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ABSTRACT

Context. The detection with CoRoT of solar-like oscillations in nearly 800 red giants in the first 150-days long observational run
paves the way for detailed studies of populations of galactic-disk red giants.
Aims. We investigate which information on the observed population can be recovered by the distribution of the observed seismic
constraints: the frequency of maximum oscillation power (νmax) and the large frequency separation (∆ν).
Methods. We propose to use the observed distribution of νmax and of ∆ν as a tool for investigating the properties of galactic red-giant
stars through comparison with simulated distributions based on synthetic stellar populations.
Results. We can clearly identify the bulk of the red giants observed by CoRoT as red-clump stars, i.e. post-flash core-He-burning
stars. The distribution of νmax and of ∆ν gives us access to the distribution of the stellar radius and mass, and thus represent a most
promising probe of the age and star formation rate of the disk, and of the mass-loss rate during the red-giant branch.
Conclusions. CoRoT observations are supplying seismic constraints for the most populated class of He-burning stars in the galactic
disk. This opens a new access gate to probing the properties of red-giant stars that, coupled with classical observations, promises to
extend our knowledge of these advanced phases of stellar evolution and to add relevant constraints to models of composite stellar
populations in the Galaxy.

Key words. stars: fundamental parameters – stars: horizontal-branch – stars: mass-loss – stars: oscillations – galaxy: disk –
galaxy: stellar content

1. Introduction

The CoRoT satellite (Baglin & Fridlund 2006) is providing high-
precision, long, and uninterrupted photometric monitoring of
thousands of stars in the fields primarily dedicated to the search
for exoplanetary systems (EXOField). These observations reveal
a wealth of information on the properties of solar-like oscilla-
tions in a large number of red giants (see De Ridder et al. 2009),
i.e. their oscillation frequency range, amplitudes, lifetimes, and
nature of the modes (radial as well as non-radial modes were
detected). The goldmine of information represented by this de-
tection is currently being exploited.

As described in detail by Hekker et al. (2009), about 800
solar-like pulsating red giants were identified in the field of the
first CoRoT 150-day long run in the direction of the galactic cen-
tre (LRc01). Hekker et al. (2009) searched for the signature of
a power excess due to solar-like oscillations in all stars brighter
than mV = 15 in a frequency domain up to 120 µHz. They find

⋆ The CoRoT space mission was developed and is operated by the
French space agency CNES, with the participation of ESA’s RSSD and
Science Programmes, Austria, Belgium, Brazil, Germany, and Spain.
⋆⋆ Postdoctoral Researcher, Fonds de la Recherche Scientifique –
FNRS, Belgium.

that the frequency corresponding to the maximum oscillation
power (νmax) and the large frequency separation of stellar pres-
sure modes (∆ν) are non-uniformly distributed. The distributions
of νmax and ∆ν shows single dominant peaks located at ∼30 µHz
and ∼4 µHz, respectively. The corresponding histograms are also
shown in the lower panels of Figs. 3 and 5. We note, however,
that the detection of solar-like pulsations as in the low-frequency
end (νmax <∼ 20 µHz) is compromised by the long-period trends,
the activity, and granulation signal. We should therefore regard
the observed distribution at the lowest frequencies as strongly
biased (see Hekker et al. 2009).

In this work we focus on the simplest and most robust seis-
mic constraints provided by the observations, νmax and ∆ν, and
on the information they supply on the stellar parameters. As
suggested by Brown et al. (1991), νmax is expected to scale as
the acoustic cutoff frequency of the star, which defines an upper
limit to the frequency of acoustic oscillation modes. Following
Kjeldsen & Bedding (1995) and rescaling to solar values, νmax
can be expressed as

νmax =
M/M⊙

(R/R⊙)2
√

Teff/5777 K
3050 µHz. (1)
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Fig. 3. Histogram showing the comparison between the νmax distribution
of the observed (lower panel) and simulated populations of red giants:
T1 (upper panel) and T2 (middle panel), where the effect of a recent
burst in the star formation rate is considered (see Sect. 4).
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Fig. 4. Upper panel: HR diagram showing the position of stars in the
population T1 with 20 µHz < νmax < 50 µHz. The radius distribu-
tion of these stars has a mean of 11.2 R⊙ with a standard deviation of
1.5 R⊙. Lower panel: the mass distribution of the subpopulation in the
upper panel is represented by full bars, whereas empty bars illustrate
the mass distribution of their progenitors.

20 µHz < νmax < 50 µHz. This lets us identify the dominant
peak in the distribution as due to red-clump stars, i.e. low-mass
stars with actual masses 0.8 <∼ M/M⊙ <∼ 1.8 (see the lower panel
of Fig. 4), which are in the core He-burning phase after having
developed an electron-degenerate core during their ascent on the
RGB and passed the He-flash. This conclusion is also fully sup-
ported by the comparison between the observed and theoretical
distribution of ∆ν, as shown in Fig. 5.

A clearer relation between the νmax distribution and the prop-
erties of the population can be inferred from Fig. 6:

– stars with νmax <∼ 20 µHz are predominantly high-luminosity,
low-mass stars ascending the giant branch;
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Fig. 5. Histogram showing the comparison between the ∆ν distribution
of the observed (lower panel) and simulated populations of red giants:
T1 (upper panel) and T2 (middle panel).
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Fig. 6. νmax vs. log L/L⊙ for each star in the T1 population. The mass of
the star is colour-coded (see colour bar on the right).

– in the νmax domain between 20 µHz and 110 µHz we can dis-
tinguish the dominant contribution of red-clump stars, burn-
ing helium at a nearly constant luminosity (log L/L⊙ ≃ 1.7,
and νmax in the 20–40 µHz range), and that of stars with
1.8 <∼ M/M⊙ <∼ 2.5. The latter populate the slightly less lu-
minous (1.5 <∼ log L/L⊙ <∼ 1.8) secondary clump (Girardi
1999), and have higher νmax (40 µHz! νmax ! 110 µHz);

– the very few stars with even higher masses (M/M⊙ " 2.5)
have larger radii and thus smaller νmax (<∼70 µHz);

– only a negligible fraction of stars in the population have
νmax " 110 µHz, a domain populated exclusively by low-
mass, low-luminosity RGB stars.

This leads to the existence of a maximum value of νmax
(≃110 µHz) for stars in the long-lived core-He-burning phase.

We note that the robustness of these results has been
successfully checked by using different synthetic population
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peak in the distribution as due to red-clump stars, i.e. low-mass
stars with actual masses 0.8 <∼ M/M⊙ <∼ 1.8 (see the lower panel
of Fig. 4), which are in the core He-burning phase after having
developed an electron-degenerate core during their ascent on the
RGB and passed the He-flash. This conclusion is also fully sup-
ported by the comparison between the observed and theoretical
distribution of ∆ν, as shown in Fig. 5.
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tinguish the dominant contribution of red-clump stars, burn-
ing helium at a nearly constant luminosity (log L/L⊙ ≃ 1.7,
and νmax in the 20–40 µHz range), and that of stars with
1.8 <∼ M/M⊙ <∼ 2.5. The latter populate the slightly less lu-
minous (1.5 <∼ log L/L⊙ <∼ 1.8) secondary clump (Girardi
1999), and have higher νmax (40 µHz! νmax ! 110 µHz);

– the very few stars with even higher masses (M/M⊙ " 2.5)
have larger radii and thus smaller νmax (<∼70 µHz);

– only a negligible fraction of stars in the population have
νmax " 110 µHz, a domain populated exclusively by low-
mass, low-luminosity RGB stars.

This leads to the existence of a maximum value of νmax
(≃110 µHz) for stars in the long-lived core-He-burning phase.
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1. Stellar models and asteroseismology 



Grids of stellar models

Extreme grids    -   ΔY/ΔZ ⇒ negligible effect on age 

                               -   lMLT (1.50-1.98) ⇒ Age bias 20-30 %  
                               -   Diffusion ⇒ Age bias 40 % 
                               -   αe-m ⇒ Age bias  - 7 % (α=0.2) 

                                                               - 13 %  (α=0.4)                                                                               

Garstec grids   -   X, Z, M, Te, L, Δν, νmax 
              M ⇒ ± 5.5 % 

R ⇒ ± 2.2 % 
Age ⇒ 25 % 

                                                                                     

M ⇒ ± 3.3 % 
R ⇒ ± 1.1 % 
Age ⇒ 15 %

, ν

Pisa stellar models    -   X, Z, M, Te, L, Δν, νmax 
              M ⇒ ± 4.5 % 

R ⇒ ± 2.2 % 
Age ⇒ -35 +42 % 

Fe/H ⇒ 40 % of the error budget                                                                                      

Dwarfs

But … internal errors
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Table 3. Summary of the different cases considered for the modelling of HD 52265.

Case Observed Adjusted Fixed
1 Teff , L, [Fe/H] A, M, (Z/X)0 αconv, Y0
2a, b, c Teff , L, [Fe/H], ⟨∆ν⟩ A, M, (Z/X)0, αconv Y0
3 Teff , L, [Fe/H], ⟨∆ν⟩, νmax A, M, (Z/X)0, αconv, Y0 –
4 Teff , L, [Fe/H], ⟨∆ν⟩, ⟨d02⟩ A, M, (Z/X)0, αconv, Y0 –
5 Teff , L, [Fe/H], ⟨r02⟩, ⟨rr01/10⟩ A, M, (Z/X)0, αconv, Y0 –
6 Teff , L, [Fe/H], r02(n), rr01/10(n) A, M, (Z/X)0, αconv, Y0 –
7 Teff , L, [Fe/H], νn,ℓ A, M, (Z/X)0, αconv, Y0 –

Notes. A and M stand for age and mass.

– Solar mixture: we adopted the canonical GN93 mixture
(Grevesse & Noels 1993) as the reference, but considered
the AGSS09 solar mixture (Asplund et al. 2009) in set C. The
GN93 mixture (Z/X)⊙ ratio is 0.0244, while the AGSS09 mix-
ture corresponds to (Z/X)⊙ = 0.0181.

– Stellar chemical composition: the mass fractions of hy-
drogen, helium and heavy elements are denoted by X, Y,
and Z respectively. The present (Z/X) ratio is related to
the observed [Fe/H] value through [Fe/H] = log(Z/X) −
log(Z/X)⊙. We took a relative error of 11 per cent on (Z/X)⊙
(Anders & Grevesse 1989). The initial (Z/X)0 ratio is derived
from model calibration, as explained below.
For the initial helium abundance Y0 we considered different
possibilities. When enough observational constraints were
available, the value of Y0 was derived from the optimization
of the models. When too few observational constraints were
available, the value of Y0 had to be fixed. For the reference
model, we derived it from the helium-to-metal enrichment
ratio (Y0 − YP)/(Z0 − ZP) = ∆Y/∆Z, where YP and ZP are
the primordial abundances. We adopted YP = 0.245 (e.g.
Peimbert et al. 2007), ZP = 0. and, ∆Y/∆Z ≈ 2, this lat-
ter from a solar model calibration in luminosity and radius.
Other choices for Y0 are considered in the study and pre-
sented in Appendix A.

– Miscellaneous: the impact of several alternate prescriptions
for the free parameters is investigated and described in
Appendix A.

3.2. Calculation of oscillation frequencies

We used the Belgium LOSC adiabatic oscillation code (Scuflaire
et al. 2008) to calculate the frequencies. Frequencies and fre-
quency differences were calculated for the whole range of ob-
served orders and degrees. The observed and computed seismic
indicators defined in Sect. 2 were derived consistently.

As mentioned in Sect. 2, near-surface effects are at the ori-
gin of an offset between observed and computed oscillation fre-
quencies. We investigated the impact of correcting the computed
frequencies from these effects. For that purpose, in some models
(presented in Sect. 3.4 below), we applied to the computed fre-
quencies, the empirical corrections obtained by Kjeldsen et al.
(2008) from the seismic solar model:

νmod,corr
n,l = νmod

n,l +
aSE

rSE

⎛
⎜⎜⎜⎜⎜⎝
νobs

n,l

νmax

⎞
⎟⎟⎟⎟⎟⎠

bSE

, (12)

where νmod,corr
n,l is the corrected frequency, νmod

n,l and νobs
n,l are the

computed and observed frequency, bSE is an adjustable coeffi-
cient, rSE is close to unity when the model approaches the best
solution, and aSE is deduced from the values of bSE and rSE. We

followed the procedure of Brandão et al. (2011). Kjeldsen et al.
obtained a value of bSE,⊙ = 4.9 when adjusting the relation on so-
lar radial modes frequencies. However, the value of bSE,⊙ should
depend on the input physics in the solar model considered.
Indeed, Deheuvels & Michel (2011) obtained bSE,⊙ = 4.25 for a
solar model computed with the Cesam2k code and adopting the
CGM instead of the MLT description of convection. Furthermore,
bSE can differ from one star to another. Under these considera-
tions, we treated bSE as a variable parameter of the modelling
that we adjusted in the range [3.5, 5.5] so as to minimize the dif-
ferences between observed and computed individual frequencies
(see also Gruberbauer et al. 2012).

3.3. Model optimization

We used the Levenberg-Marquardt minimization method in the
way described by Miglio & Montalbán (2005) to adjust the free
parameters of the modelling so that the models of HD 52265
match at best observations, within the error bars. The goodness
of the match is evaluated through a χ2-minimization. We calcu-
lated

χ2 =

Nobs∑

i=1

(
xi,mod − xi,obs

)2

σ2
i,obs

and χ2
R =

1
Nobs

· χ2, (13)

where Nobs is the total number of observational constraints con-
sidered, xi,mod and xi,obs are the computed and observed values
of the ith constraint, respectively, and χ2

R is a reduced value. We
distinguished χ2

classic based on the classical parameters and χ2
seism

based on the seismic parameters. The more observational con-
straints available, the more free parameters can be adjusted in
the modelling process. If too few observational constraints are
available, some free parameters have to be fixed (see below).
Accordingly, seven optimization cases were considered, as listed
in Table 3 and described in Sect. 3.4 below.

In the cases where we considered the constraints brought by
individual separations ratios r02(n) and rr01/10(n), we had to take
into account the strong correlations between the ratios. To eval-
uate the correlations, we drew random samples of 20,000 values
of each individual frequency, assuming the errors on the frequen-
cies are Gaussian, and then we calculated the corresponding ra-
tios and the associated covariance matrix C, displayed in Fig. 2.
In this case, the χ2 was calculated as

χ2 =

Nobs∑

i=1

(
xi,mod − xi,obs

)T .C−1.
(
xi,mod − xi,obs

)
, (14)

where T denotes a transposed matrix (Press et al. 2002).
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Table 2. Summary of the different sets of input physics considered for the modelling of HD 52265.

Set Input physics Figure symbol/colour
A REF circle, cyan
B convection MLT square, orange
C AGSS09 mixture diamond, blue
D NACRE for 14N(p, γ)15O small diamond, magenta
E no microscopic diffusion pentagon, red
F Kurucz model atmosphere, MLT bowtie, brown
G B69 for microscopic diffusion upwards triangle, chartreuse
H EoS OPAL01 downwards triangle, purple
I overshooting αov = 0.15HP inferior, yellow
J overshooting Mov,c = 1.8 × Mcc superior, gold
K convective penetration ξPC = 1.3HP asterisk, pink

Notes. As detailed in the text, the reference set of inputs denoted by REF is based on OPAL05 EoS, OPAL96/WICHITA opacities, NACRE+LUNA
reaction rates (this latter only for 14N(p, γ)15O), the CGM formalism for convection, the MP93 formalism for microscopic diffusion, the Eddington
grey atmosphere, and the GN93 solar mixture and includes neither overshooting nor convective penetration or rotation. For the other cases we only
indicated the input that is changed with respect to the reference. The colours and symbols in Col. 3 are used in Figs. 4 to 6 and in Fig. 9, but note
that the colour symbols used in Fig. 3 are unrelated.

Modes of ℓ = 1 are rather easy to detect, while modes of
ℓ = 2 are not always observed or are affected by large error bars.
This led Roxburgh & Vorontsov (2003) to propose to use the
five points small separations dd01(n) and dd10(n) as diagnostics
for stellar models. They read

dd01(n) =
1
8

(νn−1,0 − 4νn−1,1 + 6νn,0 − 4νn,1 + νn+1,0) (8)

dd10(n) = −1
8

(νn−1,1 − 4νn,0 + 6νn,l − 4νn+1,0 + νn+1,1). (9)

According to the asymptotic relation (Eq. (2)), d02(n) scales as
≈6D0, while dd01/10(n) scales as ≈2D0. Thus, they all probe the
evolutionary status of stars.

Furthermore, Roxburgh & Vorontsov (2003) demonstrated
that while the frequency separations are sensitive to near-surface
effects, these effects nearly cancel in the frequency separation
ratios defined as

r02(n) = d02(n)/∆ν1(n) (10)
rr01(n) = dd01(n)/∆ν1(n); rr10(n) = dd10(n)/∆ν0(n + 1). (11)

As detailed in the following, we used these frequency separa-
tions and ratios to constrain models of HD 52265. We denote by
⟨d02⟩, ⟨r02⟩ and ⟨rr01/10⟩, the mean values of the small frequency
separations and separation ratios. To calculate the mean values
given in Table 2, we averaged over the whole range of observed
radial orders.

2.2.4. Related seismic diagnostics

Ulrich (1986) and Christensen-Dalsgaard (1988) proposed to use
the pair (⟨∆ν⟩ and ⟨d02⟩) as a diagnostic of age and mass of
MS stars. To minimize near-surface physics the (⟨∆ν⟩ and ⟨r02⟩)
pair can be used instead (Otí Floranes et al. 2005).

The advantage of ⟨r02⟩ is that it decreases regularly as evo-
lution proceeds on the MS. But when only modes of ℓ = 1 are
observed, it is interesting to consider the mean ratios ⟨rr01/10⟩,
which are also sensitive to age (see e.g. Miglio & Montalbán
2005; Mazumdar 2005). This is illustrated in Fig. 1, which shows
the run of (⟨rr01⟩+ ⟨rr10⟩)/2 as a function of ⟨∆ν⟩ along the evo-
lution on the MS of stars of different masses. For all masses,
the ⟨rr01/10⟩ ratio decreases at the beginning of the evolution on
the MS to a minimum and then increases to the end of the MS.
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Fig. 1. Asteroseismic diagram showing the run of (⟨rr01⟩ + ⟨rr10⟩)/2 as
a function of ⟨∆ν⟩ for stars with masses in the range 0.9−1.3 M⊙ during
the MS. Models have been calculated with an initial helium abundance
Y = 0.275, solar metallicity Z/X = 0.0245, and mixing-length parame-
ter αconv = 0.60. Evolutionary stages with decreasing central hydrogen
abundance Xc are pinpointed.

The lowest value is higher and occurs earlier as the mass of the
star increases, that is as a convective core appears and develops.

Deviations from the asymptotic theory are found in stars as
soon as steep gradients of physical quantities build up. This oc-
curs for instance at the boundaries of convective zones because
of the abrupt change of energy transport regime. Such glitches
affect the sound speed, and an oscillatory behaviour is then vis-
ible in frequency differences (see e.g. Gough 1990; Audard &
Provost 1994; Roxburgh & Vorontsov 1994). In Lebreton &
Goupil (2012), we used the oscillatory behaviour of the observed
rr01(n) and rr10(n) ratios to estimate the amount of convective
penetration below the convective envelope of HD 52265.

2.2.5. Rotation period and inclination of the rotation axis

Ballot et al. (2011) derived a precise rotation period, Prot =
12.3 ± 0.14 days from the light curve. Gizon et al. (2013) used
seismic constraints to estimate the inclination of the spin axis
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Fig. 4. Ranges of ages (left) and masses (right) derived from stellar model optimization for HD 52265. In the abscissae, we list the case numbers
as defined in Table 3. For each case, several model optimizations can be identified according to the symbols and colours indicated in Table 2. In
addition, open red symbols are for additional models of set A described in Table A.1 of Appendix A.2: circles are for different, low Y0 values,
square and diamond are for low and high αconv values, small diamonds for models with large core overshooting. Red stars illustrate the Y0-M
degeneracy in cases 6 and 7, but the inferred range is the same for all cases.

abundance (YP = 0.245) and the model with low αconv = 0.55.
The ages of the other models are concentrated in a narrow age
interval, 2.6−3.0 Gyr, about that of reference model A.

We point out that if the error bars on the classical parame-
ters were to be reduced, as will be the case after the Gaia-ESA
mission (see e.g. Liu et al. 2012, and references therein), the
error bar of an individual age determination with a given set of
input physics would be reduced, but the scatter associated with
the use of different input physics would remain the same unless
significant advance in stellar modelling is made.

In cases 2a, b, and c, where the large frequency separation is
included as a model constraint, the age scatter is smaller than in
case 1. Unlike case 1, the ages of the optimal models computed
with different input physics and free parameters span the whole
range of the scattered interval. Indeed, the values of the inferred
mixing length differ from one case to another and still span a
wide range [0.466−0.656] for αconv,cgm for case 2a, for instance,
as can be seen in Tables 4, A.2, and A.4. Moreover, the initial
helium Y0 slightly changes in the optimization because ∆Y/∆Z is
fixed but Z/X is adjusted in the optimization. Note that for given
input physics and free parameters (cases 2a, 2b, 2c for set A in
Tables 4), the age is significantly modified depending on the way
the mean large frequency separation is computed; the changes
are correlated with changes in the inferred mixing-length values.
The scatter in the inferred mixing-length values, hence on the
age, is smaller when ⟨∆ν⟩ is calculated explicitly (i.e. not from
the scaling relation) using the stellar models (cases 2b and 2c).

In case 3, the age scatter is slightly smaller than in case 2a.
As already pointed out in Lebreton (2013), this is because the
additional constraint on νmax does not add much more knowledge
on the age of the star.

Cases 4, 5, 6, and 7 all take into account seismic constraints
directly sensitive to age, that is either the small frequency sepa-
ration d02, the frequency separation ratios r02, rr01/10, or the indi-
vidual frequencies. The spectacular consequence is a reduction
of the age scatter, as can be seen in Fig. 4.

For case 4, considering the different possible options for the
input physics of the stellar models, our criterion χ2

R,seism ≤ 2
excludes the model without microscopic diffusion (model E4).
Accordingly, the ages range between 2.02± 0.22 Gyr (model J4)

and 2.22 ± 0.27 Gyr (model C4). This yields an age of 2.15 ±
0.35 Gyr, that is an age uncertainty of ∼±16 per cent.

For case 5, considering the different possible options for the
input physics of the stellar models, two models (I5, J5) were
excluded because their initial helium abundance Y0 was found
to be much lower than the primordial value YP. Accordingly, the
ages range between 2.08 ± 0.25 Gyr (model D5) and 2.33 ±
0.40 Gyr (model E5). This yields an age of 2.28 ± 0.45 Gyr,
which means an age uncertainty of ∼±20 per cent. It is possible
to reduce this scatter even more. Helioseismology has shown that
microscopic diffusion must be included if one considers the Sun.
This must also be true for solar-like stars like HD 52265: its mass
is only slightly larger than the solar one and it has an extended
convective envelope. Excluding the model without diffusion then
yields an age in the range 2.08 ± 0.25 Gyr (model D5) – 2.28 ±
0.31 Gyr (model C6), that is, an age of 2.21 ± 0.38 Gyr, i.e. an
age uncertainty of ±17%. Hence the main cause of scatter on the
high side of the age interval here is microscopic diffusion (model
E5) followed by the solar mixture (model C5). The low side of
the age interval comes from the change of nuclear reaction rates
(model D5). This shows that we start to reach the quality level
of data that enables testing the microscopic physics in stars other
than the Sun.

For case 6, considering the different possible options for the
input physics of the stellar models, our criteria χ2

R,classic ≤ 1 and
χ2

R,seism ≤ 2 exclude models I6, J6 and K6. Accordingly, the ages
range between 2.21 ± 0.11 Gyr (model A6) and 2.46 ± 0.08 Gyr
(model E6). This yields an age of 2.32 ± 0.22 Gyr, that is an age
uncertainty ∼±9.5%. The main cause of scatter here is micro-
scopic diffusion closely followed by the choice of the solar mix-
ture: GN93 (model A6) versus AGSS09 (model C6). The range
for the mixing-length value is [0.588, 0.606]. This range is con-
siderably narrower than the one usually taken a priori to com-
pute stellar models. Compared with the values we obtained from
a calibration of a solar model with the input physics of refer-
ence set A (αconv,cgm,⊙ = 0.688 ± 0.014), the values obtained for
HD 52265 are lower than solar by 12−15 per cent. The results for
the initial helium abundance are discussed in Sect. 4.3 below. We
point out that the range of ages obtained in case 6 is quite close
to that obtained in case 5. This can be understood by the fact
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L, Te, [Fe/H]
+ Δν

+ Δν, νmax

+ Δν, νmax, νi



What do we (don’t) know for sure about stellar physics ?

Diffusion    -   is diffusion inhibited or not ?? 
                  -   if yes, to which extent ? In which mass range? 
                  -   radiative acceleration at low Z only ?? 

Age reduction 40 % 

Outer boundary conditions    -   effects still not well understood 
                                              -   3D models can certainly help 
                                                  

Rotation    -   problems with the helioseismic rotation profile 
                 -   problems with the rotation contrast in RG 
                 -   unknown process to transport angular momentum 
                 -   would it be better to ignore rotation ? 
                                        

Age spread 40 %



δTeff ≈ 90 - 100 K 

Solar models for different atmospheric models 
adopted to obtain the outer boundary conditions

E.	
  Tognelli,	
  P.	
  G.	
  Prada	
  Moroni,	
  S.	
  Degl’Innocenti,	
  2011,	
  A&A,	
  533,	
  A109



  Age ⇒ ? % 

Rotation    ⇒   + 40 %
Diffusion    ⇒   - 40 %

Semiconvection ?

Rotation inhibits diffusion    ⇒   + 40 % 

No rotation ⇒ diffusion        ⇒   - 40 % } 40 %  

lMLT    ⇒  20-30  %

Te     ⇒  ?

L       ⇒  ?

νmax   ⇒  Δν/5   (/4, /3 ??)

  20 + 40 + 30 + … ⇒ ~100 %  

Dwarfs

Calibration of the scaling relation? 



 First good news : ages of low mass RG are 
much more robust than ages of low mass dwarfs 



Diffusion : 
 5 % RG

Miglio	
  et	
  al.	
  2011	
  
Miglio	
  et	
  al.	
  2012

MS

RG tight (age,mass) relation  
especially if Z is known

Diffusion : 
40 % MS

Rotation : 
40 % MS

Rotation : 
 a few % RG



Importance of model comparison • different codes 
• different time steps 
• …

Second good news : There is still work to be done in 
stellar evolution !
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The importance of being cluster’st

Stellar population synthesis • Models ? 
• SFR ? 
• AMR ? 
• Mass distribution 
• Radius distribution ? 

A case project for PLATO? A case project for a dedicated  
new space missionA case project for K2?



Stellar Models

Asteroseismology 

Spect. & Photom. 
surveys

Formation 
& 

Evolution MW 

AGE
logg 

M, R, d

Π, μ , σ,  
Teff 

chemic. comp.

AMR 
VRAR

2.



2. Spectroscopic and photometric surveys 



RAVE 
Gaia-ESO 
APOGEE 
GALAH 
Gaia 
LAMOST 
SAGA 
4Most 
WEAVE

APOKASC 
COROGEE 

CoRoT-GESS 
…



challenges: 

one or multi pipelines ? how to 
manage the procedures and 
uncertainties computation for both 
choices  

necessity : understand the needs 
from stellar modelers and from 
spectroscopic surveys 

Spectroscopic surveys
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What precision do we need on Fe/H, Xi, M, R, age, … ? 

•   Stellar models 
•   Formation & evolution of the galaxy 

     ◦   thick disk/thin disk 
     ◦   AMR

An uncertainty of 25 % on the age is required from sismo

What is the precision required on Z from spectro surveys ?



Property Uncertainty

R 5 %

M 10 %

Te 20-70 K (Z☉)2 - >>> at low Z

log g 0.15-0.20 dex2

L depends on Π (Gaia), BC4 

Y Y☉,Helio = 0.2485 ± 0.0034

Z Z☉ = 0.0145

age 40 %1 - 20 % if Z and ev state are known

αe-m ?

αMLT ?

1 From scaling relations (see A. Miglio, J. Montalban and D.  Stello, Sesto proceedings) 
2 T. Morel, private communication (see also T. Morel, Sesto proceedings)  
3 Molenda-Zakowicz et al. 2013, MNRAS 434, 1422 
4 Bruntt et al. 2010, MNRAS 405, 1907 
5 M. Asplund et al., see the discussion in Sesto proceedings   

 Sesto table Where are we NOW ?



Property Uncertainty

R  %

M  %

Te

log g … dex

L  Π (Gaia) 

Y Y = Y☉,Helio + ?

[Fe/H] [Fe/H] = 0.05 dex

[α/Fe] [α/Fe] =

« good age » 30 % ?

VR ?

 « Galactic »table What would we like ?



CoRoT 
Kepler  
K2 
PLATO

RAVE 
Gaia-ESO 
APOGEE 
GALAH 
Gaia 
LAMOST 
SAGA 
4Most 
WEAVE

APOKASC 
COROGEE 

CoRoT-GESS 
…

How do we organize ourselves ?
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Fig. 1 Number of stars observed in CoRoT’s exofields in the colour-magnitude range expected to
be populated by red giants with detectable oscillations (0.7 < J�Ks < 1.1,Ks < 11). The analysis
of the first two observational runs led to the detection of oscillations in about 1600 (LRc01) and 400
(LRa01) stars, as reported in Hekker et al. (2009) and Mosser et al. (2010). The varying number
of stars per field reflects different target selection functions used, the failure of 2 CCD modules, as
well as the different stellar density in each field.

runs, crucially exploring stellar populations at different galactocentric radii, are yet
to be exploited. Figure 1 shows the number of stars targeted in CoRoT’s observa-
tional campaigns in the colour-magnitude range expected to be populated by red
giants with detectable oscillations. The analysis of these data is currently ongoing.

The full mining of the “nominal mission” Kepler data is also in its early stages.
The scientific community is now just beginning to tackle the detailed fitting of in-
dividual oscillation modes. Multi-year data are now available on about one hundred
solar-type stars and ⇠ 20,000 red giants (Hekker et al., 2011; Stello et al., 2013).

The outlook for the collection of new data in the near future also looks remark-
ably bright. In addition to CoRoT and Kepler, three more missions will supply aster-
oseismic data for large samples of stars: the re-purposed Kepler mission, K2 (How-
ell et al., 2014) and, in a few year’s time, the space missions TESS1 (Ricker, 2014)
and PLATO 2.02 (Rauer et al., 2013).

Although Kepler ceased normal operations in June 2013, we can now look for-
ward to a new mission using the Kepler spacecraft and instrument. K2 has started
performing a survey of stars in the ecliptic plane, with each pointing lasting around
80 days. The potential of K2 to study stellar populations is even greater than for
CoRoT and Kepler, since regions of the sky near the ecliptic contain bright clus-
ters and will also make it possible to map the vertical and radial structure of the
Galaxy (see Fig. 2). The importance of this line of research was acknowledged by
it being listed as a potential mission highlight by Howell et al. (2014). K2 was re-

1
http://tess.gsfc.nasa.gov/

2
http://sci.esa.int/plato
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CoRoT targets still to be delivered



K2 fields 
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See you soon!


