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Abstract. Asteroseismology is a powerful tool for probing stellar interiors and determining stellar fundamental
parameters. In the present work, we adopt the χ2-minimization method but only use the observed high-precision
seismic observations (i.e., oscillation frequencies) to constrain theoretical models for analyzing solar-like oscil-
lator KIC 6225718. Finally, we find the acoustic radius τ0 is the only global parameter that can be accurately
measured by the χ2-matching method between observed frequencies and theoretical model calculations for a
pure p-mode oscillation star. We obtain τ0 = 4601.5+4.4

−8.3 seconds for KIC 6225718. It leads that the mass and
radius of the CMMs are degenerate with each other. In addition, we find that the distribution range of acoustic
radius is slightly enlarged by some extreme cases, which posses both a larger mass and a higher (or lower) metal
abundance, at the lower acoustic radius end.

1 Introduction

Asteroseismology is a useful tool, which is usually used to
determine stellar fundamental parameters, such as stellar
mass, radius, surface gravity, and mean density. It is as
well as used to probe the interiors of stars, such as con-
straining the convective overshooting of stellar convective
core [1, 2] and distinguishing the status of stellar core on
the red giant branches – H-shell burning stars whose cen-
ter is an radiative electric degenerate He-core or He-core
burning stars whose center is a convective core [3, 4].

Thanks to the space-based missions, such as CoRoT
[5], Kepler [6, 7], and the following K2 [8, 9], more and
more unexpected high-precision observations have been
obtained. It makes the asteroseismic researches enter the
age of high-precision. In the next few years, the obser-
vation missions, such as TESS [10] and PLATO 2.0 [11],
will support more and more high-precision observations
for the researches of asteroseismology. They will lead to
the research of asteroseismology reach a new age.

In order to determine the stellar fundamental param-
eters and/or probe the interiors of stars, comparisons be-
tween observations and model calculations are usually
used to decide the best-fitting model whose parameters and
interiors will be used to characterize those of the observa-
tions [1, 2, 12–16]. The goodness of the comparison is
characterized by a χ2

x-minimization method, which is de-

�e-mail: wutao@ynao.ac.cn
��e-mail: ly@ynao.ac.cn

fined as [17, 18]:
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where superscripts “obs" and “mod" denote the observa-
tions and model calculations, respectively. σ and N are
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when σxmod
i
<< σxobs

i
. Obviously, for the value of χ2

x, the
smaller, the better. The theoretical model is closer to the
observations.

In the present work, we will try to only use those
high-precision seismic observations (i.e., oscillation fre-
quencies νnl) to analyze the theoretical calculation models.
However, what can the χ2

ν analysis tell us about the phys-
ical information of the investigated targets? Or, in other
words, what physical parameters of the investigated target
can be determined best with such an analysis method? In
the following, we will try to answer such question via an-
alyzing the theoretical calculation models and the oscilla-
tion frequencies of the solar-like oscillator KIC 6225718.

KIC 6225718

KIC 6225718 is also named HIP (HIC) 97527 and HD
187637. It is a low-mass main-sequence star [19], whose
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Figure 1: χ2
ν as a function of stellar age τage. Different pan-

els show different masses and initial metal abundances. They
are symbolled at the figure with text. In panels, different point
styles represent different time step. They are about 108, 107, and
106 years, respectively. In panel (a), filled points denote the χ2

ν-
minimization models (CMMs) [18].

mass ranges from 1.08 to 1.37 M�. In addition, its metal
abundance [Fe/H] ranges from −0.24 to −0.10 dex [18]. Its
mass M and metal abundance [Fe/H] are 1.03 − 1.52 M�
and −0.38 − +0.0.02 dex, respectively, when their obser-
vational uncertainties are considered [18]. Based on the
observations of Kepler (there are 18 long-cadence (about
30 minutes exposure time) quarters Q0-Q17 and 13 short-
cadence (about 1 minute exposure time) quarters Q0 and
Q6-Q17) during more than 4 years, the obvious works an-
alyzed parts of the light curves and extracted the frequency
of maximum oscillation power νmax = 2301 − 2351 µHz
and the large frequency separation ∆ν � 105.8 µHz [1, 20–
23]. In the present work, we use the 33 individual frequen-
cies and their uncertainties, which is from the work of Tian
et al. (2014) [1].

Modeling

We use MESA (v6208) evolutionary code to calculate the
theoretical models and their oscillation information (i.e.,
oscillation frequencies) [24–26]. For the stellar mass M
and the initial heavy element mass fraction Zinit, they
are M = 1.00 − 1.26 M� with a step of 0.02 M� and
Zinit = 0.010 − 0.036 with a step of 0.002, respectively.
For more descriptions of the physical input and other ini-
tial input parameters of the model calculations, please re-
fer to the work of Wu & Li (2016) [18]. In order to void
the influence due to the outer boundary of stellar model
for oscillation frequencies, the outer boundary of stellar
model is fixed at optical depth τ = 10−3 in our model cal-
culations.

2 Results and Discussions

In calculating stellar theoretical models, the time steps (or
time resolutions) will affect the precision of model. Figure

Figure 2: χ2
ν as a function of surface gravity log g–panel (a),

effective temperature Teff–panel (b), radius R–panel (c), and of
mean density ρ̄–panel (d), respectively [18].

1 shows four different evolutionary tracks. For every evo-
lutionary tracks, there are three different time steps. They
are 108, 107, and 106 years, respectively. It can be seen
from Figure 1 that the stellar evolutions whose time step is
108 years are fully different from those of 107 years time
step. For the time steps of 107 and 106 years, except for
the latter has larger time resolution (i.e., smaller time step)
to precisely decide the χ2-minimization model (CMM) for
every evolutionary tracks, they are almost the same. In ad-
dition, it can be found from Figure 1 that the evolutions
need larger time resolution (i.e., smaller time step), when
the theoretical models are closer to the real situation of
investigated target.

All of the calculated χ2
ν are shown in Figures 2 and 3.

In the two figures, every lines represent an evolutionary
tracks. In Figure 2, the χ2

ν as a function of surface grav-
ity log g, effective temperature Teff , radius R, and of mean
density ρ̄ of stars, respectively. It can be seen from Fig-
ure 2 that the profiles of χ2

ν are in a state of disorder not
only with ρ̄ but also with log g, Teff , and R. Despite they
are related with the frequency of the maximum oscillation
power νmax and the large frequency separation ∆ν with the
following relations [27–29]:

νmax
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In Figure 3, however, the profiles of χ2
ν(τ0) are conver-

gence on the acoustic radius τ0. It is defined as [30, 31]:

τ0 =

∫ R

0

dr
cs
, (5)

where cs is the adiabatic sound speed. The χ2
ν(τ0) curves

are close each other, even overlap. All of the calculations
construct a perfect “V" shape. All the CMMs almost point
the same point on acoustic radius τ0. It is about 4600 sec-
onds. From this, we conclude that the acoustic radius τ0
is the global model parameter that can be determined best
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Figure 3: χ2
ν as a function of stellar acoustic radius τ0 [18].

Figure 4: The χ2
ν of CMMs as a function of stellar acoustic ra-

dius τ0–panels (a) and (b), radius R–panel (c), initial metal abun-
dance Zinit–panel (d), mass M–panel (e), and of effective tem-
perature Teff–panel (f), respectively [18]. For the filled points,
panels (a) and (b) correspond to panels (c) and (f), and to panels
(d) and (e), respectively.

from matching the observed frequencies with the theoret-
ical ones. In other words, the propagation time of sound
speed from stellar surface to its center can be precisely de-
termined without any other constraint.

The distributions of CMMs (χ2
ν,CMM) are shown in Fig-

ure 4 against the acoustic radius τ0, radius R, mass M, ini-
tial abundance Zinit, and effective temperature Teff . It can
be seen from Figure 4(a) that the distribution of CMMs
(χ2
ν,CMM(τ0)) looks like a ladle. They are divided into two

parts with the dashed line of χ2
ν,CMM = 25. Most of the

CMMs are located in the bowl-shape part (χ2
ν,CMM < 25)

and the rest form the handle (χ2
ν,CMM > 25). It can be

seen from Figures 4(d)-(e) that the minimum of χ2
ν,CMM is

realized by stellar models with Zinit = 0.024, and M =

1.14 M� and 1.16 M�. The CMMs whose 1.08 ≤ M ≤
1.22 M�, and 0.016 ≤ Zinit ≤ 0.032 occupy the center part

Figure 5: The radius R of CMMs as a function of their masses
M.

in Figures 4(d)-(e). They from the lower edge of the ladle
(see Figure 4(b)). It can be found from Figure 4(b) that
the acoustic radius of KIC 6225718 can be determined as
τ0 = 4601.5+4.4

−8.3 seconds.
It can be found from Figures 4(a), (d)-(e) that the out-

lying part (handle part) has larger mass M and smaller
or higher metal abundance Zinit comparing with the nor-
mal part (bowl-shape part). The outlying part has smaller
acoustic radius τ0 (see Figure 4(a)) than the normal part.
It is due to the increase of stellar radius R (see Figure 4(c))
can not offset the increase of adiabatic sound speed cs(r),
i.e., temperature T (r) (see Figure 4(f)). From this, we con-
clude that the larger stellar mass and higher or lower metal
abundance slightly affect the distribution of χ2

ν,CMM(τ0). It
leads that the CMMs have smaller acoustic radius.

The distribution of R(M) for all of the calculated
CMMs are shown in Figure 5. It can be seen from Fig-
ure 5 that those CMMs are located in a narrow band. They
are close each other and almost can not be clearly distin-
guished. In other words, the stellar mass is degenerate
with its radius for those CMMs. In the theory of stellar
oscillation, the acoustic radius τ0 is related with the stellar
mass M and radius R with the relation of τ0 ∼ (M/R3)−1/2

[30, 31]. While, the above analysis indicates that, for a
given star, the acoustic radius of CMMs can be roughly
referred as a constant. Therefore, we obtain the relation:
(M/R3)−1/2 � const.. The stellar mass of CMMs vary with
its radius M ∼ R3.

3 Conclusions

In the present work, we only use the high-precision as-
teroseismic observations (i.e., oscillation frequencies) to
constrain the theoretical models with the method of χ2

ν-
matching to analyze the solar-like oscillator KIC 6225718.
On the other hands, we consider the influence of the model
precision for deciding the CMM and set its time step as
106 years. Finally, we find that the acoustic radius τ0 is the
global parameters that can be determined best from match-
ing the observed frequencies with the theoretical ones via
the method of χ2

ν . It is about τ0 = 4601.5+4.4
−8.3 seconds. The
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calculations suggest that the distribution of acoustic radius
is slightly affected by larger stellar mass, and higher or
lower metal abundance at the direction of smaller values.
In addition, the approximate same τ0 leads that the mass
and radius of CMMs are degenerate with each other.
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