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Abstract We test the possible evolutionary tracks of stars with various masses
(1.8 Mg,1.9 Mg,2.0 Mg,2.1 Mg,2.2 Mg) and metallicities Z (0.008, 0.010,
0.012), including both models with and without convective core overshooting. At a
given mass and metallicity, the models with a larger overshoot predict a larger radius
and age of the star. Based on the observed frequency of oscillations and the position of
€ Oph on the H-R diagram, we obtain two distinct better-fitting models: the solutions
with mass M = 1.9 M, favor a radius in the range 10.55 = 0.03 R, with an age of
1.01 £ 0.08 Gyr; the solutions with mass M = 2.0 My favor a radius in the range
10.74 £ 0.03 R with an age of 0.95 + 0.11 Gyr. Furthermore, we investigate the in-
fluence of overshooting on the internal structure and the pulsation properties, and find
that increasing the convective core overshoot significantly decreases non-radial mode
inertia, while also increasing the mode amplitude. Therefore, the estimation of stellar
mass and age might be modified by convective core penetration.
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1 INTRODUCTION

Observations based on ground and space missions have shown that solar-like oscillations can be
excited stochastically by convection in several G and K-class red giant stars (Frandsen et al. 2002;
De Ridder et al. 2006, 2009; Barban et al. 2007; Hekker et al. 2009; Kallinger et al. 2008, 2009).
These stars are very different from main sequence stars, with a highly condensed core, and low
density envelope. Therefore, red giant stars are extremely difficult to model since they can be in
very different states of evolution, and still be at the same place on the HR-diagram, which makes it
difficult to determine their stellar parameters.

The G9.5 giant star ¢ Oph (HD 146791, HR 6075) has been well-determined in terms of its
parallax and atmosphere parameters. The basic stellar parameters are summarized in Table 1. This
will allow us to locate the star on the H-R diagram. Recently, the asteroseismic analysis of the
red giant ¢ Oph using space- and ground-based data (De Ridder et al. 2006; Hekker et al. 2006;
Barban et al. 2007; Kallinger et al. 2008) has reliably identified the presence of radial and non-
radial oscillation modes, characterized by a possible mean value of the large separation of 5.3 +
0.1 ©Hz and frequencies in the range 25 — 80 1Hz. The discovery of solar-like oscillations in the
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red giant star ¢ Oph opened up a new part of the Hertzsprung-Russell diagram to be explored with
asteroseismic techniques.

Table 1 Observational Constraints

Parameters € Oph References

Terr (K) 4877 £100  De Ridder et al. (2006)
L/Lg 59+ 5 De Ridder et al. (2006)
R/Ro 10.4 £ 0.45  Richichi et al. (2005)

[Fe/H] -0.25 Cayrel de Strobel et al. (2001)

Avg (uHz) 5.3+0.1 Barban et al. (2007)

It has already been demonstrated that both the shell H-burning models and the core He-burning
models with a mass of about 2.0 M, successfully account for most of the observed properties of e
Oph (De Ridder et al. 2006; Kallinger et al. 2008; Mazumdar et al. 2009). However, a more detailed
description of possible models, including core overshooting during the central hydrogen-burning
phase, should be considered. Since ¢ Oph has a deep convective envelope and a very small core,
where the low-degree p-modes penetrate, the oscillation frequencies are sensitive to the mass of the
helium core and the composition profile of the central regions, and hence to the age of the star and
the presence and extent of overshoot (Audard et al. 1995; Di Mauro et al. 2003; Bi et al. 2008).

In this paper, we mainly investigate the effects of the overshooting on the models and properties
of oscillations of ¢ Oph based on the observational constraints. In Section 2, for various masses and
metallicities, we construct a grid of stellar models which are characterized by non-asteroseismic
and asteroseismic observational constraints. In addition, we illustrate the characteristics of models
with and without overshooting. In Section 3, we analyze the properties of oscillations of low-degree
p-modes, and show the sensitivity of the frequencies of oscillation on the core overshooting. In
Section 4, we discuss our results.

2 MODELS
2.1 Stellar Models

Stellar evolutionary models were constructed with the Yale Rotating Stellar Evolution Code (YREC;
Guenther et al.1992). The initial zero-age main sequence (ZAMS) model was calculated from pre-
main sequence evolution. The post-main sequence models of various compositions were then con-
structed by first rescaling the composition of ZAMS models. In the computation, we used updated
OPAL equation of state tables EOS2005 (Rogers & Nayfonov 2002), the opacities were a smooth
blend of OPAL GNO93 (Iglesias & Rogers 1996) and the low temperature tables GS98ferg (Ferguson
et al. 2005), and we implemented the mixing-length theory for convection. Here diffusion, rota-
tion and magnetic fields were neglected. Our main goal is to show the importance of the influence
of overshooting on the stellar interior structure, as well as on the radial and non-radial stellar os-
cillations. The overshoot produces a chemical mixing in the region where the turbulent motions
penetrate from the edge of the convective core to a radial extent [,, defined by a parameter vy :
loyv = Qoy min(re, H, p), where H, is the pressure scale height at the edge of the core, 7 is the radius
of the convective core and ., is a non-dimensional parameter typically below unity. The above
expression is used to limit the extent of the overshoot region to be no larger than a fraction o, of
the size of the core.

In order to investigate the dependence of our models on the input physics used, we calcu-
lated the evolutionary tracks with different input parameters for masses M = (1.8 M, 1.9 Mg,
2.0 Mg, 2.1 Mg, 2.2 M), metal abundances Z = (0.008,0.010,0.012) and overshoot parameters
oy = (0.0,0.1,0.2,0.3,0.4,0.5,0.6), by using a mixing-length parameter o = 1.75 and an initial
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Fig.1 (a) Evolutionary tracks of ¢ Oph in the H-R diagram from the ZAMS to the shell H-
burning RGB, calculated for a range of stellar models of masses M = (1.8 Mo, 1.9 Mg, 2.0 Mo,
2.1 M,2.2 Mg), metal abundances Z = (0.008,0.010,0.012) and overshooting parameters
aov = (0.0,0.1,0.2,0.3,0.4,0.5,0.6), to match the observed error box. The error box indicates
the observational constraints of L/Le and Teg; (b) The zoomed in part of the error box.

helium abundance Y = 0.275 calibrated with a solar model. It is noted that we adopted the new
solar abundance [Z/X]s = 0.0178 (Asplund et. al 2005; Cunha et al. 2006) in converting [Fe/H]
to Z values. Figure 1 displays the computed evolutionary tracks which are characterized by the ob-
served (e, L/ L) within the error box in the H-R diagram. In addition, we also calculated the
evolutionary tracks with overshooting parameter o, > 0.6. These models are not able to reproduce
the observational constraints, especially in the observed radius of the star in =10.

Comparing the evolutionary tracks with and without overshooting in Figure 1, by varying the
overshoot parameter o, from 0.0 to 0.6, we find that the location of the star in the HR diagram
sensitively depends on the extent of the overshoot parameter o, . At a fixed effective temperature, a
model with a larger overshoot distance is more luminous and more evolved than a model with less
overshoot. The most important hint is that overshooting produces an extension of the mixed core
during the main-sequence phase, hence the model with a core overshoot exhibits the property that
the central hydrogen content is larger than the model without overshooting. As a result, the time
spent on the main sequence increases, and the turn-off point, where nearly all the hydrogen is burnt
in the core, occurs at a smaller effective temperature. This property indicates that there is a very
strong correlation between stellar luminosity and the mass of the helium core along the RGB.

In addition, Figure 1 shows that the evolutionary track moves down toward the right side of
the H-R diagram with increasing metal abundance Z for a giving mass. This may be because the
ionization temperatures of metals are low, hence an increased Z will produce more electrons in the
surface layer, resulting in more negative hydrogen ions H ~ being formed. An increase of opacity
due to the increase in hydrogen abundance leads to a decrease of the effective temperature and
luminosity. Therefore, the position at the base of the red-giant branch of ¢ Oph with higher metal
abundance Z is lower than the one with lower Z in the H-R diagram. The star with a higher Z is less
evolved than one with a lower Z.

2.2 Model Calibration

We calculated eigenfrequencies with low-degree p-modes ¢ = 0 — 3 for all the selected structure
models, which fall into the observed (Tug, L/ L) error box, by using Guenther’s stellar pulsation
code (Guenther 1994). The theoretical oscillation spectrum, which uses the selected models of ¢
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Oph, is characterized by acoustic modes with frequencies in the range ~ 10 — 100 ¢Hz from radial
order n = 1 to the acoustic cutoff frequency.

In seismic analysis, the frequencies v, ¢ of oscillation modes, characterized by the radial order
n at harmonic degree /, satisfy a simple asymptotic relation (Tassoul 1980)

Une~ Av (n—l—g—i—e) , (1)

—1
where Av = (2 fOR dr/ c) is the inverse of the sound travel time across a stellar diameter, and

€ is a function of frequency that depends mainly on the conditions near the surface region. The
asteroseismic features, i.e. the large spacings Av, are a very useful tool to provide the comparison
between models and observations, defined by

Avpp=v(n,t)—v(n—1,0). ()

Once the value of the mean large spacing is determined for each model of € Oph by taking the average
of the theoretical separations, we can use yZ minimization to deduce the best agreement with the
observations. Furthermore, following the work done by Kallinger et al. (2008) for the analysis of
p-mode frequencies in € Oph, we also carried out an additional y2comparison between theoretical
and observed frequencies. Therefore, for each comparison, we computed the values of the following

functions, defined as:
5
Ctheo C«ob%
Z( 5o ) : (3)

i=1

N 2
1 <V_theo _ Vpbs>
2 7 7
Xo = %7 < obs ) 4)
N ; Sugb

1=

where the vector C = (Teg, L/ Lo, R/ Ra, [Fe/H], Avy) and frequency v represent the observa-
tional and theoretical values of the star, respectively, J is the corresponding observational errors,
which are given in Table 1, and N = 9 is the total number of radial order modes (Barban et al.
2007).

For a grid of models of 89 evolutionary tracks which fall within the observational error box,
we calculated all values of XQC and x2. Among the selected models, we found that the lowest value
of ch reasonably matches Y2 minimization, so we choose the model with x? < 10 as the better
fitting model. Table 2 lists the characteristics of 33 candidates by searching for minima in x% and
X?,: metallicity, overshoot parameter, effective temperature, luminosity, radius, age and so on.

Figure 2 shows the location of the 33 best-fitting models in the H-R diagram, delimited by
the observed radius in +10. As expected, significant differences appear between the positions of
overshooting models for fixed values of mass and metallicity. According to the observational con-
straints, with all the possible values of mass, metallicity and overshooting, we obtain two better-
fitting models: the mass M = 1.9 M, favors a radius in the range of 10.55 £ 0.03 R with an age
of 1.01 £ 0.08 Gyr; the mass M = 2.0 M, favors a radius in the range of 10.74 + 0.03 R with an
age of 0.95+0.11 Gyr. Despite the positions of models with various overshoot parameters o, being
very near to each other in the HR-diagram for given mass and metallicity values, the depth of the
convection zone decreases with the increase in the overshoot parameter o, . Furthermore, the result
identifies € Oph as being in the ascending phase on the red-giant branch corresponding to the shell
H-burning phase of evolution. It is evident that the characteristics of the models and the oscillation
frequencies depend significantly on the value of a,,. The following analysis is expected to reveal
the presence of overshooting and its effect on the associated stellar properties.
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Table 2 Model Parameters by xZ and x2 Minimization
Star M/Mgo X Z oy logT/T.g logL/Le R/Ro re/Re Age(Gyr) Avo X% X3
1 1.8 0.717 0.008 0.0 3.6884 1.7365 10.36  0.908 1.040 539 041 4.11
2 1.8 0.717 0.008 0.2 3.6885 1.7407 10.39 1.806 1.086  5.38 0.33 4.69
3 1.9  0.717 0.008 0.0 3.6902 1.7570 10.50  1.001 0.866  5.40 0.32 5.90
4 1.9 0.717 0.008 0.1 3.6903 1.7591 10.53 1.113 0.887 5.38 0.22 3.66
5 1.9 0.717 0.008 0.2 3.6908 1.7622 10.54  1.271 0.928 5.38 049 431
6 1.9 0.717 0.008 0.3 3.6915 1.7668 10.56  1.510 0.975 5.38 0.24 3.84
7 1.9 0.717 0.008 0.4 3.6923 1.7713 10.58 1.834 1.027 538 0.26 3.55
8 1.9 0.717 0.008 0.5 3.6934 1.7773 10.60  2.246 1.077 5.39 0.26 3.90
9 1.9 0.715 0.010 0.0 3.6855 1.7380 10.53  0.968 0.927 539 041 393
10 1.9 0.715 0.010 0.1 3.6858 1.7401 10.52 1.039 0.945 5.38 0.36 3.79
11 1.9 0.715 0.010 0.2 3.6861 1.7437 10.54  1.199 0990 538 033 3.84
12 1.9 0715 0.010 0.3 3.6868 1.7473 10.55 1.402 1.040 538 0.29 3.83
13 1.9 0.715 0.010 0.4 3.6876 1.7523 10.58 1.681 1.094 538 0.26 3.74
14 1.9 0713 0.012 04 3.6828 1.7331 10.57 1.590 1.164 538 0.54 3.73
15 1.9 0.713 0.012 05 3.6836 1.7353 10.56 1912 1.221 5.40 0.60 7.01
16 20 0717 0.008 0.0 3.6918 1.7810 10.72 1.069 0.740 538 035 4.73
17 20 0.717 0.008 0.1 3.6922 1.7823 10.72  1.166 0.764 539 041 4.34
18 20 0717 0.008 0.2 3.6928 1.7859 10.73 1.350 0.803 5.37 036 4.19
19 20 0.717 0.008 0.3 3.6936 1.7897 10.74  1.636 0.844 539 051 4.55
20 20 0.717 0.008 0.4 3.6945 1.7972 10.79  2.022 0.888 5.37 0.57 3.85
21 20 0717 0.008 0.5 3.6958 1.8040 10.80  2.574 0.933 5.39 0.81 3.81
22 20 0.715 0.010 0.0 3.6872 1.7623 10.70  0.998 0.788 536 0.22 3.89
23 20 0715 0.010 0.1 3.6876 1.7628 10.72 1.085 0.813 541 0.44 7.08
24 20 0.715 0.010 0.2 3.6882 1.7672 10.73 1.247 0.854 539 034 4.26
25 20 0715 0.010 0.3 3.6888 1.7735 10.77 1.475 0.900 536 0.26 7.29
26 20 0.715 0.010 0.4 3.6898 1.7769 10.78 1.837 0.947 539 038 4.14
27 20 0715 0.010 0.5 3.6910 1.7836 10.79  2.285 0994 539 045 431
28 20 0.713 0.012 0.0 3.6825 1.7428 10.71  0.929 0.836 539 0.56 4.70
29 20 0713 0.012 0.1 3.6828 1.7454 10.72 0.990 0.863 5.37 045 4.78
30 20 0.713 0.012 0.2 3.6835 1.7474 10.72  1.141 0906 539 049 4.77
31 20 0713 0.012 0.3 3.6841 1.7530 10.75 1.341 0.955 5.38 042 3.95
32 20 0.713 0.012 04 3.6850 1.7575 10.77 1.636 1.005 538 041 4.04
33 20 0713 0.012 0.5 3.6862 1.7623 10.78  2.065 1.055 540 045 6.85
1.82\\\\\\\\\\\\\\\\\\\\\\\\\\\
18of |7, 1.8M,
. \ 1.9M,
—~ % N 2.0M
T 7:) S BN R °
} \\ o ¢ \\
~ Al < \
@ 176l % ®ha
— AN S A\\
Lol RV N
’ © © AA \\
1.72\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\
3.70 3.69 3.68 3.67
Log(Tey)

Fig.2 Location of € Oph in the H-R diagram for the 33 best-fitting models listed in Table 2. The

dashed lines denote the error-box delimited by the observed radii. Open circles are used for Z =
0.008, diamonds for Z = 0.010 and triangles for Z = 0.012.
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3 RESULTS

3.1 Effects on the Structure

For the evolved star € Oph, the effects of convective core overshoot on the internal structure are
directly reflected in the different chemical composition profiles near the helium core and at the base
as shown in Figure 3. The flat portion of the curve indicates the
convective envelope which is fully mixed. From Figure 3(c), we see that the hydrogen and helium
abundances near the inner core are hardly affected by the various metallicity values, however they
are sensitive to overshooting. It is clear that the central helium content increases with the increase of
the overshoot parameter v, . Indeed, as the star evolves, the larger overshooting produces a larger
extension of the mixed core during the main-sequence phase. In fact, the difference in the chemical
composition profile due to overshooting affects the presence of the discontinuity in the gradient of
the sound velocity and the steep peak in the Brunt-Viisild frequency. Therefore, they give rise to

of the outer convective envelope,

S.L.Bietal.

strong constraints on the effects of overshooting on the internal structure.
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Fig.3 Behavior of the hydrogen and helium abundance profiles in the central parts of 2.0 Mg
M24, M26, M28, M30 and M32, computed without overshooting
and including convective penetration from the core over 0.2 and 0.4 pressure scale heights.
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Fig. 4 Effects of convective-core overshooting on the internal structure of € Oph. (a) Dimensionless
gradient of sound speed, W(r), plotted as a function of radius. (b) The Brunt-Viisild frequencies,
N /2, in the shell hydrogen-burning phase. (c) The super-adiabatic temperature gradient, V — V.4,
as a function of radius. The same models and same line styles as in Fig. 3 are used.

Since sound speed increases very rapidly with depth, the variation may not be detectable in the
sound-speed profile itself (Gough 1984; Basu & Antia 2008). The dimensionless gradient of the
sound speed defined by
W 1 dc? 5

(T) - g dr ’ ( )
sensitively depends on this variation, where g is the gravitational acceleration. Figure 4(a) illustrates
that the behavior of the dimensionless sound speed was strongly affected by the variation of the
chemical composition. Comparing Figures 3 and 4(a), we find that the rapid enhancement of the
hydrogen abundance at the edge of the inner core and at the bottom of the convective envelope,
respectively, cause abrupt changes in the dimensionless sound speed. As seen clearly in Figure 4(a),
there are the shifts of prominent peaks in 1 (r) corresponding to the contribution of variation of
chemical composition due to the inclusion of various overshooting and metallicity attributes.

Like in Figure 4(a), the changing chemical composition also directly leads to a variation in
the sharp feature in the Brunt-Viisilid frequency N2, defined as (Unno et al. 1989; Christensen-
Dalsgaard 2004)

1 dinP dlnp g°p
— - ~ —(Vaa —V+V,), 6
T, dr dr) p (Vo =V VL) ©
where V,q — V is the superadiabatic gradient, and V,, = dIn p/dIn P is the gradient of the mean
molecular weight p. Figure 4(b) shows the behavior of the Brunt-Viisild frequency with various
overshoot parameters, in units of w = /G M /R3, as a function of radius. It is only represented in

N2:g(
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the radiative zones, since N? is negative in the convective zones. In the local mixing length theory,
the boundary of the convective zone was defined by the Schwarzschild or Ledoux criterion: V > Voq
is convectively unstable, while V < V.4 is stable (radiative). From Figure 4(b), it is clear that if
the boundary is defined as such, the star has a deep convective envelope. In addition, the position of
the boundary of the convective zone has shifted outwards in radius and depends significantly on the
value of the overshoot parameter. The depth of the convective envelope is reduced with increasing
convective core overshoot.

The borders of the convective zone depend on the regions of rapid variation in the sound-speed
gradient and Brunt-Viisild frequency, due to a discontinuity in the super-adiabatic temperature gra-
dient. This may result in changes in the stellar internal structure, and hence, this feature affects the
oscillation frequencies. If the frequency precision is sufficiently high, the effects on frequencies of
low-degree modes will be detectable. It can be used to put limits on the extent of overshoot beneath
the convective envelope.

3.2 Mode Trapping

There are important differences in the oscillation properties between radial and non-radial modes.
This difference is mainly reflected in a very useful characteristic of a mode, e.g. the value of its
inertia, defined by (Christensen-Dalsgaard 2004)

Mmode _ fv p|5r|dv

M Mlorf3, ™

Ené =

where dr is the displacement eigenfunction, and the integration is over the volume of the star. For
the simplest analysis of solar-like oscillations, the behavior of the inertia is also relevant for the
amplitude of the modes. The expression of amplitude can be calculated by using an approximation

An[ ~ |: En[ :|_1/2
Ao(l/) o Eo(l/)

~ M71/2 (8)

mode’

where Ay and Ey are the interpolation results of frequency for radial modes.

By analyzing the eigenfunctions of radial and non-radial modes, we see that the difference be-
tween radial and non-radial modes is mainly due to the mode inertia. Dupret et al. (2009) performed
an interesting analysis of amplitude and mode inertia in the different evolutionary tracks of red gi-
ants. Here, we will analyze the important influence of overshooting on the radial and non-radial
stellar oscillations. Figure 5(a) shows the behavior of the normalized mode inertia as a function
of frequency for 1.9 M models, i.e. M9 and M13 with overshooting parameters o, = 0.0, 0.4,
respectively. For radial modes, the value of inertia decreases with increasing frequency. In the com-
parison of M9 and M13, there are no substantial differences between the cases with and without
overshooting. The radial mode displays a purely acoustic characteristic, and follows an asymptotic
behavior.

On the other hand, for the non-radial modes, we see that the inertia is very different and strongly
depends on the strength of the overshooting parameters. There are a large number of modes which
are dominated by a g-mode behavior and which show very high inertia. Moreover, for all cases with
or without overshooting, the / = 1 modes, in which the surface inertia is higher than the radial mode
inertia, maintain a mixed character. Hence, the mode trapped in the envelope is not perfect. This
property indicates that p-mode and g-mode regions are not very strongly separated. These modes are
strongly trapped in the interior. In addition, we have also found that increasing the core overshooting
decreases the inertia for £ = 1 modes by a factor of one. In contrast, we notice that a number of
modes where ¢ = 2, 3, for which the surface inertia is close to that of radial modes, behave as solar-
like p modes. These modes are trapped mainly in the outer envelope. By including core overshooting,
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there are more modes which minima in F,,;, which almost coincide with the radial modes, therefore,
more solar-like oscillatory behaviors appear. Modes having inertia with o, = 0.4 decrease by a
factor of two or three. For low-degree modes, the different behaviors of inertia in the cases with and
without overshooting are a consequence of the different depths of the convection zones.

Given the mode inertia, Figure 5(c) shows that the mode amplitudes change significantly with
overshooting, which could be approximately obtained by using Equation (8), normalized to unit
amplitude for radial modes. From Figure 5(c), we see that the amplitude of the £ = 1 modes increases
with the inclusion of overshooting, but it is lower than that of the ¢ = 2,3 modes. It is likely that
the / = 1 modes are excited in the deeper interior of the star, and hence are more strongly damped
than the ¢/ = 2, 3 modes. For the ¢/ = 2, 3 modes trapped in the envelope, the inertias are close radial
modes, therefore, they are characterized by substantial amplitudes compared to acoustic modes. In
particular, comparing M9 with M13, we see that the average amplitudes of the / = 2,3 modes
without overshooting are obviously lower than those of the modes with overshooting because of
larger inertia. For the mode trapped in the envelope, because excitation and damping occur in the
upper part of the convective envelope, the variation of the modes’ inertia due to overshooting can
significantly affect the amplitude in terms of its magnitude and detectability. As a result, non-radial
modes with overshooting might be more easily excited to observable amplitudes in red giant stars.

4 DISCUSSION

In this work, we have attempted to investigate the influence of convective core overshooting on stellar
structure and pulsation properties. In Section 3, we have seen that the size of an external convective
zone decreases with the increases in overshooting. The changing chemical composition results in a
strong enhancement of N2, and the sharpness of the gradient of the sound speed c at its frontier.
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Due to € Oph’s advanced evolutionary stage and strong mode mixing, no regular spacing can
be seen for the £ = 1 modes and some of the ¢ = 2 modes. Comparing models with and without
overshooting, we found that increasing convective core overshooting decreases mode inertia, but in-
creases mode amplitude. Thus, the £ = 1, 2 modes with overshooting might be more easily observed
than those without overshooting. It is clear that only more accurate observation will allow investiga-
tion of stellar properties of the interior and discrimination among the several possible evolutionary
models. The combined red giant model and asteroseismic investigation would be an important step
to help us give strong constraints on the stellar parameters and core overshooting.
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