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Abstract In the previous years, p-mode oscillations (pres-
sure oscillations stochastically excited by convection) have
been detected in several solar-like stars thanks to the ground-
based spectroscopic and space spectroscopic and photomet-
ric observations. We study the importance of seismic con-
straints on stellar modeling and the impact of their accuracy
on reducing the uncertainties of global stellar parameters
(i.e. mass, age, etc.). We use the Singular Value Decomposi-
tion (SVD) method to analyze the sensitivity of stellar mod-
els to seismic constraints. In this context, we construct a grid
of evolutionary sequences for solar-like stars with varying
age and mass. Around each model of this grid, we evaluate
the partial derivatives with respect to a large set of free para-
meters: mass M, age 7, mixing-length parameter «, initial
helium abundance Yy, and initial metallicity Z/Xo. Masses
between 0.9 and 1.55 M, and central hydrogen abundances
from Xc = 0.7 to 0.05 have been considered in this study.

Keywords Solar-like stars: fundamental parameters

1 Introduction

Observations of solar p-mode oscillations have greatly im-
proved solar modeling and resulted in great progress in
understanding the internal structure of the Sun. Successes
in the solar case (e.g., Christensen-Dalsgaard 2002) have
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suggested that analogous progress might be made if one
could obtained frequency and amplitude information about
such oscillations on other solar-like stars. The detection of
p-mode oscillations in solar-like stars from ground-based
observations carried out for example by CORALIE and
HARPS spectrographs and space observations by CoRoT
and Kepler satellites have opened the possibility of taking
this success further.

The precise measurement of individual oscillation fre-
quencies allows us to obtain detailed information on the
structure of stellar interior, and this thus provides the con-
straints on the basic physical processes (convection, rota-
tion, mixing) to test the stellar structure theory and to ana-
lyze the inferred stellar parameters at a high level of preci-
sion.

2 Methodology

The general mathematical approach of this study employs
a x> minimization technique based on the Singular Value
Decomposition (SVD) method. Here we provide a general
description of the method to enable the reader to understand
the work. A more detailed explanation of the technique can
be found in Brown et al. (1994), Creevey et al. (2007) and
Ozel et al. (2010).

Let y;, i =1, ..., n, be the model functions, and x;, j =
1,...,m, with n > m be the parameters that define the
model function. The model functions which we call observ-
ables are the theoretical predictions for observed quantities
Yobs,i such as effective temperature Tefr, luminosity L/L,
etc. The model function must allow for computation of all
the observables y;, given values for the parameters x ;. Given
a set of n measurements yobs,; With associated error (o;), we
determine the reference model, depending non-linearly on
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a set of m parameters x; (e.g. mass, age, etc.) by minimiz-
ing the differences between observational constraints Yobs,;
and model predictions (or observables) y; in the least square
sense:

Yobs — Y(X)
o

2

ey

2
=]

Linearizing the model function around a reference set of pa-
rameters, x jo, We can write

i
Yi =yio+ Y —xf 8xj, )
J

where 6x; = x; — xo, yio is the set of observables resulting
from the reference set of parameters x o, and the derivatives
dy;/0x; are evaluated at x; = x jo. After substituting the ex-
pression (2) into (1), the X2 minimization problem consists
of choosing §x so that

x> =Déx — 5B A3)

is a minimum. § B; = (y; — y;j0)/o; and D is called design
matrix or derivative matrix following the work of Brown et
al. (1994):

D, — L i
l]_Ui ax/'.

“)

This matrix relates small changes in the parameters to cor-
responding changes in the observables. There are several
different local approach available for finding this minimum,
such as the Levenberg—Marquardt algorithm or the Singular
Value Decomposition Method (SVD).

Supposing that xg is the true set of parameters of model
functions that minimize the X2 fitting function, the behavior
of x? around its minimum can be expressed thus:

Ax? = x* = xk, = IDsx|, Q)

where x2. is a minimum at x¢. Using the SVD method
(Dnxm = Unsxm Winsm VH{X ) and after some manipulation,
one finds an m dimensional ellipsoidal equation:

2 (VD . 5x)2 N (VP . 5x)2

(V) . 5x)2
— — AU
Wl W2

Ax
w2

. (6)

The linear combinations of each column of the V matrix are
the principal axes of the error ellipsoid A x> = 1. The length
of these axes is determined by corresponding singular val-
ues W~!. The major advantage of the method adopted here
is that it is more convenient to analyze the error ellipsoid in
the parameter space and gives us the information concerning
the origin of uncertainties on the obtained parameters.

@ Springer

The estimation of the covariances matrix of the free para-
meters due to the measurement errors on the n observational
constraints is expressed by

N

Cov(8xj,8x1) =)

i

Vii Vii
o
W;

)

The diagonal elements of Cov give the expected uncertainty
in each of the parameters:

N 2
Vii
e(xj)=1/Cov(5x§)=Z<#> ) 8)

3 Grid of models

We describe a solar-like star with five adjustable parame-
ters: mass M, initial chemical composition reduced to two
parameters (initial helium Yy, and metallicity Z/ Xy), stage
of evolution or age 7, and mixing-length parameter  which
describes stellar convection in the mixing-length formula-
tion.

We use the CESAM2k stellar evolution code (Morel and
Lebreton 2008) for stellar structure and evolution and adi-
abatic pulsation code LOSC (Scuflaire et al. 2008) to cal-
culate nonradial oscillation frequencies. For each model
evolved with the parameters 7, M, «, Yy, and Z/ Xy, the
CESAM?2k code produces physical parameters, which are
then used to calculate the oscillation frequencies with
LOSC. The outputs from the models computed in this work
are the classical observables like effective temperature Ty,
luminosity L/L, and seismic quantities such as the mean
and individual large and small frequency separations Ay,
Svo2, Avg i, and Sy ;, respectively, for n = 15-25 and
| = 0-3, which correspond to detectable modes.

The computation of stellar models was preformed assum-
ing OPAL equation of state and OPAL96 opacities (Iglesias
and Rogers 1996), completed at low temperatures with the
opacities of Alexander and Ferguson (1994). The adopted
physical description for the convective zone is the standard
Mixing-Length Theory (MLT, Bohm-Vitense 1958). Diffu-
sion is not included in the computation of our models. This
study concentrates on stellar models of solar-like stars. The
reference models are computed with the parameters listed in
Table 1. The observables and their expected standard errors
are given in Table 2.

To construct the derivative matrix D of the model, we
vary each of the parameters (x; =7, o, M, Yy, Z/ Xo). Each
derivative has been computed from differences of §x cen-
tered on the reference parameter values x ;o given in Table 1,
i.e. xjo &= éx. The interval §x has to be sufficiently small
such that the linear approximation is still valid, but also large
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Table 1 Parameters of the reference models

Parameter Value

T 13-1.8 (Gyr)
M 0.9-1.55 Mg
o 1.61

Yo 0.2773
Z/Xo 0.0245

Table 2 The observables y; obs and their expected errors 8y/y; obs are
expressed as the relative errors in percent

Yobs,i dln Yobs,i (%)
Teft 0.86

L/Lg 1.97

Avgy 0.1

Svo 12.5

Table 3 The derivative intervals (6x;) and time step (zs) between two
model calculation used for reference models (RM)

RM (Mg)  ts(Myr) 8t da SM 8Y 8Z/Xo
0.9 50 20 005 001 0005 0001
0.95 40 20 004 001 0005 0001
1 40 20 004 001 0004 0.001
1.05 40 20 005 001 0004 0.001
1.1 40 20 006 001 0.003 0.001
1.25 20 20 0.1 0.01 0004  0.001
1.31 20 20 0.1 0.01 0004  0.001
1.4 20 20 03 001 0004 0.001
1.55 20 20 05 001 0004 0.001

enough to guarantee sufficient numerical accuracy. The in-
crements §x; and time step used for the grid of reference
stellar models are reported in Table 3.

4 Results

To investigate the role of asteroseismology in constraining
the global stellar parameters, we take stellar mass and age
T as free parameters, assuming that the other parameters are
precisely known.

To analyze the potential diagnostic of the oscillation
information in determining the global stellar parameters
of solar-like stars, we considered three sets of observ-
ables: Y1 = L/Lg, Tetr; Y2 = L/Lg, Tefr, Avg, Svop; Y3 =
L/Lg, Tegr, Avo,i, Svoo,; .-

In Fig. 1, the uncertainties on the M and 7 are shown as a
function of the mass of the stellar models for the central hy-
drogen abundance Xc = 0.6, 0.4, and 0.2. In Fig. 1, the red

cases in each panel does not include any seismic informa-
tion, but only classical observables (Y7). The green cases in-
clude the mean large Avg and small §vg; separations as well
as the classical observables (Y7). The blue cases include the
individual large Avy; and small §vy; separations instead
of their mean values (Y3).

According to the asymptotic theory (Vandakurov 1967,
Tassoul 1980), the large separation Avy is equal to the recip-
rocal travel time across the star and it scales as the mean
density p oc M/R3. For stars on the main sequence (MS),
the mean density decreases as mass increases and at a given
mass it decreases as evolution proceeds. Thus, the large sep-
aration is quite sensitive to the mass and to the evolutionary
state on the MS. On the other hand, the small separation
802 is determined predominantly by the sound speed gradi-
ent weighted by 1/r in the core. The sensitivity of the small
separation to the changes in the core structure makes this
quantity a measure of the evolutionary state of the star.

For the solar-like stars without an identified oscillation
mode, the red cases (Y1) in Fig. 1, the age and mass are
poorly constrained on the MS of low mass stars. Including
the mean large and small separations Avg, 8vg (the green
cases, 1), the precision on all stellar parameters increases
significantly. Using the individual separations Avg;, Svop,i
(the blue cases, Y3) instead of the mean large and small sepa-
rations (Avp, 8vp2), we obtain a better precision on the mass
and the age of solar-like stars. The precision of the parame-
ters increases as the mass increases.

We have assumed that the relative errors on the observ-
ables in the grid are constant. However, this is not necessar-
ily realistic. For example, the errors on effective temperature
Tetr and luminosity L/Lg are generally larger for high mass
stars. We have not taken this into account in the analysis.
Also, the effect of convection on the spectra is more uncer-
tain for more massive stars. So, it would be wrong to con-
clude that in general more massive stars can be constrained
better than the less massive ones.

We remark that there is little difference between the green
cases (the mean separations) and blue ones (the individual
separations). This indicates that the individual separations
do not bring much more information than the mean sepa-
rations, because we are not very far from the asymptotic
regime for small masses. However, it is not the case for
higher masses.

With the accuracy of a few 0.1 pHz on the observed fre-
quencies (the accuracy achievable by CoRoT and Kepler
satellites), the mass and age of a solar-like star could be de-
termined with an accuracy of about 2% and 10%, respec-
tively.
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els. The computation of stellar model depends on assump-
tions about the physical properties of stellar plasma such
as the equation of state, the opacity, the rate of nuclear
reactions, etc. A more systematic analysis should also ex-
plore the effects of changes in the physical assumptions,
i.e. different convection models, core overshooting and ro-
tation, and so on. These uncertainties in current stellar evo-
lution theory will increase the degeneracy of stellar parame-
ters.

In this work, we considered a small number of free stellar
parameters (M t), and the conclusion could be different if it
increased. Thus, to generalize this conclusion, we will con-
sider more parameters such as the mixing-length parameter
for convection «, the initial chemical composition (helium
abundance Yy, metallicity Z/X).

In conclusion, our assessment of the accuracy achievable
in the determination of the stellar parameters shows that a
higher accuracy in seismic information leads to a better pre-
cision in the stellar parameters. This will be the case for
all stars observed for CoRoT and Kepler and, therefore, it
is very important to assess the importance of the seismic
data.
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