sepa-

or theoretical- mentioned in the following were computethia ration ratios that are to be compared with observed ones.
same way, as explained in SEct.212.4. 6. Case7: Age andmassfrom individual frequencies/,, and

classicaparameters.

1. Casel: Age andmassfrom classicaparameters. In this case, we considered the full set of 28 frequencies
In this case, we assumed that the classical parameters alonedS constraints and corrected the model frequencies accord-
are constrained by observatioh, present surface [Fl], ing to Eq[12, where we adjustége to minimize they?. In
L). We determine the masd, ageA, and initial metal-to-  AppendiXA, we evaluated theféiérences obtained when no
hydrogen ratioZ/X)o required for the model to match these ~ correction for near-surfacefects was applied or when the
constraints. Since this gives three unknowns for three ob- surface €ects are corrected using the Kjeldsen et al. (2008)
served parameters, we made assumptions on the other in-solar value of thésg parameterlfse = 4.90).
puts of the models, mainly the initial helium abundance
Yo, the mixing lengthacony, and overshooting parametery Results of a la carte stellar modelling

aov. As a reference, we assumed thét can be derived _ ] )
from the helium-to-metal enrichment ratibY/AZ = 2. Theinputsand results of theffirent models presented in Séét. 3

We 100K acono=0.688 from solar model calibration andare listed in Tablegl4 arid 5 for the reference models Aset
v=0.0. Other models, presented in Appendix A, considdiable[2). Tablé# lists the quantities that are common main in

extreme values ofY, (the primordial, minimum allowed puts of stellar models and can be determined by the optimiza-
value, 0245), of acony (0.550 0.826, i.e. a change iticonyo tion -or not- depending on the number of available obsernati
by 20 per cent), and af,, (0.30). constraints (see Tabfé 3). Talle 5 lists quantities thatana-

2. Casega,b, c:Ageandmassrom largefrequencyseparation mon outputs of a model calculation, some of them may also be
(Av) andclassicaparameters. observational constraints. For clarity, we chose to preseme
In case 2, we assumed that ofily) is known together with results in AppendikA. In Tablés AL A.2, and A.3, the resuoit
the classical parameters. We then adjusted the mixingﬂen@e model optimization for dierent options in calculating refer-
parameter together with the mass, age, and initial metal-gnce models of s# are given. In Tablds Al4 aid A.5, the results
hydrogen ratio (four unknowns, four constraints). We stilpf the model optimization for the input physics listed in TegB
had to fix the initial helium abundance frohY/AZ. We con- are presented.
sidered three sub-cases. The reduced valuegﬁ) are also given to show the goodness
In sub-case 2a, we did not explicitly calculate the freque@f the match. Depending on the optimization case, there raay b
cies of the model but derived the model's large frequen@yders of magnitude fferencesin '[h@zR-VG.lUGS. Forinstance, in
separation from the scaling relation (Eg. 6) and comparedse 1, thgZ-values are very low because it is quite easy to find
this with the observed mean large frequency separdtion a model that matches the classical parameters alone. Hence,
of Table[]. In sub-case 2b, we estimated the theoretioal case 1, for a given set of input physics and fixed free paras)ete
from the computed set of individual frequencies and contlhe optimization provides a very precise solution but tlediaat
pared it with the observe@\v). In sub-case 2c, we adjustedmodel may not be accurately determined. The adopted vafues o
the computedvasym(EQ.[2) to the observed value in Table 1the fixed parameters such as the mixing length may not be ap-
In cases 2b and 2c, we corrected the model frequencies fwopriate for the studied star; that introduces biasesctirahave
near-surfacefects according to Eq.12. strong impact on the results, as discussed below. Conygeisel

In this case, thg? was calculated as 5.

3.4. Choice of the set of observational constraints
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Table 4. Model results for the reference physics (detdifferent cases, see Sddt. 3 and Tables Zand 3). The uncestaasist
from the Levenberg-Marquardt minimization procedure. @iliagonal terms of the covariance matrix of inferred parans. No
uncertainty is indicated when the parameter has not beerr@d but fixed (to few observational constraints as in casasd 2a,
b, c). Note that for the sake of homogeneous tables here aAggendix[A, we give a column listing the values @f, and&pc
although there are equal to 0 in referencefset

Model  Age (Gyr) M/Mg (Z/X)o Yo Qconv Qov/épc  Dse  @sE/TSE XA gmssic) X seism
Al 290 1.09 1.180.02 0.048320.0051 0.311 0.688 0./m00 - - 64107/ —

A2a 2.380.88 1.190.02 0.04930.0049 0.312 0.59680.100 0.0M0.00 — — 1310179 10°
A2b 1.8+ 0.80 1.2@:0.02 0.049%0.0052 0.312 0.5590.093 0.00.00 5.5 -4.5.00 1210%2610*
A2c 1.9240.90 1.260.02 0.048&0.0053 0.311 0.5780.086 0.00.00 5.5 -4.3.00 231016103
A3 1.981.05 1.230.01 0.048#£0.0055 0.2980.020 0.56%0.102 0.0¢0.00 — — 26 10°Y/1.7 102
A4 2.08:0.27 1.130.03 0.05090.0055 0.35@0.021 0.5830.024 0.000.00 5.5 -4.71.00 24107342 10°
A5 2.17#0.32 1.250.05 0.046#0.0061 0.2880.038 0.67%0.093 0.0(0.00 - - 33107/40 1073
A6 221 0.11 1.220.02 0.05020.0024 0.2920.011 0.5990.031 0.0M.00 — - 17 1085 10
A7 217 0.02 1.220.00 0.04860.0007 0.2740.001 0.60%£0.004 0.000.00 4.2 -5.11.00 5310%1.7 10

Table 5. Model restitution of the chosen observational constragpfits quantities of interest. Models listed here were opédi

with the reference physics (sat different cases, see Sddt. 3 and Tables Z.and 3). As explainegtiExthin cases 2b, 2c, 4, and 7
the optimization considers individual frequencies andsafions that were corrected for near-surfateas while in cases 5 and 6
the optimization is based on un-corrected separationgafiandrrgy 0. In case 1 no seismic constraints are considered. In cases
1, 5, and 6, we nevertheless chose to list below a correctad wi(Av), i.e. a value corrected for surfacfects a posteriori, after

the optimized model was obtained. In cases 2a and 3, thexgoallues ofAv) are given, while in case 2c, we lidbasym Models
without reference options are presented in the appendix.

Model  Te L [FeH] logg R (Av) Vmax (rozy  (rroyio)  Xc  AY/AZ Mce R,c Mg sini
K] [Lo] [dex] [dex] [Ro] [pHz] [uHz] - - - - M.  [R]  [Maupied
Al 6116. 2.053 0.22 429 128 101.33 2127. 0.074 0.033 0.28 2.0.032 0.767 1.1¥0.03
A2a 6050. 2.063 0.22 428 131 98.13 2061. 0.081 0.034 0.33 2.0.024 0.798 1.180.03
A2b 6053. 2.063 0.22 428 131 98.14 2089. 0.088 0.035 0.40 2.0.019 0.819 1.190.03
A2c 6067. 2.082 0.21 428 131 98.26 2083. 0.086 0.034 0.38 2.0.021 0.813 1.190.03
A3 6024. 2.066 0.22 428 132 98.15 2086. 0.086 0.034 0.39 1.5.0170 0.813 1.290.03
A4 6110. 2.055 0.22 428 128 98.13 2035. 0.084 0.035 0.33 3.3.0350 0.809 1.140.03
A5 6116. 2.053 0.22 432 128 104.16 2253. 0.083 0.033 0.38 1.0.011 0.785 1.220.05
A6 6043. 2.081 0.23 429 132 98.29 2095. 0.083 0.034 0.37 1.5.0210 0.801 1.200.03
A7 6020. 2.102 0.23 429 134 98.29 2124. 0.084 0.034 0.39 0.8.0140 0.800 1.280.03

the other cases, seismology sets severe constraints orotihe niemperature. This supports the claim for a redeterminatidine

els, which results in highep2-values. The result is then lessobservedre in the light of the seismic surface gravity, which is
precise but the stellar model is more accurate. Note thdtist trobust, as discussed below.

point we listed all models regardless of thef-value. The seismic value for log g is found to be mostly independent
of the model input physics (see also Secil 4.4) affiéidi from

the spectroscopic one by(03 dex. Note that two models have
a log g in the upper range of the spectroscopic error barjshat

To each of the nine sets of observational constraints presém higher and more dierent than the seismic value. These are the
Table[3 correspond 11 fiierent models optimized with the inputtwo models of case 5 with overshooting@ndJs). However, as
physics listed in TablEl2. Figufé 3 illustrates how the olser discussed below, these models are not considered in thevfoll
tional constraints of HD 52265 listed in Talile 1 are repraulic ing (modell5 has a very low initial helium content, much lower
by these models. than the primordial value, while modé&b has a higt\gZR,seisn).

First, we examine the classical observablgs, L, [Fe/H], Second, we examine the seismic mean observailes
and log g. We considered two diagram§,a—L and a [F¢gH]—  (roz), and(rroy/10). We considered two diagrams (Av)—roz)
log g diagram, as plotted in the upper left and right panels afid a{Av)—rro110) diagram, as plotted in the lower left and
Fig. [3. For the purpose of readability we distinguish ea¢hrse right panels of Fig.[13. Here, the total size of these diagrsms
Table[3 but not the dlierent input physics in Tablg 2. These latthe size of the 1@ error box on the seismic parameters, while
ter are discussed in the next sections. The total size o tlies two inner boxes delimit thedt and 3r error boxes. We note that
grams is the size of thes2error box on the classical parametersnany models lie outside theolerror box of(Av), (roz), and
while the inner box identifies theslerror box. The figures show (rro/10). Some models are not even in the plotted areas. In most
that all models satisfy the classical constraints at thdeel of these cases, the seismic data have not been used as model co
with only two models lying outside theslerror box onTeg, L,  straints. In particular, no model of case 1 matches the seism
[Fe/H], and log g. These outliers are modeb ([Fe/H]=0.28, constraints. This shows that a model that only matches t= cl
no microscopic dtusion) and modeK6 (L/L, = 2.12, con- sical parameters can indeed be very far from a seismic model.
vective penetration). We point out that models optimizethwi ~ We also note that several models in Taliles 5] A.3] A.5 have
seismic data (especially the case 6 and 7 models) show a trepg-values well outside thedl range of the observational de-
towards the lower range of the observed spectroscdfgcteve termination of Ballot et al/ (2011) (we recall that case 3 elsd

4.1. Observational constraints restitution
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have been optimized omax). This can be explained by the fact(i.e. not from the scaling relation) using the stellar medehses

that the error bar omnax given byl Ballot et al. is an internal er- 2b and 2c).

ror that is quite small (1 per cent). As shown by Barbanetal. |n case 3, the age scatter is slightly smaller than in case 2a.

(2013), the method adopted to infefax from the power spec- As already pointed out in_Lebrefon (2013), this is because th

tra dfects its value. Furthermore, one can expeffedences be- additional constraint onyax does not add much more knowledge

tween the observational value afax and the theoretical value, on the age of the star.

which obeys the scaling relation (e.g. Belkacem et al. 2013) Cases 4, 5, 6, and 7 all take into account seismic constraints
In the following, to derive the age and mass of HD 52265 anirectly sensitive to age, that is either the small freqyesepa-

their uncertainties, we considered only the models thasfgat rationdy,, the frequency separation ratiesg, rro1,10, Or the indi-

Xﬁ,dassic < 1. Because of the high precision of the frequenciegidual frequencies. The spectacular consequence is atieduc

no model withy2 .- < 1 was found. We therefore only keptof the age scatter, as can be seen ir(Fig.4.

models withy?2 <2 For case 4, considering thefidirent possible options for the

R.seism input physics of the stellar models, our criterigf ..., < 2
excludes the model without microscopidfdsion (rﬁodeIE4).
4.2. Age of HD 52265 Accordingly, the ages range betweefi2+0.22 Gyr (modell4)
and 222+0.27 Gyr (modelC4). This yields an age of. 25+0.35

Figurel4 (left panel) shows for each case in Table 3 the age®jr, that is an age uncertainty ef+16 per cent.

the optimal model for a given set of physics in Teldle 2. For case 5, considering thefldirent possible options for the
In case 1 (2))Y andacon (Y) could not be inferred and hadinput physics of the stellar models, two models,(J5) were

to be fixed by the modeller. Therefore, for these two cases, wgcluded because their initial helium abundaigevas found

calculated additional models with somewhat extreme clsaée to be much lower than the primordial valig. Accordingly, the

Y and acony- In case 1, we also included a model with muchges range betweer08+ 0.25 Gyr (modeD5) and 233+ 0.40

overshooting ¢ov = 0.30). These additional models, includedsyr (modelE5). This yields an age of.28 + 0.45 Gyr, which

in Fig.[4, are presented in AppendixA.2. means an age uncertainty of +20 per cent. It is possible to
In case 1 (column 1 in Fif]4), there is a large scatter in thieduce this scatter even more. Helioseismology has shoatn th

ages of HD 52265 obtained withffirent sets of input physics microscopic difusion must be included if one considers the Sun.

when no seismic observations are available, that 850 per This mustalso be true for solar-like stars like HD 52265ritss

cent with respect to the reference age. This is the usual-sitis only slightly larger than the solar one and it has an exteind

tion of age-dating from classical parametesT and surface convective envelope. Excluding the model withoufulion then

[Fe/H]. The values of, aconv, andaoy, had to be fixed and ffier-  yields an age in the range(B + 0.25 Gyr (modelD5) - 228 +

ent ages result from fierent choices. In particular, for a chang®.31 Gyr (modelC6), that is, an age of.21+ 0.38 Gyr, i.e. an

of acony Of 20 per cent around the solar calibrated value, the agge uncertainty o£17%. Hence the main cause of scatter on the

changes by more than 50 per cent. At the highest boundaryhigh side of the age interval here is microscopitidiion (model

the age interval, the oldest models are those withofiigibn ES5) followed by the solar mixture (mod€l5). The low side of

and the model with a long mixing lengtiony = 0.826. The the age interval comes from the change of nuclear reacties ra

youngest models are models with the lowest —primordial injfmodelD5). This shows that we start to reach the quality level

tial helium abundanceYe = 0.245) and the model with low of data that enables testing the microscopic physics is sther

aconv = 0.55. The ages of the other models are concentrated ithan the Sun.

narrow age interval, .B-3.0 Gyr, about that of reference model For case 6, considering thefiidgirent possible options for the

A input physics of the stellar models, our critex% <land

classic =
We point out that if the error bars on the classical paramez _ 2 exclude model$6, J6 andK6. Accordingly, the

<
ters were to be reduced, as will be the case after the Gaia—E%bes'S;nange betweer?d + 0.11 Gyr (modelA6) and 246 + 0.08
mission (see e.@. Liu et@al. 2012, and references therdimgrt Gyr (modelE6). This yields an age of.22 + 0.22 Gyr, that is
ror bar of an individual age determination with a given set ¢fn age uncertainty +9.5%. The main cause of scatter here is
input physics would be reduced, but the scatter associated Wnicroscopic difusion closely followed by the choice of the so-
the use of dierent input physics would remain the same unlesgr mixture: GN93 (model A6) versusaGSS09(modelC6). The
significant advance in stellar modelling is made. range for the mixing-length value is [0.588, 0.606]. Thisga

In cases 2a, b, and ¢, where the large frequency separatiois isonsiderably narrower than the one usually taken a ptdori
included as a model constraint, the age scatter is smalarith compute stellar models. Compared with the values we olfaine
case 1. Unlike case 1, the ages of the optimal models computienin a calibration of a solar model with the input physicseff r
with different input physics and free parameters span the whelence sef (aconyegme = 0.688+ 0.014), the values obtained
range of the scattered interval. Indeed, the values of fieered for HD 52265 are lower than solar by 215 per cent. The re-
mixing length difer from one case to another and still span sults for the initial helium abundance are discussed in.Ze8t
wide range [0466-Q656] for aconycgm fOr case 2a, for instance, below. We point out that the range of ages obtained in case 6 is
as can be seen in Tables[4, A.2, &ndlA.4. Moreover, the initi@lite close to that obtained in case 5. This can be understpod
helium Yy slightly changes in the optimization becausé/AZ the fact that, as shown in Figl 1, the mean valugrafy i) is
is fixed butZ/X is adjusted in the optimization. Note that foralready a good indicator of the evolutionary state, at Iddbe
given input physics and free parameters (cases 2a, 2b, 2cdlassical parameters are also used to constrain the Stediss
setA in Tabled#), the age is significantly modified dependinand if the convective core is small. We therefore reach a-simi
on the way the mean large frequency separation is computkt;accuracy in cases 5 and 6, but the precision on the individ
the changes are correlated with changes in the inferrechmpixi ages is better in case 6, which is more constrained by thefuse o
length values. The scatter in the inferred mixing-lengthues, individual ratios. Furthermore, as discussed in Sect.id.6ase
hence on the age, is smaller whéxv) is calculated explicitly 6, the individual valuesro1,10 provide additional information on
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Fig. 3. Restoration of the observational constraints in the mod#iper figures are for classical parameters: H-R diagraft),(le
[Fe/H]-log g plane (right). The inner rectangle delimits the @bservational error bars, and the boundaries of the wholeinod
area represento2errors. Horizontal lines give the log g values of spectrpgcand seismic scaling. Lower figures are for seismic
indicators{Av)-(ro2) plane (left) andAv)-(rro1/10) plane (right). Here, the rectangles delimit 1 andeéror bars, and the boundaries
of the whole plotting area are &Qerrors. For each point, the symbol corresponds to the madaber, as explained in Tadlé 3.
We used dierent colours to highlight the fierent cases (sets of observational constraints as defirfedbie3) at the basis of the
modelling. Note that these colours are unrelated to theucsldefined in Tablgl2 and used in Figs. £ito 6, and in[Hig. 9.

the star, unrelated to age. Their oscillatory behaviouiclvis To summarize, the best precision and accuracy, in the con-
related to steep gradients of the sound speed, is an inlaluabxt of the present input physics, is therefore obtainedaisec
asset to characterize the depth of the convective envelope 4 -constrained by the mean values of the large and small fre-
the thermal and chemical structure at its radiative-cotived)- quency separations, case 6 -constrained by the individliats
terfacel(Lebreton & Gouplil 2012). However, HD 52265 is a cas# the frequency separation ratios, and case 7 -constrainied
study, with a small convective core, and we can expect thgeta dividual frequencies. However, as stressed above, cased 4 a
convective cores whose size is crucial for the age-datiadpat- suffer from the caveat that the individual frequencies were cor-
ter characterized by individual ratios than by their medoes rected for surfaceféects. As can be seen from mod&i-noSE

For case 7, considering thefiirent possible options for thein AppendiXA, the age is increased by more than 40 per centin a

input physics of the stellar models, our criterigh. ... < 2 ex- model optimized without correcting for thesgexts. We there-

,seism — f : : f .
cludes several model€{, 17, 37, K7). Accordingly, the ages fore consider that case 6 is the optimal choice of obsemvatio

range between.@5+ 0.02 Gyr (modeD7) and 249 + 0.02 Gyr constraints rggardlng the age of the star (see also thesgiscu
(model B7). This yields an age of.27 + 0.24 Gyr, that is an PY'SilvaAguirre et al. 2013).

age uncertainty +9.5%. The upper boundary of the age inter-

val is due to the choice of thaLT approach for the convective  Additional models, based onftirent choices for the opti-
transport (modeB7) closely followed by the choice of the solammization (correction from surfacdtects, correlations between
mixture (modelC7). The lower boundary is due to changes ithe seismic ratios, etc.), do not imply drastic changeseénah-
the nuclear rates (modBI7). timized age (see AppendixA.2).
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Fig. 4. Ranges of ages (left) and masses (right) derived from steltadel optimization for HD 52265. In the abscissae, we list
the case numbers as defined in Table 3. For each case, sewelel optimizations can be identified according to the symold
colours indicated in Tablg 2. In addition, open red symbmidar additional models of sétdescribed in Table’Al1 of AppendixA.2:
circles are for dierent, lowYy values, square and diamond are for low and high, values, small diamonds for models with large
core overshooting. Red stars illustrate ¥aeM degeneracy in cases 6 and 7, but the inferred range is thefeanikcases.

Degeneracipetweenageand mixing length: Figurdb, left 7, optimized with the individual frequencies, are probahlyre
panel, shows the relation between the convection paramgtgr suitable for mass determination.

and age of the optimized models. There is a possible trend for Degeneracybetweenmassand initial helium abundance:
acony tO increase with age. From a linear re_g_ression we deriv urelB, right panel, shows the relation between the irfiga
@conv/@convo > 0.13xA+0.59, where the age is in Gyr. This trendj,m ahundanca, and mas# of the optimized models. Like in
can be understood as follows: higher ages on the MS would iz, ,din et al. (2012), a clear anti-correlation betw¥grand M
ply lowerTey and larger radii. The radius of a star is smaller for & o nd. The lowely,, the higherM. From a linear regression,

more dficient convective energy transport. Smaller radii, hengg, derivedY, ~ —0.58 x M/M, + 1.00 with a scatter about this
higheracony —related to morefécient convection—are thereforeqaan value of less thaf0.02.®

needed to bring ¢ back into the observational range. However, . . .

we checked that the ages determined by model optimization in 11iS Yo-M degeneracy agrees with what is expected from
cases 6 and 7 are noffected by this possible degeneracy belomology relations (see e.g. Cox & Giuli 1968). For a MS
cause allowed variations @fsn, along the regression line areStar in the domain of mass of HD 52265, the luminosity

limited by the constraints ofigy and [FeH]. varieg Ag"S'B"IQF'SMS'SRf_O'S with Requ/*M®7® (CNO cycle) or
Roc=>**M®** (pp chain). In addition, for a fully ionized gas,

u~4/(8-5Y-62), which increases with. Therefore, for a given
4.3. Mass and initial helium abundance observed luminosity -fixed in the optimization process+é¢hie

a range of pairsYp, M) that lead to the samevalue. TheYy-M
Figure4, right panel shows for each case in Table 3 the masglefjeneracy may severely hamper the determination of the mas
the optimal model for a given set of physics in Tdlle 2. Like thof HD 52265, as shown by the results of cases 4 and 5. A large
age, the mass is better constrained when seismic data @& tacatter in the mass value is obtained. However, low-mas®isod
into account, in particular when seismic constraints @ihli such as those found in case 4 have high valueg die. higher
sensitive to mass are used (large frequency separatigougney than 033), which are hardly acceptable. More reasonableal-
at maximum power as in cases 2 and 3). ues (i.e. lower than.@0) would yield models with masses larger

Optimization of models of case 3 relies on the scalinéhan 120Mo.
relations (Eqd.]4 and] 6). These models therefore have the pec For setA, cases 6 and 7, we calculated additional opti-
liarity that their mass and radius are tightly fixed becausd-s mized models with dferent ¥y, M) pairs. Results are given
ing relations provide quite precise values of the mass and ma Appendix[A.2 and appear as open red stars in tliemint
dius. On the one hand, the accuracy of the derived values figures. For our preferred case 7, taking into accountfa
the mass and radius depend on the accuracy of the scalingdegeneracy and keepilvg in the range 26-0.32, we found ref-
lations. As proposed in Se€f. #.2, models of case 6, optiinizerence models of séwith masses in the rangelB- 1.28 M,,
with the frequency separation ratios, provide the best age landAY/AZ in the range @ — 2.3. The scatter in mass around
since they do not constrain surface layers, they do not@Hpli the central value is of 5 per cent. In addition, for a given
fix the mass. On the other hand, the ages of models of case 7ramglel, changing the physics would induce a mass scatter of
less secure because they dfeeted by the correction for surfaceabout 004 Mg, (~ 3 per cent). We note that, as is found in solar
effects. Nevertheless, as can be seen from médehoSE in modelling, model< optimized with theAGSS09solar mixture
AppendiXA.2, correction for surfacdfects only slightly mod- show a trend towards lowat, related to their lower metallicity.
ifies the optimized mass. Thus, we suggest that models of c&ber impacts of th&,-M degeneracy are discussed below.
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Fig.5. Left: relation between the convection parameigy,, and the age. To compare models, we expreaggg in units of the
solar value, which, as mentioned in Séct] 3.1, mainly dependhe convection theory used in the model dgpye,cgm = 0.688 and
Aconvo.mit = 1.762. The regression line i&onv/@conve = 0.13x A+0.59 (Ain Gyr.). Colour symbols are for case 7 models (symbols
and colours are listed in Tallé 2), grey symbols for case & o@en blue for other caseRight: relation between the initial helium
abundance and the mass of HD 52265, as inferred from modiehiaption. The regression line 1% ~ —0.58 x M/M,, + 1.00.
Open red stars illustrate the impact of tieM degeneracy (Table A.1).

4.4. Radius and surface gravity

Figure[3 (top, left) shows that the range of surface gravitie

the models is very narrow, which means that log g is very we
determined by the modelling and is hardly sensitive to the i
put physics (see also the determinations of the seismiaceirf
gravities ofKepler stars by _Mathur et al. 2012; Metcalfe et al > 130
2012). For HD 52265, taking into account thg-M degener- & ™
acy, seismic models of cases 6 and 7 have log g in the rar =203 AOCH
4.28 — 4.32, which improves the precision on log g by a fac Stefan-Boltzmann

tor of ten with respect to spectroscopy. We point out thatHis
star, the central value of the spectroscopic log.844 0.20 dex)
agrees well with both the value inferred from the scalingtieh
(4.29+ 0.01 dex) and our seismic optimized value3@+ 0.02).
This would not be the case for all the stars. The potentiakef ¢ , .
teroseismology to improve the determination of surfaceigra 10 115 1}-\§?M
and therefore of spectroscopic parametéeg,([Fe/H] ) has al- ©
ready been demonstrated. For instance, it has been applied..t . .

the spectroscopic analysis of two CoRoT targets by Morellet ig. 6. Relation between the radius and the mass of HD 52265,

4 o : as inferred from model optimization. Colours are for optied
groele};,)éfgseﬁr?ggfg)d forthe calibration of log g of Gaiassbyr models of case 7 of Tablé 3 forftirent input physics, as listed

in Table[2. Models for case 6 are plotted in grey, other cases

are shown with open blue symbols. Bold solid horizontal and
The results for the star radius are shown in Hig. &ertical black lines represent the values of the mass aridgad

Interestingly, all models have a radius in-between theaBtef derived from the scaling relations (Sdct. 212.2). The apoad-

Boltzmann radiuRsg = 1.28 + 0.06 R, and the scaling radius ing uncertainties are displayed with dashed lines. Theisaolb-

Rsc = 1.33+ 0.01R.. Three groups of models lie on the Stefantained using the Stefan-Boltzmann relation (Seci. 2. 1hisvs

Boltzmann line. There are case 1 models —which is expected ke a triple-dot dashed line. Three groups of models lie on the

cause they were optimized with only the classical pararseteiStefan-Boltzmann line: case 1, 4, and 5 models, as discissed

and nearly all models of case 4 and 5. In the optimization prghe text.

cess, these latter reproduce the obsenfEgttive temperature

and luminosity of HD 52265 best. Case 6 and case 7 models

with different input physics and accounting for the oeM de- 4 5 |niernal structure

generacy, have seismic radii in the rang80l- 1.34 R,. This

represents a precision sf+1.5 per cent on the radius, which isHD 52265 has a very small convective core and a convective

a good improvement on what can be obtained with the Stefamvelope. For instance, in mod&¥, the convective core has a

Boltzmann law ¢ +5 per cent) for HD 52265. massMc. ~ 0.014 M, and a radiufR.c ~ 0.045R,, while the

135F TS - T T T oS- T T T T

| seismic scaling %

WE = = = = = = — = — = 3

N
%
=
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radius at the basis of the convective envelopB,is~ 0.80 R,. ‘ ‘ ‘ ‘ ‘
These quantities can be quiteTdient in other models, which 7| 7 . e
are nevertheless seismically equivalent. In particuke,Yp-M
degeneracy has a major impact on the core mass. For instai 6}
changingy, from 0.26 to Q32 change#, from 1.28to 118M,, ‘ ‘ ‘ ‘
Mcc from 0.006 to Q023 M., andR.. from 0.035 to~ 0.053R,. 5[ e -
The depth of the convective envelope is fiaated.

5
Models optimized with rather high, currently accepted ¢ £
predicted values of core overshooting (setsxd J) show quite §,

high values of/\/é,seism indicating that overshooting is proba- | ‘ ‘
bly ruled out for this star. We investigated this point in ttep A j j 6
by performing an optimization where we also adjusted the-ove 2| S A i """ e
shooting parameter (modeA&-ov andA7-ov, in the appendix).

We found that quite low overshooting is indeed preferredawi =~ 1}t 0 SR SRS
agy in the range M — 0.04. In principle, seismology has the
potential to distinguish betweenftlirent values of overshoot-

0 . .
ing even for small cores through the signature left in the o cat b e 000 (e e
. . . \!
cillation spectrum by the convective core (see the recemksvo gqtod‘ WO
by|Silva Aguirre et al. 2013; Brandao etlal. 2013, and refees Method

therein). Such diagnostics are beyond the scope of thisrpape _ )
However, we made some additional tests that indicate thatFig- 8. Age estimates for HD 52265. Columns Cdlk, Li and
the case of HD 52265, the seismic data are probably not grec@yrochronology give empirical estimates based onRfjg in-

enough to allow us to infer the size of the mixed core pregiseflex (circle), the lower limit from X-luminosity (upwardsi+r
or accurately. angle), the upper limit from lithium surface abundance (dow

wards triangle) and, the gyrochronology (diamonds). The co
umn HRD inversion shows estimates based on inversion of
isochrones with circles for Padova isochrones and diamonds
for BaSTI isochrones, full symbols for Bayesian methodsl an

empty symbol fory?-minimisation, see text. The column seis-

In Fig?]._[], Wg ShOV\(’j how_ltlhe_ stefllar mod_els su%c?ed -Or NOt- IR shows the seismic determination for a la carte models of
matching observed oscillation frequencies and frequeegy S e g (TablEI3 and Figl 4)

arations. Since a thorough examination of seismic progeerti
of all the models is beyond the scope of this paper, we se-
lected some models. The top left panel shows the échelle di-
agram corresponding to the model of casg, optimized on
the basis of the individual frequencies. When surfaffects
are corrected for, the model succeeds rather well in remrod

ing the échelle diagram for a value of the adjustable paramge estimate below the age of HD 52265, on the basis of other

ter bsg = 4.2 (Eq.[I2) compatible with the solar value obtaineg : . . . -

== . c ol e .~ dge-dating methods (empirical or H-R diagram inversiony. W
bylDeheuvels & Michel (2011) with quasi-similar input phs&i . pare the resulting ages with the age inferred from are ca
(bseo = 4.25). On the other hand, in the high-frequency ranggqjar modelling.

un-corrected models do not match observations. In thisetsp
modelsA6 (frequencies not corrected, not plotted) &¥d(with
uncorrected frequencies) give similar results. Furtheemthe 5 1. Empirical ages

top right panel shows that mod&¥ reproduces the observed in-

dividual large frequency separatiofg,(n) quite well. The bot- 5.1.1. Activity

tom left panel shows the comparison of the observed and model

frequency separation ratiogy,10(n). Model A7 reproduces the The chromospheric activity and age of solar-type dwarfs ap-
mean slope of the variation of the ratios rather well, butthet pear to be anti-correlated. Empirical relations allow usely
oscillatory behaviour. As shown by Lebreton & Goupil (2012)he Call H & K emission indexR,, = Luk/Lbo t0 age (see
this behaviour in HD 52265 is reproduced in models that idelu e.g.Mamajek & Hillenbrand 2008, for a recent calibratidfgr
convective penetration below the convective envelope, file  HD 52265, values of lo&,, listed in the literature are in the
model of seK, which is similar to sef but withépc = 1.3. The range F5.02, —4.59]. These low values indicate very low chro-
figure also shows theffiect of theYy-M degeneracy on the dia- mospheric activity. Using the Mamajek & Hillenbraf, -age
gram. The larger the helium abundance, the higherriigio(n) relation, we derived an age of34+ 3.0 Gyr. The ages can also
ratios. However, with the present accuracy on the datahiaid be roughly estimated from the Mamajek & Hillenbrand relatio
to distinguish the models with flierent (Yo, M) values. Finally, between the fractional X-ray emissi®j = Lx/Lyo and age.
we plotted a model of sdtthat takes into account a moderaté&or HD 52265/ Kashyap etlal. (2008) derived an upper limit,
amount of core overshooting{, = 0.15). As already pointed Lx < 2828, which provides a lower age limit of2Gyr. Clearly,
outin Sectiof 415, the overshooting amount cannot be veggla such empirical calibrations are too coarse to provide alpédi
since even a moderate amount of overshooting is ruled otiteby tige of evolved stars with low chromospheric activity. |roless
present data. The bottom right panel shows the fit ofrgh@) recommended recently by Pace (2013), the use of chromdspher
ratios. In this case, regarding the precision on the daagiffi- activity as a stellar clock should be limited to stars yourigan

cult to distinguish the models. about 15 Gyr.

4.6. Seismic properties

E. Ages from other methods
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Fig. 7. Seismic properties of a selected set of modBdg. left panelechelle diagram for the best modél, optimized on the basis of
the individual frequencies and including -or not- the cotien for surface ffects. Star symbols represent the observed frequencies,
while black squares, blue circles, and red diamonds dehetenodel frequencies for angular degrées 0,1, and 2. In grey,

we indicate the corresponding data before correction fdasa dtects. Top right panelcomparison of observed large frequency
separations for cas&7 (corrected frequencies). The symbols are the same as fogh@ght figure.Bottom left panelcomparison

of the observed frequency separation ratiag,10(n) for a selected set of models, including the best mdkie(continuous blue
line). Results for model&7-YM-244 (pentagons) andl7-YM335 (diamonds) illustrate thefect of theYy-M degeneracy. Results
for modelK6 (continuous red line) show th&ect of including convective penetration below the conweotinvelope, while results

for modell 7 (dashed orange line) show th@ext of a moderate overshooting of the convective cBagtom right panelsame as

in the bottom left figure, but for thiey(n) frequency separation ratios.

5.1.2. Photospheric lithium abundance dance (log; € [1.67,2.88]). With loge; = 2.40+ 0.06 from
Gonzalez et al[ (2010), we found an ag8 Gyr.

At the surface of low-mass stars, the lithium abundance ean#$1.3. Gyrochronology

depleted when the convective zone reaches the shallownggio

where Li is destroyed by nuclear reactionga2.5x 10° K or  In the course of their evolution, solar-type stars lose targuo-

when mixing processes carry Li from the basis of the convectimentum via magnetic braking due to their mass loss. It leads t
zone to the nuclear-burning region. A relation between the L& decrease of their rotation rate, first quantified_by Skuotani
abundance, féective temperature, and age is observed (but n@t972). Gyrochronology, as proposed by Barries (2007), is a
fully understood). We used the Li abundance curves as a fufi€w method to derive the age of solar-type stars via an em-
tion of Te published by Sestito & Randich (2005) for clusters dirical relation linking their rotation period, colour, drage,
different ages and derived a lower limit a6Zyr on the age of t,, = Paaysx @' x ((B ~ V) - ¢)™ wherea, b, andc, are

HD 52265 from several published values of its surface Li abunonstants. The constants were calibrated on the Sun, nearby
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field stars and clusters by Barnes (2007) and then revised fayAge and mass of the exoplanet orbiting HD 52265

- - 3). . X
Mamajek & Hillenbrand|(2008). We applied these relat|ons§§first estimate of the mass of the exoplanet orbiting HD 52265

as proposed by Butler etial. (2000) using their RV measure-
ments and Ed.J1. From a grid of stellar models, Butler et al. in
ferred the mass of the star, first by placing the star in a ¢elou
magnitude diagram at solar metallicity, and then by cofrect
5.2. Age from pre-calculated sets of model isochrones ing for the metallicity of the star —which they estimated ® b

This method consists of placing a star in an H-R diagram alﬁf/H] = 011, using stars of published mass and metallicity.

of interpreting its position by means of a grid of pre-cadtat ey inferred a stellar mass of1B+ 0.03M, (note that the er-

theoretical isochrones or evolutionary tracks. It is widesed ror bar here is an internal error bar and does not take intouaxtc
y " . the uncertainties of the stellar models) and deduced tleatth
to age-date large samples of stars for Galactic evolutiod- st

oplanet has a madd, sini = 1.13 Myypiter They did not give

i \ 2 .. . . .
les (see e.g. Casagrande etal. 2011, and references Jnergiy.o i ainties on this determination, nor the values fostheof
Different inversion techniques can be used to extract therstefla, | (i ciar

age (and mass) from theoretical isochrones. However, Braev g, "tho Ry data reported Hy Butler et al. (2000) and
{egtlr:)ns of t_he H-R _d|_agram, for I;Ztﬁ/lnsce Wh??&%‘i;tar 'EE_C|0|§ochrone fits to derive the mass of the host-$tar, Gizon et al
0 the zero-age main-sequence ( ) Or at tuiihe mor- 5513y otimated the minimum mass of the exoplanet to be
phology of the isochrones is complex and leads to severeage i = 1.09 + 0.11 Myysier (i-€. sini = 1 in EqCl). Here
generacy. To cope with these problems, Pont & Eyer (2004) al\ éT}T the e‘rror_ba.r does:h;]ptl)tirac.cc.)unt for the uncertaiﬁltismb,
Jorgensen & Lindegren (2005) proposed to take a Bayesian g~ jois " Furthermore, with their measure of the inclorat

proach, with several priors, in particular, one on the &hithass of the spin axis of the star (sin- 0~59f8'i§), assumed to be the

function. axis of the planetary orbit as well, they estimated the magso

Bayesian inversion techniques using the Padova isochro Z +0.52 . i
give ages of B+1.4 Gyr (Holmberg et &l. 2009) and32+1.16 %iﬁféznoitésrgrmptge15:33?%? Maupier. Note that the dominant
al. '

(623(/;0’()? 15%9? 2 ds?l\?; th a?o(lzlé .()g)vazll\jowuesbe?nigﬁafﬂlr?;r% et We have re-estimated the exoplanet mass on the basis of the
founa an age of B1+1.49 G 'r. On the other hand. from the us&2"9€ of mass of the host-star discussed above. Higure %show
9 : bAE : She range of mass of the exoplanet as a function of its age, as-

of BaSTI isochrones (Pietrinferni et/al. 2004), Casagrasids. : . ;
obtained 303+1.15 Gyr. Still with BaSTI isochrones, using thesumed to be the age of the host-star, for thiéedznt physical

| | ‘ . options and optimization sets considered. When consigetin
;?gr!r? a?eg-%?ﬁi%jis%{icﬁmu?Adsecinalt.)e(zs glei)’inwlzengertrr??g; O@iases, the scatter is quite large. In particular, modelasé &,
tained )((:over 2 wide rahge D42 Gyr because of the ﬂ?der- hich correspond to low stellar mass, form the bunch of [goint
ent isochrone grids and iﬁveréion m’ethods used. For the Llow planet mass and at age around 2 Gyr, but note that these
HD 52265, which is approximately half-way on its MS we ex. dels have to be excluded because of their very high initial
o ; X . L helium abundance. On the other hand, the use of seismic con-
pect the isochrone inversion technique and the optiming@y-

formed in case 1 of the present study to be equivalentin tefmsStralnts In cases 6 and 7 considerably narrows the rangeest ag

precision -for a given set of input physics- because thepatke of the star while they mostly favour higher masses with respe
based on the observational constraints on the classicahygar fo other cases (see Figs. 4). Hence, these optimized moels p

ters. However, the isochrone grid to be used for the invarsas dict a higher mass for the exoplanet. Taking into account the
to bé dense ehough both in mass and chemical composition. Qn M degeneracy and excludln_g modEszthout MICToSCopic
the other hand, for stars lying in regions of degeneracy @ t flusion, the exoplanet mabd sini is found to be in the range
H-R diagram p'riors should be included in the optimizatioo-p 16 — 1.26 Mupire; Where we included the error budget due
cess in case,l to deal with multiple possible solutions (sge eto the error on the host-star mass optimization and on the RV
Jorgensen & Lindegrén 2005) data characterizing the exoplanet orbit. The scatter atde

< = ' central value is therefore +4 per cent. These values of the

mass are higherx( 7 per cent) than the value of Butler et al.

5.3. Comparison of ages from different methods (2000). Furthermore, with the extreme values ofigjiven by

, i , Gizon et al. [(2013), the mass of the exoplanet would be in the
In Fig[8, ages of HD 52265 obtained fronfidrent methods are range 15 — 2.8 Myyyier The scatter is slightly larger than that

compared. As discussed before, the ages fromRheindex, in the result by Gizon et al. because we accounted for therunce
the X-luminosity, and the lithium surface abundance argelbt (ajnties in the stellar model inputs. We therefore confirat the

a_ble for this star. The ages from gyrochronology are Very pr&smpanion of HD 52265 is a planet, not a brown dwarf.
cise but not accurate because gyrochronology is an emipirica

method that relies on calibrations (on solar, nearby stand,

cluster ages). As pointed out by D. Soderblom (2013, invited Conclusions

review talk at the International Francqui Symposium), sés o )

ages combined with precise rotation periods as providedidy tThe optimization of models of the star HD 52265 using both
Kepler or CoRoT missions will give the potential to more fullyclassical and seismic observational data provides stromg ¢
test and calibrate gyrochronology. Finally, there is adasgatter Straints on the age, mass, radius, and surface gravity of the
in the ages derived from H-R diagram inversion. This scasterstar, and on the mass of its exoplanet. Taking into accownt th
similar to that obtained in case 1 stellar modelling, wheseis- full information provided by seismic observations and ¢des

mic constraints are available. The a la carte seismic agiegi ing the current uncertainties thaffect the calculation of stel-

that we obtained in the present study is by far the most precislar models, we found an agd = 2.10 — 2.54 Gyr, a mass
M/My = 1.14-1.32, aradiufk/R, = 1.30-1.34, and a surface

1 http://stev.oapd.inaf.it/cgi-bin/param gravity log g=4.28 - 4.32.

HD 52265 P;o:=12.3+0.14 days, see Sefil 2) and found an a
of 1.57 £ 0.19 Gyr with|Barnes'’s values od, b, and ¢ and
1.77+ 0.42 Gyr with the values of Mamajek & Hillenbrand.
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5.0 move this degeneracy, more precise oscillation frequerarie
: : : : : : : required. As studied by Houdek & Gough (2007), it would al-
Ao low us to detect an oscillatory behaviour of the frequenttias

results from changes in the adiabatic exponent in the sevend

4.0 lium ionization zone, a seismic diagnostic of the heliumrabu
dance. When the mixing length and initial helium abundamee a
3.5 unlocked, we find that the main cause of the age scatter is the

choice of the solar mixture. When this problem is solved, we
will then be at the level of testing nuclear reaction rated ian
ternal transport processes, as demonstrated here.

Age (Gyr)
w
o

250 Currently, the availability of precise observational fueq-
O cies for close well-known stars only concerns a small number
2.0 ' 1‘5510 of stars among which very few host an exoplanet. These cali-
brators are key to better understanding the physics thatrgov
L3 stellar interiors. A crucial need for the future is to incsedhe
‘ ‘ ‘ ‘ i ‘ ‘ number of these calibrators. In this context, the ESA-PLATO
1.07—05 114 116 118 120 122 124 high-precision photometry mission is really needed (Ratal.

M, sini/ My, iier 2013). It will provide essential information that complems
the classical data that will be provided, with ultra highaecy,

Fig. 9. Age and mass of the exoplarid}, sini inferred from the by the Gaia-ESA mission, and interferometry and spectigisco
mass of its host star. Colours are for optimized models o Zasground-based observations. Obtaining numerous and prasis
of Table3 for diferent input physics, as listed in Table 2. Modelteroseismic data is also a necessary step to make towarfidlthe
for case 6 are plotted in grey, other cases are shown with omaracterization of the age, mass, and radius of exopldhets
blue symbols. The group of models with low mass and age @fily with this efort that we will achieve a new understanding of
~ 2 Gyr are case 4 models, to be rejected because of their high interiors, habitability, and formation scenario of plemets
initial helium abundance (see text). and exoplanetary systems.

Acknowledgements. This research has made use of the SIMBA@bdse, op-

We stress that in the present case, the mass and radius gffad at CDS, Strasbourg, France and of the NASA's AstisipsData System.
by the scaling relations agree quite well with the resulthef t We warmly thank Kevin Belkacem for his comments on the maripts
full modelling. This can be explained by the fact that tifiee-
tive temperature used in the scaling relations is accyrdtter-
: - References
mined by spectroscopy and does correspond to the evoluyiona
stage of the star for its metallicity. Anders, E. & Grevesse, N. 1989, Geochim. Cosmochim. Actal 93

; ; gulo, C., Arnould, M., Rayet, M., et al. 1999, Nuclear PhgsA, 656, 3
The mass of the exoplanet is found to be in the ranger 51" G o eese N.. Sauval A J., & Scott, P. 2009A8R. 47, 481
Mpsini = 1.16-126 Myupier This represents considerabléyygarg, N. & Provost, J. 1994, A&A, 282, 73
progress with respect to what can be achieved without seisrBhglin, A., Auvergne, M., Barge, P., et al. 2002, in ESA SpkRublication, Vol.
data or when using only mean values inferred from seismic ob-485, Stellar Structure and Habitable Planet Finding, e@atrick, F. Favata,
servations, as the mean frequency separation and fre(]Mnc%ag"‘:]V-EoﬁgL%Tv g D&ﬁﬁ';g'v A172—02f3 in Astronomical Sety of the Pacific
maX|mu_m power. An important pointis that \_Nhlle the age’ mas Cor;fer’ence Se’ries’,, \ol. 47é, Astron(’)mical Society of thefRaConference
and radius of_the_ star can be rather WeII_estlmated_frommtaiss Series, ed. H. Shibahashi & A. E. Lynas-Gray, 461
and mean seismic parameters after the input physics of tide mBallot, J., Gizon, L., Samadi, R., et al. 2011, A&A, 530, A97
els are fixed, uncertainties on the input physics producm |aBarbar_1, C., Beuret, M., Baudin, F., et al. 2013, Journal ofsitls Conference
scatter of the results. We demonstrated here that takihgrifit Series, 440, 012031
f seismic data -in particular considering the frequenpasa- pames, 8. A 2007, ApJ, 669, 1167
9 Selsmlc ) p g g q (F}a Baudin, F., Barban, C., Goupil, M. J., et al. 2012, A&A, 538A
tion ratios- considerably reduces this scatter by allovdng to  Belkacem, K., Goupil, M. J., Dupret, M. A., et al. 2011, A&A3G, A142
estimate free parameters of the models. Belkacem, K., Samadi, R., Mosser, B., Goupil, M.-J., & LugwiH.-G.
The full optimization performed here allowed us to better 2013, in Astronomical Society of the Pacific Conference e%ervol. 479,
timate th tainti d identifv thei igin. imtical Astronomical Society of the Pacific Conference Series, e®shibahashi &
estimate the uncertainties and iden ify their origin, imticalar A. E. Lynas-Gray, 61
concerning the age. _ _ _ Bohm-Vitense, E. 1958, ZAp, 46, 108
When no seismic constraints are available, the main causendzo, I. M., Cunha, M. S., & Christensen-Dalsgaard0132MNRAS
for the age scatter and inaccuracy are the values of the gixfandao. I. M., Dogan, G., Christensen-Dalsgaard, Ja).€2011, A&A, 527,
Iength and_mltlal helium "’_‘b“’?dance th_at belong to a widerint Brown, T. M., Christensen-Dalsgaard, J., Weibel-Mihaks & Gilliland, R. L.
val of possible values. Seismic constraints allowed ustimase 1994, ApJ, 427, 1013
these free parameters of stellar models, as the mixingHeyeg  Burgers, J. M. 1969, Flow Equations for Composite Gases
rameter for convection and the core overshoot and con\tectgﬂﬂen R\-/PMVCEBQLICZS- S, “.”aLCKA’ G~W~I,|.et| a{gg%O(/)_\, /jpfh glg
: ; Hd anuto, V. M., Goldman, I., azzitelli, 1. , ApJd,
peneftratlon pgrgg]eotesr]s_ AS a res.(;”t’ tBF interval OJ Qrtﬁgm asagrande, L., Schonrich, R., Asplund, M., et al. 2011AA830, A138
ues foracony, [0.59, 0.61], is considerably narrowed. These Vagnapiin, w. J., Basu, S., Huber, D., et al. 2014, ApJS, 210, 1
ues are Iowe_r by 12 15 per cent than_ the solar _values_ o_btalnedhapnn, W. J. & Miglio, A. 2013, ARA&A, 51, 353
by a solar calibration using the same input physics. Thigides Christensen-Dalsgaard, J. 1988, in IAU Symposium, Vol.,1&8vances in
an observational constraint on the convective transfibetency  Hello- and Asteroseismology, ed. J. Christensen-Dalsgaab. Frandsen,
R . . 5
t.hat can be. c_qmpart_ad with the results of 3-D numencal_SImm@ox, J. & Giuli, R. 1968, Principles of Stellar Structure] V& Il (Gordon &
tions. The initial helium abundance could also be obtaingd b gretch, New-York)

there remains a degeneracy between helium and mass. TocCreevey, O. L., Thévenin, F., Basu, S., et al. 2013, MNRAR, 2419

16



Y. Lebreton and M.J. GoupiI:A la carte” stellar age-dating and weighing with asteraseisgy

da Silva, L., Girardi, L., Pasquini, L., et al. 2006, A&A, 4589

Deheuvels, S. & Michel, E. 2011, A&A, 535, A91

Escobar, M. E., Théado, S., Vauclair, S., et al. 2012, A&43,5A96

Ferguson, J. W., Alexander, D. R., Allard, F., et al. 2005] 423, 585

Formicola, A., Imbriani, G., Costantini, H., et al. 2004 yBits Letters B, 591,
61

Freeman, K. C. 1993, in Astronomical Society of the Pacifioféence Series,
Vol. 49, Galaxy Evolution. The Milky Way Perspective, ed.Rs.Majewski,
125

Gilliland, R. L., Marcy, G. W., Rowe, J. F., et al. 2013, Ap667 40

Gilliland, R. L., McCullough, P. R., Nelan, E. P., et al. 20RbJ, 726, 2

Gilmore, G. 1999, Baltic Astronomy, 8, 203

Girardi, L., Bertelli, G., Bressan, A., et al. 2002, A&A, 391195

Gizon, L., Ballot, J., Michel, E., et al. 2013, Proceedingstlte National
Academy of Science, 110, 13267

Gonzalez, G., Carlson, M. K., & Tobin, R. W. 2010, MNRAS, 4Q368

Gough, D. O. 1990, in Lecture Notes in Physics, Berlin Sminyerlag,
Vol. 367, Progress of Seismology of the Sun and Stars, ed.SékiO&
H. Shibahashi, 283

Grevesse, N. & Noels, A. 1993, in Origin and Evolution of thiergents, ed.
N. Prantzos, E. Vangioni-Flam, & M. Casse, 15-25

Gruberbauer, M., Guenther, D. B., & Kallinger, T. 2012, Apd9, 109

Guédg, C., Lebreton, Y., Babusiaux, C., Haywood, M., &dD. 2013, A&A,
submitted

Havel, M., Guillot, T., Valencia, D., & Crida, A. 2011, A&A, &L, A3+

Hernandez, X., Gilmore, G., & Valls-Gabaud, D. 2000, MNRA%7, 831

Holmberg, J., Nordstrom, B., & Andersen, J. 2009, A&A, 5041

Houdek, G. & Gough, D. O. 2007, MNRAS, 375, 861

Iglesias, C. A. & Rogers, F. J. 1996, ApJ, 464, 943

Jargensen, B. R. & Lindegren, L. 2005, A&A, 436, 127

Kashyap, V. L., Drake, J. J., & Saar, S. H. 2008, ApJ, 687, 1339

Kawaler, S. D. 1988, ApJ, 333, 236

Kjeldsen, H. & Bedding, T. R. 1995, A&A, 293, 87

Kjeldsen, H., Bedding, T. R., & Christensen-Dalsgaard 008 ApJ, 683, L175

Koch, D. G., Borucki, W. J., Basri, G., et al. 2010, ApJ, 7139L

Kurucz, R. L. 1993, VizieR Online Data Catalog, 6039, 0

Lebreton, Y. 2012, in Astronomical Society of the Pacific €wence Series, Vol.

462, Progress in Sol@tellar Physics with Helio- and Asteroseismology, ed.

H. Shibahashi, M. Takata, & A. E. Lynas-Gray, 469

Lebreton, Y. 2013, in EAS Publications Series, Vol. 63, EABIRations Series,
123-133

Lebreton, Y. & Goupil, M. J. 2012, A&A, 544, L13

Lebreton, Y., Michel, E., Goupil, M. J., Baglin, A., & Ferndes, J. 1995, in
IAU Symposium, Vol. 166, Astronomical and Astrophysical j@ttives of
Sub-Milliarcsecond Optical Astrometry, ed. E. Hog & P. Kid&gmann, 135

Lebreton, Y. & Montalban, J. 2009, in IAU Symposium, Vol. 5IAU
Symposium, ed. E. E. Mamajek, D. R. Soderblom, & R. F. G. WMd8—~
430

Lebreton, Y., Montalban, J., Christensen-DalsgaardRadxburgh, I. W., &
Weiss, A. 2008, Ap&SS, 316, 187

Liu, C., Bailer-Jones, C. A. L., Sordo, R., et al. 2012, MNRAIS6, 2463

Ludwig, H.-G., Freytag, B., & Stéen, M. 1999, A&A, 346, 111

Mamajek, E. E. & Hillenbrand, L. A. 2008, ApJ, 687, 1264

Mamajek, E. E., Meyer, M. R., & Liebert, J. 2002, AJ, 124, 1670

Marques, J. P., Goupil, M. J., Lebreton, Y., et al. 2013, A&A9, A74

Mathur, S., Metcalfe, T. S., Woitaszek, M., et al. 2012, ApW), 152

Mazumdar, A. 2005, A&A, 441, 1079

Metcalfe, T. S., Chaplin, W. J., Appourchaux, T., et al. 204R2J, 748, L10

Michaud, G. & Prdiitt, C. R. 1993, in Astronomical Society of the Pacific

Conference Series, Vol. 40, IAU Collog. 137: Inside the Stad. W. W.
Weiss & A. Baglin, 246-259

Michel, E., Baglin, A., Auvergne, M., et al. 2008, Scienc223558

Miglio, A. & Montalban, J. 2005, A&A, 441, 615

Morel, P. & Lebreton, Y. 2008, Ap&SS, 316, 61

Morel, P. & Thévenin, F. 2002, A&A, 390, 611

Morel, T., Rainer, M., Poretti, E., Barban, C., & Boumier 2013, A&A, 552,
A42

Mosser, B., Michel, E., Belkacem, K., et al. 2013, A&A, 550126

Oti Floranes, H., Christensen-Dalsgaard, J., & Thompbd, 2005, MNRAS,
356, 671

Pace, G. 2013, A&A, 551, L8

Peimbert, M., Luridiana, V., & Peimbert, A. 2007, ApJ, 66866

Perryman, M. 2011, The Exoplanet Handbook

Pietrinferni, A., Cassisi, S., Salaris, M., & Castelli, B2, ApJ, 612, 168

Pont, F. & Eyer, L. 2004, MNRAS, 351, 487

Press, W. H., Teukolsky, S. A., Vetterling, W. T., & FlanneB. P. 2002,
Numerical recipes in €+ : the art of scientific computing

Rauer, H., Catala, C., Aerts, C., et al. 2013, ArXiv e-prints

Table A.1.Specifications of additional optimized models assum-
ing different prescriptions for the modelling.

Set Case Particularities Figure symbol
A 1-Y/2-Y Y =0.25/0.27 open red circle

A 1-20.550 Qcony = 0.550 open red square
A 1-0.826 cony = 0.826 open red diamond
A 1-0v0.30 aoy = 0.30 open red pentagon
A 1, 2a, 7vrad not plotted

A 5-allfreq - not plotted

A 6-nocorrel - not plotted

A 6-interR - not plotted

A 6, 7-ov optimized overshooting  not plotted

A 6, 7YM Yo-M degeneracy open red star

A 7-noSE no SE corrections not plotted

A 7-bSE4.9 solar SE corrections not plotted

A 7-pms - not plotted

A 7-rot rotation not plotted

Rogers, F. J. & Nayfonov, A. 2002, ApJ, 576, 1064

Roxburgh, I. W. 1992, A&A, 266, 291

Roxburgh, I. W. & Vorontsov, S. V. 1994, MNRAS, 268, 880

Roxburgh, I. W. & Vorontsov, S. V. 2003, A&A, 411, 215

Roxburgh, I. W. & Vorontsov, S. V. 2013, A&A, 560, A2

Scuflaire, R., Montalban, J., Théado, S., et al. 2008, AP&®R. 6, 149

Sestito, P. & Randich, S. 2005, A&A, 442, 615

Silva Aguirre, V., Basu, S., Brandao, |. M., et al. 2013, Apgd9, 141

Skumanich, A. 1972, ApJ, 171, 565

Soderblom, D. R. 2010, ARA&A, 48, 581

Soriano, M., Vauclair, S., Vauclair, G., & Laymand, M. 208&A, 471, 885

Tassoul, M. 1980, ApJS, 43, 469

Ulrich, R. K. 1986, ApJ, 306, L37

Valle, G., DellOmodarme, M., Prada Moroni, P. G., & Deghiocenti, S. 2014,

A&A, 561, A125

van Leeuwen, F., ed. 2007, Astrophysics and Space Sciemcary,i Vol. 350,
Hipparcos, the New Reduction of the Raw Data

VandenBerg, D. A. & Clem, J. L. 2003, AJ, 126, 778

Watson, A. 1998, Science, 279, 981

Zahn, J.-P. 1991, A&A, 252, 179

Appendix A: Models with different input physics or
optimization details

A.1. Optimization of set A models with alternate prescriptions

In the following, we present other optimization modelspalsed

on the reference physics of sét(Table[2). These models were
optimized following Tabld 13, but with dierent approaches or
choices of free parameters, as described below and listed in
Table[Al. The results of the models are listed in Tables A.2
andA3.

1. Casesl-Y/2-Y
As explained in the main text, in cases 1 and 2a, b, and c,
the initial helium conten¥ could not be adjusted because
of the lack of observational constraints. Here we investiga
the consequence of not derivitvgfrom theAY/AZ = 2 en-
richment law (as was done in cases 1 and 2 of Thble 3).
We sought a solution with the lowest possible initial he-
lium content, never lower than the primordial abundance.
These choices have an important impact on the results and
are therefore discussed in the main text. We point out that
in caseAl-Y it was possible to find a solution with a pri-
mordial helium abundance. This is because no seismic con-
straints were used in this case. On the other hand, in cases
A2a-Y, b-Y, and ¢-Y, we had to increase the helium abun-
dance above the primordial one because of the seismic con-
straints introduced, to find a solution that agreed with both
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the seismic and the classical observational constraings (w
found that models with low either have a too low tempera-
ture or a too high luminosity). 10.

. Casedl-a0.550,1-¢0.826

In case lacony could not be adjusted because of the lack of
observational constraints and, as often seen in papersothe
lar valueaconve Was used. Here, we investigated the impact
of other choices and we sought a solution for acceptable, ex-
treme values odon. Numerical 2-D simulations of convec-
tion suggest thatr.ony Might differ by a few tenths of dex
from the solar value (see e.g. Ludwig et al. 1999). We inves-
tigated changes af;qn, 0f 20 per cent around the solar value
that correspond teconymin = 0.550 andaconymax = 0.826.

of the dfects of rotation on HD 52265 will be presented in a
forthcoming paper.

Case7-noSEandcase7-bSE4.9.

As explained in the main text, in case 7, we corrected
the individual frequencies for the surfacffeets with the
Kijeldsen et al.|(2008) empirical prescription and calibcat
the bsg parameter in Eql_12 to achieve the best match
between observed and modelled frequencies. In model 7-
bSE4.9, we used the solar value b§g calibrated by
Kieldsen et al.|(2008) and found that the impact on the re-
sults is weak. In model 7-noSE, we did not correct frequen-
cies for the surfaceffects. The impact is strong, in particular
on age. This is discussed in the main text.

These choices have an important impact on the results aad Case7-pms.

are therefore discussed in the main text.

. Casedl-ov30

No overshooting was assumed in the reference models of
case 1. Here, to estimate its impact, we chose a rather High
value, i.e.aqy = 0.30. The impact on case 1 results is dis-
cussed in the main text.

. Casedl, 2, 7-vrad

In these models, the impact of mixing that results from
the radiative dtusivity associated with the kinematic radia-
tive viscosity is investigated. Following Morel & Théveni
(2002), we added an extra mixindfidision codicientd,yq =

Dr X vraq With Dr = 1 that limits gravitational settling in the
outer stellar layers of stars with thin convective envetope
As can be seen in Tablés_A.2 andA.3, the impact is weak
and is not discussed further.

. Caseb-allfreq

In the list of frequencies extracted by Ballot et al. (2011),
frequencies were given, of which 28 were flagged as sec

The main models were calculated by starting the computa-
tion at the zero-age main sequence. This model was evolved
from the pre-main sequence. The impact is weak.

Cases and7-ov.

In the models presented in the main text, overshooting was

either neglected (sefs-H, K) or fixed (setd, J). Since there

are enough observational constraints to add overshoatihg a
convective penetration as additional free parameterssesa

6 and 7, we considered this possibility here. We therefore
also optimized the values af,, andépc. As also discussed

in the main text, we found that low valuesaf, are favoured
(range 000-0.04) and rather high values &$c (range 090-

1.25). This latter result, related to the oscillatory behavio

of the frequencies, close to the convective envelope agrees
with the conclusions of Lebreton & Goupil (2012).

mé\az. Optimization with different input physics

In this model, we considered the 31 values and found thatthe following, we present optimization models based an th
the impact is weak and that the results remain inside the wifferent choices of input physics listed in Table 2. These mod-

certainty range we gave in the main text. els

For each optimization case, there are a range of initial
helium-mass doubletsY§, M) that provide seismically
equivalent optimized models. We investigated e— M
degeneracy by searching for optimized models witfedent
values ofYp andM. As discussed in the main text, the impact
on age is weak but a range of possible masses of HD 52265
is found.

. Case6-nocorrel

As explained in the main text, in case 6, we took into account
the correlations between the frequency separation ratios a
calculated theg? from Eq.[I3. In this model the correlations
are not considered and thé is evaluated from Eq._14. The
impact is weak and is not discussed further.

. Case6-interr

Roxburgh & Vorontsavi (2013) recently claimed that model-
fitting by searching for a best fit of observed and model sep-
aration ratios at the same radial ordeis incorrect, and that
the correct procedure is to compare the model ratios interpo
lated to the observed frequencies. We followed this recom-
mendation here. The impact is weak and the results remain
in the uncertainty range we gave in the main text.

. Case7-rot

As explained in the main text, rotation and itseets on the
transport of angular momentum and chemicals was treated
as inMarques et al. (2013), and we tuned kKpecodficient
that enters the treatment of magnetic braking by winds to
match the observed rotation period. The impact on age and
mass is weak for this rather evolved star. A thorough study

were optimized following Tablg 3. The results are lisited

Tables’A.4 an@ Al5. Discussions are found in the main text.
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Table A.2. Same as Tabléd 4, but forfEtrent optimization options (see Sédt. 3 and Tables A.1hnd 3)

Model Age (Gyr) M/Mg (Z/X)o Yo it o /épc bse  BselfsE XRassic/ XRseism
Al-Y 1.59+2.17 1.320.05 0.044#£0.0051 0.245 0.688 0.4m00 - - 10101 -
Al-al0.550 1.081.47 1.220.03 0.046%0.0066 0.309 0.550 0.qmoo0 - - 1410°%/ —
Al-al0.826 4280.78 1.150.01 0.047%0.0049 0.310 0.826 0.qmoo - - 4110° —
Al-ov0.3 3.0£1.35 1.18 0.03 0.048#£0.0054 0.312 0.688 0.AD00 - - 18107 —
Al-Renu 291130 1.180.04 0.048%0.0052 0.311 0.688 0.0m00 - - 97 10°%/ —
A2a-Renu 2.240.87 1.190.02 0.04880.0051 0.312 0.5860.096 0.00.00 - - 1510159 10*
A2aY 3.46:£0.95 1.240.01 0.04720.0040 0.270 0.6820.130 0.00.00 - - 33 10Y1810*
A2b-Y 4274+ 1.32 1.220.03 0.04650.0047 0.270 0.7440.148 0.000.00 55 -1.31.00 3610%1310*
A2c-Y 2.631.68 1.250.04 0.044£0.0046 0.270 0.6040.060 0.000.00 5.5 -3.31.00 5310%2310"
A5-allfreq 225030 1.240.04 0.046:0.0056 0.26%0.030 0.6980.081 0.00.00 - - 87107/3.310°3
A6-YM254 245%0.13 1.2920.01 0.04530.0027 0.2540.008 0.6820.032 0.000.00 - - 7310?%8.1 10"
A6-YM317 218 0.11 1.180.01 0.04820.0025 0.31#0.009 0.59%0.026 0.000.00 - - 67 10%/89 10"
AG-intrr 2.20:0.11 1.120.03 0.04940.0033 0.3240.017 0.603%0.031 0.00.00 - - 1910%8.6 10"
A6-nocorrel 2.280.21 1.2%0.04 0.049£0.0051 0.3020.024 0.59%0.052 0.0¢0.00 - - 1810%Y/7.2 10
A6-ov 232014 1.250.01 0.04810.0021 0.27#0.006 0.68£0.027 0.040.90 - - 20 10Y/7.8 10t
A7-bSE4.9 2.180.03 1.2 0.00 0.048#0.0006 0.2740.001 0.6030.004 0.000.00 4.9 -4.11.00 5310%181CF
A7-Renu 2.180.02 1.220.00 0.048920.0007 0.2740.001 0.5920.004 0.000.00 4.5 -4.71.00 4910%Y171C
A7-YM-noSE 2.9 0.03 1.24 0.00 0.062&0.0007 0.3060.001 0.72%0.005 0.0¢0.00 - - 33 10/6.8 1C°
AT7-ov 1.93:0.01 1.230.00 0.048%0.0007 0.2930.001 0.5640.003 0.0M1.25 3.6 -7.7..00 7810%221C
A7-YM-ov 2.15:0.03 1.230.00 0.048%0.0007 0.2820.001 0.5830.003 0.000.99 4.1 -5@.00 5710%181C7
A7-noSE 3.140.03 1.3@¢0.00 0.069@0.0008 0.2760.001 0.73%0.005 0.0¢0.00 - - 47 10/4.0 1@
A7-pms 2.180.02 1.240.00 0.04860.0006 0.2740.001 0.6030.004 0.000.00 3.8 -6.2.00 5210%171C¢
A7-YM244 2.14-0.02 1.320.00 0.046@0.0008 0.2440.001 0.58&0.004 0.000.00 4.5 -4.4.00 7710%161CQ
A7-YM260 2.18 0.03 1.28 0.00 0.046#0.0006 0.2680.001 0.5830.004 0.0f0.00 3.7 -6.4.00 5910%161CF
A7-YM300 2.14-0.01 1.2%0.00 0.04780.0006 0.3020.001 0.58%0.004 0.00.00 3.8 -7.3..00 1710%181C¢
A7-YM310 2.16:0.02 1.2¢ 0.00 0.04840.0004 0.31@0.001 0.5840.004 0.000.00 3.5 -8.2.00 1210%191CQ
A7-YM320 2.1%0.02 1.18&0.00 0.050%0.0004 0.3280.001 0.58%0.004 0.00.00 3.5 -8.3.00 1310%201C7
A7-YM335 2.150.02 1.15%0.00 0.049%0.0003 0.33%0.001 0.58%0.004 0.00.00 3.5 -2.M.00 2610%211C¢
A7-rot 2.1%0.03 1.2Z40.00 0.04880.0004 0.27%0.001 0.59%0.004 0.00.00 55 -3.3..00 1310/2.61C
Table A.3. Same as Tablég 5, but forfégrent optimization options (see Sddt. 3 and Tdbles A.1hnd 3)
Model Ter L [FeHl logg R (A  vmax (e (Moyid X 5% Mee  Re M, sini
(K] [Le] [dex] [dex] [Re] [wHz] [uHz] - - - - MJ] [R]  [Miupited
Al-Y 6116. 2.053 0.22 435 128 10745 2393. 0.091 0.033 0.49 0.0020 0.788 1.2¥0.04
Al-al0.550 6116. 2.053 0.22 431 128 101.88 2210. 0.097 50.030.51 2.0 0.016 0.836 1.20.04
Al-al0.826 6116. 2.053 0.22 429 128 101.09 2081. 0.053 00.030.16 2.0 0.047 0.713 1.18.03
Al-ov0.3 6116. 2.053 0.22 430 128 101.27 2131. 0.072 0.01143 02.0 0.140 0.769 1.x0D.04
Al-Renu 6116. 2.054 0.22 429 128 101.29 2125. 0.074 0.03328 02.0 0.029 0.769 1.%0.04
A2a-Renu 6046. 2.062 0.22 428 131 98.13 2064. 0.083 0.03535 02.0 0.023 0.806 1.19.03
A2aY 6012. 2.069 0.21 428 133 98.13 2096. 0.070 0.033 0.27 0.D240. 0.759 1.210.03
A2b-Y 6008. 2.070 0.21 428 133 98.13 2063. 0.060 0.032 0.21 0.D360. 0.731 1.280.04
A2c-Y 6001. 2.060 0.19 429 133 98.26 2106. 0.080 0.034 0.33 0.D100. 0.791 1.220.04
Ab-allfreq 6116. 2.053 0.22 433 128 105.37 2299. 0.083 3.030.39 05 0.007 0.778 1.28.04
A6-YM254 6074. 2.058 0.21 432 130 103.67 2263. 0.081 0.032 0.32 ©.005 0.777 1.240.03
A6-YM317 6068. 2.048 0.22 428 130 98.69 2087. 0.084 0.034 0.32 D.022 0.804 1.180.03
AG-intrr 6094. 2.060 0.22 429 129 99.07 2085. 0.083 0.034 340.24 0.026 0.802 1.%0.04
A6-nocorrel 6037. 2.054 0.23 428 131 98.29 2092. 0.083 40.030.35 1.7 0.020 0.799 1.19.04
A6-ov 6094. 2.039 0.26 432 128 104.20 2252. 0.082 0.032 0.6® 0.017 0.729 1.220.03
A7-bSE4.9 6019. 2.101 0.23 429 134 98.29 2123. 0.084 0.03439 00.8 0.014 0.800 1.23.03
A7-Renu 6013. 2.092 0.23 429 134 98.29 2125. 0.084 0.034 9 038 0.013 0.800 1.29.03
A7-YM-noSE 6069. 2.156 0.34 428 133 9830 2076. 0.070 0.030 029 0.046 0.754 1.240.03
AT7-ov 5989. 2.012 0.25 429 132 98.28 2112. 0.087 0.034 04B D.012 0.753 1.240.03
A7-YM-ov 5997. 2.030 0.25 429 132 98.28 2107. 0.085 0.034 0.38 1D.013 0.756 1.240.03
A7-noSE 5983. 2.114 0.39 429 136 98.33 2122. 0.070 0.030 1 036 0.041 0.745 1.26.03
A7-pms 6021. 2.101 0.23 429 133 98.29 2125. 0.084 0.034 0@8 0.013 0.800 1.280.03
A7-YM244 5958. 2.073 0.21 430 135 9829 2160. 0.086 0.033 0.4®» ©@.003 0.800 1.270.03
A7-YM260 5971. 2.048 0.21 429 134 98.28 2141. 0.085 0.033 0.4@ @©®.006 0.801 1.240.03
A7-YM300 6047. 2.067 0.21 429 131 98.28 2096. 0.084 0.034 0.37 1D0.017 0.806 1.260.03
A7-YM310 6047. 2.046 0.21 428 131 98.28 2087. 0.084 0.034 0.3® D.019 0.805 1.180.03
A7-YM320 6055. 2.038 0.23 428 130 98.28 2077. 0.084 0.034 0.383 2.023 0.804 1.170.03
A7-YM335 6090. 2.045 0.21 428 129 98.29 2058. 0.083 0.035 0.39 D.027 0.807 1.180.03
AT7-rot 6034. 2.124 0.28 429 134 9832 2121. 0.085 0.034 0.68 0.014 0.806 1.280.03

19



Y. Lebreton and M.J. GoupiI:A la carte” stellar age-dating and weighing with asteraseisgy

Table A.4. Same as Tabld 4, but forfEBrent input physics of the models (see Jéect. 3 and Tables[Z)and

Model  Age (Gyr) M/Mg (Z/X)o Yo it aov/épc bse  AseffsE XRgassic/ XRseism
Bl 2.62-1.22 1.180.03 0.04820.0053 0.311 1.762 0.0m00 - - 46 107/ —

B2a 1.8 0.85 1.2@0.02 0.04920.0054 0.312 1.4730.222 0.000.00 - - 18 10Y/6.2 104
B2b 2.180.78 1.19-0.02 0.049%0.0051 0.312 1.56£0.252 0.000.00 55 -4.8.00 1210%1.910*
B2c 2.18 055 1.190.01 0.049%0.0051 0.312 1.56£0.242 0.00.00 55 -48.00 2210%7910°
B3 19k 112 1.230.01 0.04820.0053 0.2920.019 1.5080.241 0.0¢0.00 - - 26 10°1/1.7 102
B4 2.06:0.24 1.120.02 0.05130.0047 0.3580.017 1.5420.096 0.00.00 5.5 -5.4.00 3210%7.0107
B5 2174 0.32 1.240.05 0.046#0.0061 0.2830.040 1.7690.229 0.000.00 - - 74 107/4.0 10°3
B6 2.26:0.12 1.240.02 0.047@0.0020 0.2820.009 1.57%0.065 0.000.00 - - 3010%Y8.3101
B7 2.49:0.02 1.230.00 0.04940.0005 0.2820.001 1.61%0.009 0.0¢0.00 3.5 -8.3.00 3210%1.81C¢

Ci 2.98:1.33 1.180.03 0.035&0.0038 0.296 0.688 0.4m00 - - 11109 -

C2a 3.221.08 1.180.02 0.03630.0037 0.297 0.6560.111 0.000.00 - - 10 101/9.8 10°°
C2b 1.64-0.67 1.220.02 0.03630.0053 0.297 0.5440.074 0.00.00 55 -50M.00 1410%Y6.210*
C2c 1.64-0.66 1.220.02 0.03630.0047 0.297 0.5440.083 0.00.00 5.5 -5M.00 1510%3610*
C3 256 1.18 1.230.03 0.03630.0038 0.28@0.023 0.60%0.092 0.000.00 - - 27 101/8.8 10
C4 2.22+ 0.27 1.14 0.02 0.038@0.0032 0.3380.016 0.58%0.048 0.000.00 5.5 -4.8.00 19103%2510°
C5 2.28:0.31 1.240.03 0.03460.0038 0.2720.019 0.67@0.075 0.000.00 - - 81 10%/25 103
C6 244+ 0.13 1.240.02 0.03620.0016 0.27%0.011 0.60&0.025 0.000.00 - - 24 101/8.3 101
Cc7 2.43:0.03 1.24 0.00 0.03580.0004 0.2720.001 0.5980.004 0.000.00 3.5 -7.4.00 291071510

D1 2.721.08 1.180.02 0.047&0.0055 0.310 0.688 0.0m00 - - 82107/ -

D2a 2.660.90 1.190.02 0.048%0.0051 0.311 0.6360.104 0.0¢0.00 - - 131021 106
D2b 1.7220.87 1.2%0.02 0.04920.0050 0.312 0.5660.114 0.000.00 55 -4.4.00 1510%Y1410°
D2c 2.09-1.02 1.2@0.02 0.04880.0052 0.312 0.5880.093 0.00.00 5.5 -3.4.00 2410%5010*
D3 2.0k 1.08 1.230.03 0.048#0.0068 0.3080.026 0.5740.083 0.000.00 - - 26 10°1/1.6 102
D4 2.03:0.24 1.140.02 0.05010.0049 0.3480.017 0.5820.040 0.00.00 55 -4.4.00 5610%6.210°
D5 2.08:0.25 1.180.06 0.04840.0050 0.3220.045 0.62@0.159 0.000.00 - - 42 10°5/7.6 1073
D6 2.280.12 1.230.02 0.04520.0017 0.28#0.008 0.58&0.022 0.0(0.00 - - 3910%Y8.110°
D7 2.05: 0.02 1.230.00 0.048%0.0007 0.292Z0.001 0.5940.004 0.000.00 4.3 -5.3.00 30107%/201C¢

El 450:1.70 1.130.06 0.040%0.0046 0.302 0.688 0.0m00 - - 56 1073/ —

E2a 146099 1.2%0.02 0.04040.0046 0.302 0.4660.082 0.000.00 - - 19 10%/3.9 10*
E2b 1.26:0.89 1.2 0.02 0.040%0.0046 0.302 0.4790.085 0.00.00 55 -5.7..00 8810%6.110*
E2c 1.96-1.06 1.190.02 0.040&0.0046 0.302 0.510.072 0.00.00 55 -511.00 1810%22103
E3 1.6+ 1.44 1.220.03 0.040&0.0046 0.2980.025 0.48&0.093 0.000.00 - - 26 101/2.5 102
E4 1.7%:0.28 1.220.02 0.04160.0047 0.2910.018 0.51%0.034 0.000.00 55 -4.91.00 171012210

E5 2.330.40 1.240.04 0.04060.0047 0.2620.023 0.633%0.093 0.000.00 - - 2010%/3.310°
E6 2.46:£0.08 1.190.01 0.04620.0018 0.3020.004 0.59%0.027 0.000.00 - - 58 10°1/9.4 10!
E7 1.70:0.01 1.230.00 0.041%0.0007 0.28%0.001 0.5060.003 0.00.00 3.8 -9.0.00 4310%7.110

F1 2.851.18 1.180.02 0.04820.0052 0.311 2.000 0.0m00 - - 1510°% —

F2a 352096 1.140.01 0.04820.0052 0.311 2.057/0.472 0.000.00 - - 67 10%/1.2 102
F2b 2.380.93 1.190.02 0.049%0.0050 0.312 1.7320.342 0.00.00 55 -4.11.00 1210Y/6.7 1072
F2c 3.33% 091 1.140.02 0.0488&0.0050 0.312 2.0080.331 0.00.00 5.5 -271.00 2010%1.110°
F3 1.06£1.13 1.230.02 0.048#0.0079 0.3110.027 1.39%£0.270 0.000.00 - - 26 10'Y/1.5 10?2
F4 2.08: 0.25 1.130.02 0.05080.0043 0.3580.016 1.6740.142 0.000.00 55 -4.8.00 1910%8.510°
F5 2174031 1.250.05 0.04660.0061 0.28%30.035 1.95%0.244 0.000.00 - - 11 10%/4.0 10
F6 229 0.13 1.250.02 0.04560.0017 0.27#0.007 1.69@0.090 0.0(0.00 - - 41 101/8.2 101
F7 2.670.02 1.18 0.00 0.047#£0.0004 0.3180.001 1.8480.013 0.000.00 3.5 -7.2..00 27107%221C¢

Gl 2.94¢1.33 1.18&0.03 0.048&0.0057 0.312 0.688 0.0m00 - - 40107/ -

G2a 1.320.84 1.220.02 0.05020.0088 0.313 0.510.073 0.000.00 - - 231015103
G2b 1.2 059 1.220.02 0.04940.0186 0.312 0.510.050 0.00.00 5.5 -5.21.00 1410%4310*
G2c 25099 1.190.02 0.04990.0051 0.313 0.6080.093 0.00.00 55 -3.71.00 2010%1.7103
G3 1.12:1.15 1.220.00 0.05020.0239 0.3120.035 0.493%0.115 0.000.00 - - 26 101/2.0 102
G4 2.09: 0.25 1.130.02 0.05080.0056 0.3480.021 0.5830.028 0.000.00 3.8 -8.5.00 751073/6.4101
G5 2.17#0.31 1.250.04 0.04720.0059 0.28%20.033 0.66#£0.082 0.0(0.00 - - 39107/4.2 1073
G6 2.33:0.12 1.260.02 0.047#0.0023 0.2740.010 0.59%0.019 0.000.00 - - 36 10%8.010°
G7 2.16: 0.02 1.2Z0.00 0.04740.0007 0.2730.001 0.5880.004 0.000.00 4.0 -5.7..00 42107%/1.71C¢

H1 2.90:1.77 1.180.04 0.04830.0063 0.311 0.688 0./m00 - - 74108 —

H2a 1.630.86 1.2%0.02 0.04940.0055 0.312 0.5340.087 0.000.00 - - 2 10Y4.710*
H2b 1.840.78 1.2@-0.02 0.049%0.0052 0.312 0.5620.096 0.00.00 55 -4/.00 1210%5010*
H2c 2.12-0.98 1.2@0.02 0.04920.0052 0.312 0.5820.087 0.00.00 55 -4.11.00 2210%9.410*
H3 1.80:1.14 1.230.01 0.04980.0053 0.30%10.020 0.55@0.097 0.000.00 - - 26 10'Y/1.7 102
H4 2.09: 0.25 1.130.02 0.05090.0045 0.3420.016 0.5830.040 0.000.00 5.5 -4.71.00 15107%1.610°
H5 2174 0.34 1.250.06 0.046#0.0066 0.28@0.048 0.67%0.110 0.000.00 - - 14 10%/4.0 103
H6 2.29-0.12 1.240.02 0.048%0.0023 0.2720.010 0.60%0.021 0.000.00 - - 41101/8.1 101
H7 2.19:0.02 1.220.00 0.04860.0007 0.2720.001 0.5980.004 0.000.00 4.3 -5M.00 46101710

11 295 1.23 1.180.03 0.0485%0.0053 0.311 0.688 0.1&:00 - - 332107 -
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Table A.4. continued.

Model Age (Gyr) M/M@ (Z/X)o Yo amit Aoy / fpc bSE ase/l'se Xé C|aSSiC/X§ seism
12a 2490.85 1.190.02 0.04940.0051 0.312 0.6620.096 0.10.00 - - 1310157 10

12b 1.85%0.77 1.26:0.02 0.04920.0055 0.312 0.5660.094 0.10.00 55 -4E.00 1310%/4810*
12c 2.0A40.97 1.26¢0.02 0.04940.0058 0.312 0.5780.084 0.10.00 55 -42.00 2410199 10*
13 1.99: 1.33 1.230.03 0.049@0.0053 0.2920.023 0.5640.092 0.10.00 - - 26 101/1.5 1072
14 2.080.24 1.180.02 0.049#0.0049 0.3220.016 0.57#0.038 0.10.00 55 -4.3.00 80107%9.310*
15 2.03:0.37 1.320.02 0.04250.0047 0.2040.004 0.703%0.121 0.10.00 - - 21085 10?
16 222-0.11 1.260.01 0.04820.0024 0.3020.006 0.59%0.029 0.10.00 - - 2910%45 10

17 2.17%0.02 1.2%#0.00 0.04880.0007 0.2740.001 0.5960.004 0.10.00 4.4 -48.00 4710%Y3.01C

J1 3.021.39 1.180.03 0.048%£0.0056 0.311 0.688 1.Am00 - - 7010% —

J2a 1.660.85 1.2%0.02 0.049%0.0066 0.313 0.5320.082 1.80.00 — - 211058 104
J2b 1.730.74 1.2%0.02 0.04920.0061 0.312 0.5480.089 1.80.00 55 -4.8.00 1410%4110*
J2c 2.06:0.91 1.2@¢0.02 0.049%0.0070 0.312 0.540.078 1.8(0.00 55 -4.4.00 2510%Y4.710*
J3 1.99: 0.95 1.230.01 0.04930.0057 0.3030.019 0.5680.099 1.80.00 - - 26 10Y/1.4 1072
J4 2.02:0.22 1.130.02 0.051%#0.0048 0.3560.015 0.5690.041 1.8(0.00 55 -511.00 55107/1.210°
J5 0.8G: 0.24 1.430.07 0.04420.0052 0.2020.048 0.8980.282 1.8(0.00 - - 5310%/6.8 1¢°

J6 1.73:0.09 1.2%0.02 0.05280.0022 0.31%0.008 0.58%0.020 1.8(0.00 - - 2410Y83 10

J7 2.020.01 1.230.00 0.04820.0008 0.2960.001 0.56&0.003 1.8¢0.00 4.2 -6.8.00 3110%551C0

K1 284122 1.140.03 0.04480.0049 0.307 0.688 0.0D30 - - 1210° -

K2a 243 0.86 1.180.02 0.04520.0049 0.307 0.6060.095 0.001.30 - - 151011 10°%
K2b 1.7 0.74 1.260.02 0.04580.0052 0.307 0.54/0.093 0.041.30 55 -4.7..00 1310%4.810*
K2c 232096 1.120.02 0.04560.0049 0.307 0.5920.090 0.01.30 5.0 -4.7.00 2410'5.410*
K3 21%1.06 1.220.02 0.04580.0049 0.2920.019 0.57%0.109 0.0M.30 - - 27 10%/1.2 1072
K4 2.12:0.24 1.120.02 0.04640.0044 0.3470.016 0.57#0.044 0.00.30 55 -4.7..00 1310°%1610°
K5 2.180.31 1.250.03 0.04380.0050 0.27%0.023 0.6820.075 0.0M..30 - - 3210°%1610°
K6 1.92: 0.07 1.240.01 0.04820.0014 0.2920.003 0.6030.012 0.0M.30 - - 14 1¢%/8.9 10!

K7 2.14-0.01 1.220.00 0.04940.0006 0.3030.001 0.5920.003 0.041.30 3.8 -6.5.00 611012710
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Table A.5. Same as Tablg 5, but forfeiérent input physics of the models (see Séct. 3 and Tables[Z)and

22

Model T L [FeH] logg R (Av) Vmax  (fo2) (o100 Xo &% Rec Rec M, sini
[K] [Le]l] [dex] [dex] [Ro] [wHz] [uHZ] - - - -  RJ [R]  [Mjupied

Bl 6116. 2.053 0.22 430 1.28 101.45 2138. 0.078 0.034 0.31 2027 0.779 1.180.03
B2a 6038. 2.064 0.22 428 1.32 98.13 2072. 0.088 0.035 0.40 2.020 0.821 1.190.03
B2b 6053. 2.063 0.22 428 1.31 98.13 2073. 0.084 0.034 0.36 2023 0.806 1.180.03
B2c 6053. 2.063 0.22 428 1.31 98.21 2073. 0.084 0.034 0.36 2023 0.806 1.180.03
B3 6022. 2.066 0.22 428 1.32 98.14 2087. 0.087 0.034 0.40 1.©170 0.815 1.280.03
B4 6116. 2.054 0.22 427 1.28 98.14 2028. 0.084 0.035 0.33 3.4340 0.812 1.140.03
B5 6116. 2.053 0.22 432 1.28 104.12 2250. 0.084 0.033 0.38 DD11 0.786 1.220.05
B6 6016. 2.062 0.21 429 1.32 98.28 2109. 0.084 0.034 0.37 1.D130 0.802 1.240.03
B7 6012. 2.046 0.23 429 1.32 98.28 2099. 0.081 0.034 0.34 1.®190 0.792 1.240.03
Ci1 6116. 2.053 0.22 430 1.28 101.39 2139. 0.104 0.034 0.26 2011 0.784 1.180.04
Cz2a 6057. 2.062 0.22 428 1.31 98.13 2054. 0.074 0.035 0.24 2016 0.785 1.1¥0.03
C2b 6048. 2.063 0.22 429 131 98.14 2111. 0.091 0.035 0.43 2007 0.837 1.260.03
C2c 6048. 2.063 0.22 429 131 98.20 2112. 0.091 0.035 0.43 2007 0.837 1.260.03
C3 6021. 2.066 0.22 428 1.32 98.14 2088. 0.081 0.034 0.31 1.9040 0.807 1.240.04
C4 6108. 2.055 0.22 428 1.28 98.13 2046. 0.084 0.036 0.32 3.©180 0.819 1.1%0.03
C5 6117. 2.053 0.22 432 1.28 103.73 2244. 0.083 0.033 0.34 DOO0 0.798 1.240.04
C6 6024. 2.062 0.23 429 1.32 98.45 2119. 0.083 0.034 0.33 1.D030 0.807 1.240.03
C7 6013. 2.053 0.22 429 1.32 98.27 2118. 0.083 0.034 0.33 1.0010 0.808 1.220.03
D1 6116. 2.053 0.22 430 1.28 101.73 2143. 0.075 0.032 0.32 2043 0.769 1.180.03
D2a 6051. 2.063 0.22 428 1.31 98.13 2060. 0.077 0.032 0.33 D2.044 0.782 1.180.03
D2b 6050. 2.068 0.22 429 131 98.14 2093. 0.089 0.034 0.43 2036 0.818 1.190.03
D2c 6049. 2.065 0.22 428 1.31 98.20 2080. 0.084 0.034 0.39 2040 0.804 1.1€90.03
D3 6022. 2.066 0.22 428 1.32 98.14 2087. 0.086 0.034 0.41 1.6©340 0.808 1.280.04
D4 6103. 2.056 0.22 428 1.29 98.13 2039. 0.084 0.033 0.36 3.2490 0.808 1.180.03
D5 6115. 2.053 0.22 429 1.28 100.74 2128. 0.084 0.033 0.38 2440 0.798 1.1¥0.05
D6 6020. 2.058 0.19 429 1.32 98.31 2100. 0.083 0.034 0.39 1.®300 0.800 1.240.03
D7 6047. 2.091 0.22 429 1.32 98.30 2102. 0.085 0.033 0.41 19360 0.803 1.240.03
E1l 6103. 2.051 0.22 427 1.28 99.04 2030. 0.063 0.040 0.00 2.@320 0.756 1.140.05
E2a 6036. 2.064 0.22 428 1.32 98.13 2073. 0.095 0.035 0.46 2007 0.861 1.190.03
E2b 6062. 2.061 0.22 429 1.30 98.14 2114. 0.096 0.035 0.48 2008 0.859 1.190.03
E2c 6069. 2.062 0.22 429 1.30 98.20 2091. 0.089 0.035 0.38 2005 0.839 1.180.03
E3 6023. 2.065 0.22 428 1.32 98.14 2086. 0.092 0.035 0.44 19040 0.850 1.2080.04
E4 6044. 2.063 0.23 429 131 98.17 2108. 0.090 0.035 0.41 1.9040 0.838 1.260.03
E5 6116. 2.053 0.22 432 128 103.98 2251. 0.083 0.033 0.34 @DOO 0.799 1.220.04
E6 6107. 2.098 0.28 429 1.30 99.19 2096. 0.082 0.035 0.32 2.0160 0.810 1.180.03
E7 6015. 2.019 0.23 429 131 98.37 2127. 0.091 0.034 0.43 1.4030 0.839 1.280.03
F1 6116. 2.053 0.22 429 1.28 101.37 2128. 0.075 0.033 0.29 2028 0.771 1.1¥0.03
F2a 6069. 2.061 0.22 428 1.30 98.13 2043. 0.066 0.033 0.23 D039 0.751 1.160.03
F2b 6054. 2.063 0.22 428 1.31 98.14 2067. 0.081 0.034 0.33 2024 0.798 1.180.03
F2c 6071. 2.084 0.22 427 1.31 98.17 2035. 0.069 0.034 0.24 2038 0.759 1.1¥0.03
F3 6022. 2.065 0.22 428 1.32 98.14 2087. 0.097 0.035 0.51 2.0170 0.852 1.2680.03
F4 6108. 2.055 0.22 427 1.28 98.13 2034. 0.084 0.035 0.33 3.»330 0.811 1.140.03
F5 6116. 2.053 0.22 432 1.28 104.16 2251. 0.083 0.033 0.38 DM11 0.786 1.220.04
F6 6009. 2.061 0.19 429 1.33 98.28 2110. 0.083 0.034 0.37 0.9100 0.802 1.220.03
F7 6085. 2.097 0.21 428 1.31 98.29 2061. 0.077 0.034 0.30 2.0270 0.786 1.180.03
Gl 6116. 2.053 0.22 429 1.28 101.33 2126. 0.073 0.033 0.28 2030 0.767 1.1¥0.04
G2a 6029. 2.065 0.22 428 1.32 98.14 2080. 0.093 0.035 0.46 D019 0.838 1.2680.03
G2b 6049. 2.064 0.22 429 131 98.14 2113. 0.095 0.035 0.48 2018 0.842 1.260.03
G2c 6056. 2.063 0.22 428 1.31 98.19 2064. 0.080 0.034 0.32 2026 0.792 1.180.03
G3 6022. 2.066 0.22 428 1.32 98.14 2086. 0.096 0.035 0.49 2.0190 0.849 1.2600.03
G4 6114. 2.055 0.21 428 1.28 98.30 2046. 0.084 0.035 0.34 3.»330 0.811 1.140.03
G5 6116. 2.054 0.22 432 1.28 104.10 2251. 0.083 0.033 0.38 DM12 0.787 1.220.04
G6 6010. 2.073 0.21 429 1.33 98.29 2122. 0.083 0.034 0.37 0.8120 0.798 1.2280.03
G7 6007. 2.080 0.21 429 1.33 98.28 2128. 0.085 0.034 0.39 0.p110 0.804 1.2280.03
H1 6116. 2.054 0.22 429 128 101.32 2126. 0.074 0.033 0.28 230 0.769 1.1¥0.04
H2a 6035. 2.065 0.22 428 1.32 98.13 2075. 0.090 0.035 0.43 2019 0.828 1.190.03
H2b 6053. 2.062 0.22 428 1.31 98.14 2087. 0.087 0.034 0.39 2020 0.817 1.190.03
H2c 6054. 2.064 0.22 428 1.31 98.20 2077. 0.084 0.034 0.36 2022 0.807 1.180.03
H3 6022. 2.066 0.22 428 1.32 98.14 2086. 0.089 0.034 0.41 18170 0.820 1.280.03
H4 6109. 2.054 0.22 428 1.28 98.13 2036. 0.084 0.035 0.33 3.2320 0.810 1.140.03
H5 6116. 2.053 0.22 432 1.28 104.17 2253. 0.083 0.033 0.38 DM11 0.786 1.220.05
H6 6014. 2.086 0.22 429 1.33 98.38 2125. 0.083 0.034 0.38 0.8130 0.797 1.280.03
H7 6011. 2.089 0.23 429 1.34 98.29 2125. 0.084 0.034 0.39 0.9130 0.800 1.2280.03
11 6116. 2.053 0.22 429 128 101.29 2127. 0.072 0.021 0.38 2088 0.769 1.1¥0.03
12a 6050. 2.063 0.22 428 1.31 98.13 2061. 0.078 0.024 0.42 2086 0.796 1.180.03
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Model  Teq L [FeHl logg R (&) vmax (T2 (foyi0) X & Mee  Re M, sini
(Kl [Le] [dex] [dex] [Ro] [uHz] [uHZ] - MJ]  [RI  [Moupied

2b 6051. 2.063 0.22 428 1.31 98.14 2089. 0.087 0027 048 D082 0818 1.190.03
12c 6053. 2.064 0.22 428 131 9819 2080. 0.084 0.026 046 BDO83 0.810 1.180.03
13 6022. 2.066 022 428 132 9814 2087. 0.085 0.027 0.48 1.6780 0.813 1.280.04
14 6065. 2.062 0.22 428 1.30 98.14 2072. 0.083 0.026 0.45 2.9860 0.810 1.180.03
15 6044. 2.066 0.20 434 131 106.11 2392. 0.086 0031 049 @O00 0.775 1.320.04
16 6041. 2.020 0.22 429 1.30 99.37 2119. 0.082 0.026 0.46 1.p780 0.801 1.190.03
17 6011. 2.090 0.23 429 1.34 9830 2126. 0.083 0.027 0.49 0.8710 0.801 1.230.03
J1 6116. 2.053 022 430 128 10135 2130. 0071 0012 042 Dd25 0.769 1.1%0.04
J2a 6031. 2.065 0.22 428 132 9813 2078. 0.090 0.024 052 DQa21 0.829 1.260.03
J2b 6048. 2.061 0.22 429 131 98.14 2097. 0.089 0.023 051 BDA21 0.824 1.190.03
J2c 6051. 2.063 0.22 428 131 9819 2085 0.085 0.021 049 DA22 0.812 1.190.03
J3 6022. 2.066 0.22 428 1.32 9814 2087. 0.086 0.022 051 1.4190 0.815 1.280.03
Ja4 6116. 2.053 0.22 428 1.28 9813 2037. 0.084 0.020 0.44 3.4340 0.817 1.140.03
J5 6228. 2.022 024 442 122 12050 2807. 0.097 0031 070 @O85 0.760 1.340.05
J6 6081. 2.057 0.26 430 1.29 100.14 2149. 0.089 0023 051 2A22 0.813 1.260.03
J7 6014. 2.039 0.22 429 132 9828 2113. 0.086 0.022 051 1160 0.811 1.20.03
K1 6116. 2.054 022 429 128 10154 2124. 0076 0034 029 D021 0.687 1.1¥0.04
K2a  6046. 2.063 022 428 131 9813 2064. 0.086 0.034 037 D015 0746 1.180.03
K2b ~ 6051. 2.064 022 428 1.31 9814 2085 0.090 0.035 0.42 2014 0762 1.1980.03
K2c ~ 6055. 2.062 0.22 428 131 9820 2063. 0.082 0.034 0.34 2018 0.740 1.180.03
K3 6022. 2.066 0.22 428 1.32 9814 2087. 0.086 0.034 0.39 1.40110 0.744 1.280.03
K4 6109. 2.054 0.22 427 128 9813 2025. 0.084 0.035 0.33 3.40270 0.745 1.140.03
K5 6116. 2.053 0.22 432 1.28 104.40 2247. 0.083 0.033 0.38 D007 0.700 1.220.04
K6 6061. 2.121 026 429 132 9846 2111. 0.086 0.034 040 1.40180 0.745 1.220.03
K7 6011. 2.033 0.26 428 1.32 9831 2089. 0.084 0.034 0.37 1.0170 0.727 1.280.03
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