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ABSTRACT

We compiled data for 127 hosts (plus six candidates) and used them as constraints to construct interior models of the hosts
using the MESA code. Two significant conclusions emerge from these models. First, except for a few stars, the hosts’ metallicity
(Zyp) is greater than 0.008. This suggests a possible suppression of the occurrence of planets below Zy =~ 0.008. Second, it
concerns how chemical evolution unfolds in the galactic disk. For a given Zy value, considering the oldest stars, there is a linear
relationship between Zj and age (f9). This line is around f9=13.4 Gyr at Zy=0, a value consistent with the age of the Galaxy.
The linear relationship continues until around 79=6 Gyr, and the maximum value of Z; remains constant between f9=2-6 Gyr.
Another critical outcome of this study is the discovery of the relationship between Z; and the observed metallicity (Z;) for the
hosts. We obtain a useful expression for Zy, the input parameter for the models, as a function of stellar mass, radius, and Z;.
This expression can be used to estimate Zy based on the reduced surface metallicity due to microscopic diffusion. We also derive
an expression for planetary mass relative to the orbital semi-major axis and host mass. This expression may indicate a mass
distribution near the inner disk where these planets formed, except for hot-Jupiters. Planet radii appear to depend on the planet’s
mass and irradiation energy, as well as the orbital period.
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1 INTRODUCTION

Understanding and modeling the internal structures of stars is cru-
cial to astrophysics. While traditional methods like spectroscopy and
photometry provide valuable insights into stars, they become less ef-
fective as we probe deeper into a star’s interior. This is where astero-
seismology emerges as a revolutionary technique. Asteroseismology,
the study of seismic waves within stars, has become an essential tool
in astrophysics, providing invaluable knowledge of stellar dynamics.
Many stars display oscillatory behavior. These oscillations lead to
periodic variations in their brightness as they expand and contract.
For Sun and solar-like stars, oscillations are driven by convective
processes that occur in their outer layers.

Fortunately, solar-like oscillations have been detected in many
host stars, primarily from the light curves provided by recent space
missions such as ESA’s Convection, Rotation, and planetary Tran-
sits (CoRoT; Baglin et al. 2006), NASA’s Kepler/K2 (Borucki et
al. 2010; Howell et al. 2014), and the Transiting Exoplanet Survey
Satellite (TESS; Ricker et al. 2015). In this study, we compiled as-
teroseismic and non-asteroseismic data of 133 solar-like oscillating
stars and their planets from the literature. 6 of them are planet can-
didate systems (KOI-5/KIC 8554498, KOI-75/KIC 7199397, KOI-
268/KIC 3425851, KOI-364/KIC 7296438, KOI-974/KIC 9414417,
KOI-2640/KIC 9088780). We did not remove these stars, but we
listed them separately. We examine how asteroseismology plays a
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key role in studying planetary systems and its importance in enhanc-
ing our understanding of these stars. Similar studies are available
in the literature (Huber et al. 2013; Kayhan, Yildiz, & Celik Orhan
2019). These studies are based on a detailed modelling of the hosts
and host candidates.

At the beginning of this study, approximately 40 hosts were com-
piled from the literature. With newly published studies, this number
first increased to 80, and then to 127. A recent study by Lin et al.
(2025) lists asteroseismic data for 142 hosts and computes funda-
mental properties of hosts and then planets using the asteroseismic
scaling relations. Because the updates are endless, we had to stop at
some point. 97 of the 142 hosts are available in our catalog.

The hosts in which planetary systems form and the extent to which
planets’ properties depend on their host mass, for example, are key
questions. How planets evolve, both structurally and orbitally, is also
a key question to answer.

Asteroseismology has become a significant tool not only for ana-
lyzing the internal structure of stars but also for advancing exoplanet
science. To thoroughly investigate planetary systems, it is crucial to
understand the structure and evolution of the host star. The more
accurately we can determine the properties of the host star, the better
we can assess the parameters of the orbiting planets. Asteroseismol-
ogy enables us to determine stellar parameters with great precision,
allowing us to study planets in greater depth.

To this end, two fundamental asteroseismic quantities are signifi-
cant: the value of the large frequency separation between oscillation
frequencies (Av), and the frequency of maximum amplitude (Vax)-
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Av is defined as the frequency difference between modes of equal
spherical degree ¢, and consecutive radial orders n. This quantity
is intrinsically linked to the acoustic travel time within the star and
is approximately proportional to the square root of the mean stel-
lar density (Tassoul 1980; Christensen-Dalsgaard 1993). v« scales
approximately as g/vTeq, where g is the surface gravity (Brown et
al. 1991; Kjeldsen & Bedding 1995). As stars evolve and surface
gravity decreases, v, shifts toward lower frequencies.

The mean of Av ((Av)) and v« play an important role in deter-
mining the mass (M) and radius (R) of oscillating stars. The standard
asteroseismic scaling relations, which allow the estimation of the ra-
dius (Ryc,) and mass (Myc,) of an oscillating star, are given as follows:

Rsca _ Viax / Vmaxo ( Tett )1/2 )
Ro — ((Av) [(Ave)? \Teo)

Msca _ (Vmax/vmax®)3 ( Test )3/2 )
Mo~ (A7) [(Avo))* \Temo

Here, <AVO> and vpaxe correspond to the solar values and the
adopted values of <AV®> = 135.1 uHz and vmaxo = 3090 pHz
(Sharma et al. 2016).

The small frequency separation (dv) is another crucial asteroseis-
mic parameter (Christensen-Dalsgaard 1988). It is defined as the
frequency difference between modes of consecutive radial order n
and with a degree difference of two. The vy, calculated from modes
with / =0 and [ = 2, is highly sensitive to the conditions in the stellar
core during the main-sequence phase (MS), making it a valuable age
indicator. As a star evolves along the MS, dv(, decreases, being about
15 uHz at the zero-age main sequence (ZAMS) and around 5 uHz
near the terminal-age main sequence (TAMS). For the Sun, v, has
a value of 9.8 uHz (Yildiz, Celik Orhan, & Kayhan 2016), which
indicates that it is roughly halfway through its MS lifetime.

In this study, we analyze host stars at different evolutionary stages.
Only a few of the solar-like oscillating host stars in the literature are
MS stars. The vast majority are subgiant (SG) and red giant (RG) or
red clump (RC) stars. Both the difterent structures of stars at different
evolutionary stages and the fact that non-asteroseismic observational
data, especially, have different uncertainty levels prevent us from
applying a single modeling method. Therefore, it would be more
useful to apply the technique based on each star’s observational data.
We used Av and surface metallicity (Z;) constraints for each star. We
also used the reference frequencies (Viin0, Vmin1 and vmin2), eftective
temperature (7.g), luminosity (L), and R calculated from the scaling
relations as constraints according to the uncertainty level in the data of
the stars. Analyzing the results obtained by applying several methods
to some hosts would help us decide which method we prefer.

Detailed models of host stars are essential for many reasons: 1)
good determination of the mass and radius of the stars allows good
determination of the mass (M) and radius (R,) of the transiting
planets, 2) the initial chemical composition of the star affects its
own structure and also represents the chemical composition of the
environment in which the planet formed, 3) the age, which we can
determine more precisely, especially with asteroseismic data, also
reveals how the planets have evolved from the time they formed to
the present.

It is also interesting that there are stars in the RC phase among the
hosts. It is well known that the star loses a significant amount of mass
as it climbs the RG branch, approximately 0.1-0.3 M (Lebzelter &
Wood 2011; Miglio et al. 2012). In cases where there is such a mass
loss, the planet is greatly affected for two reasons: 1) Since the central
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Figure 1. The classical HRD of the oscillating host stars. The thick solid and
dashed lines represent the evolutionary tracks at Z = 0.0100 for 1.0, 1.2, and
1.4 M. The thin solid line denotes the TAMS.

body loses mass, there is a significant change in the planet’s orbit,
2) some of the mass lost by the star can be directly transferred to
the planet, and in this case, the structure of the planet can change
significantly. Such processes are complex, and depending on how
mass accretion occurs, different outcomes can result. Perhaps the
most important result for humanity is that even some stars in the RC
phase still have planets orbiting them.

The paper is organized as follows: Section 2 presents the observed
properties of the host stars and their planetary systems. Section 3
describes the modelling methodology adopted in this study. The
results of the computations are presented and discussed in Section 4.
Finally, Section 5 provides the main conclusions of this study.

2 OBSERVED PROPERTIES OF THE HOSTS AND THE
PLANETARY SYSTEMS

The search for life on planets other than Earth, a highly popular
field of research today, has led to a much more detailed study of
planetary systems. In this study, knowledge of host stars, in particular,
facilitates the study of planets. This is because the more we know
about the host star, the more information we can obtain about the
planet. Therefore, asteroseismology, the most effective method for
explaining the internal structure and evolution of stars, has become
an essential tool in the study of planetary systems. We compiled
asteroseismic and spectroscopic data of systems containing planets
from the literature (Table Al).

2.1 Non-asteroseismic properties of the planetary systems

The luminosities of the stars in Table A1 are primarily obtained from
references using GAIA DR3 and DR2 data (Gaia Collaboration et
al. 2018, 2021). Many studies provide [Fe/H] and T.x values for
many of the hosts. Generally, these values are quite scattered. In this
case, we tried to construct interior models for a host and obtain the
observational data that best fit its model. The Hertzsprung—Russell
diagram (HRD) plotted from the compiled data is shown in Fig. ??.



According to the TAMS line (Yildiz 2015), around 15 planet hosts
are MS stars. Nearly 25 hosts are SGs, and the remaining 127 hosts
are RGB stars. There may be a small number of core-helium-burning
(CHeB) stars among the stars in the RGB. Masses of the hosts range
from 0.75 to 2.66 M. The radius interval is about 0.75-15 R .

[Fe/H] (or [M/H] ) and T.g of the hosts are obtained from the
spectroscopic data. [Fe/H] or [M/H] represents metallicity of the
photosphere of the hosts (Z;). For the interior models, however, the
initial metallicity (Zp) is the input parameter. For the evolved stars,
Zy can be taken as Z;. However, for the hosts on and around MS,
Z may significantly be less than Zj, due to microscopic diffusion,
depending on the age and depth of the stellar convective envelope.
The Z; of the planet hosts are computed from the [Fe/H] or [M/H]
values:

Z, = 10F/Ml 7z

where Z is the solar metallicity and taken as 0.0134 (Asplund
et al. 2009). For two of the hosts, namely KIC 6278762 and TIC
160224839, Z; is small, ~ 0.005. For most of the stars, the metallicity
ranges from -0.3 to 0.3 dex. This implies that Z; for most of the
systems varies between 0.007 and 0.027.

As part of our study, we examined 127 planetary systems and
179 planets. We compiled the masses, radii, orbital periods, and
semi-major axis lengths of the planets from the literature to create
a catalog. In our sample, planetary masses range from 22 M; to
0.0001 Mj, while radii span 1.36 R; to 0.036 Rj. A total of 27
multi-planet systems are identified. Since asteroseismology allows
us to determine the fundamental parameters of host stars with high
precision, the properties of their planets can also be constrained with
great accuracy. Therefore, these systems are of particular importance
for studying planetary evolution and characterizing their fundamental
properties (Section 4.6-4.8).

2.2 Asteroseismic properties of the hosts

The asteroseismic properties of the majority of planet hosts have been
published in several studies (Appourchaux et al. 2012; Huber et al.
2013; Silva Aguirre et al. 2015; Davies et al. 2016; Kayhan, Yildiz,
& Celik Orhan 2019; Zhou et al. 2024). The quality of observational
data of each planetary system and the number of observables are
quite different from the others. While for some stars the available as-
teroseismic data include only their Av, some of them have individual
oscillation frequencies for many modes. Determining many oscilla-
tion frequencies is important because we can then use the reference
frequencies as constraints. The asteroseismic properties of the Kepler
RC and RG targets are given in the APOKASC-2 catalogs. v, and
Ay of the TESS targets are mainly published in references. vmax of
the hosts is plotted with respect to Av in Fig. 2a. Av of RC and RGB
stars ranges 2.5-8.8 and 0.45-18.7 uHz, respectively. vyax of RC and
RGB stars range 18.6-115 and 2.02-246.7 uHz, respectively.

During the RGB phase, stars rapidly lose significant mass, increas-
ing their radius, and then undergo a helium flash, entering the RC
region. RGB stars have radii as high as 51 R, while RC stars have
radii in the range of 8-21 R¢. This means that planets closer to their
hosts than 50-60 R, are likely to be engulfed, unless something hap-
pens to them before then. TIC 233008631 is the host with its smallest
values for Av and vipax: Av = 1.79 £ 0.05 and v = 10.4 £ 1.7. In
Fig. 2b, the uncertainty of Av and v, values is plotted as a percent-
age. The stars with the highest uncertainties in their asteroseismic
data are TIC 332711151 and TIC 77481104.

If ahost is an RC star, then the period spacing (AIl;) is a significant
constraint to model the interior of a star. Unfortunately, AIl; is not
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Figure 2. a) v,y is plotted with respect to Av. b) Uncertainty of vipay is
plotted with respect to Av.

available for any host taking place in the RC region in Fig. 3. In Fig.
3, Vmax 1s plotted against Av for the host stars and compared with
RGB and RC stars from the APOKASC-2 sample. The majority of
the host stars are located near the RC sequence. Whether these stars
are truly RC objects or appear to be so due to associated uncertainties
remains a matter of debate and requires further investigation.

The 6vg, values have been determined for 16 of the MS and SG
stars, ranging from 4.3 t0 9.0 yHz. viino and vipin; obtained from the
Av—v plot are determined for 23 of the 133 host stars. For 6 stars,
either viino OF Vmin1 1s detected. vinino and vin1 have values in the
ranges 245-4221 pHz and 552-3849 pHz, respectively.

3 METHOD OF MODELLING

Instead of applying a single method to all stars during modeling,
we used different methods based on the data in the literature and
their uncertainties. The asteroseismic data must be of high quality.
Stars with detected individual oscillation mode frequencies are the
most advantageous stars. In this case, we know that the model we

MNRAS 000, 1-23 (2024)
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Figure 3. Av is plotted with respect to vmax for hosts to compare with RGB
and RC stars in APOKASC-2. In this diagram, RC and RGB stars are slightly
separating. Some of the hosts are likely RC stars.

obtained by using Av, reference frequencies, and Z as constraints is
the unique model (Ortel et al. 2025). This method is called MinZ.

We can find the masses and radii of stars using asteroseismic
scaling relationships. In this way, the masses calculated in particular
are highly uncertain. There are three important disadvantages of
using vmax in the scaling relations, especially for MS and SG stars.
First, we cannot correct the relation of v, to the fundamental stellar
parameters of the models. Second, multiple maxima can be observed
in the power spectrum of hot F-type stars. Third, the uncertainty in
Vmax is generally higher than the uncertainty in Av: ey, . /Vmax =
6ep, /Av. For the TESS 2min cadence light curves (Zhou et al.
2024), ey« /Vmax and ep,, /Av are high and close to each other.
When we compare TESS and Kepler targets, we see that Kepler data
have less uncertainty. For Kepler target stars, e, /Av < 0.05 and
€Vimax/Vmax < 0.02 .

The chemical composition of a star is among the most influen-
tial initial essential properties. Metallicity, in particular, significantly
affects the structure of the nuclear core and the outer regions. There-
fore, it is one of the most important ingredients of the interior models,
after the stellar mass. In all the methods for asteroseismic modelling,
we first use Z calculated from the observed metallicity of the hosts.
According to the difference between Zy and Zg, we estimate a new Z.
For the evolved RGs, Zj is close to Z;. For the stars with high-quality
spectroscopic and asteroseismic data, Yy and @ can be computed by
calibrating the models under the observational constraints. This is
the case for most of the hosts with reference frequencies. We call this
method Method DZref.

If the oscillation frequencies of the individual modes are not avail-
able in the literature, we compute Av, Z, and Tt as the observational
constraints (Method DZT). For some stars, the spectroscopic Teg is
quite uncertain. In such cases, we either use luminosity derived using
GAIA data (Method DZL) or radius computed from the scaling rela-
tions (Method DZR). For Methods DZT, DZL, and DZR, we assume
that the chemical enrichment on the galactic disk proceeded as an
increase in Y (AY) is twice the increase in Z (AZ): AY = 2AZ. Then,
Y =Y,+2Z,whereY =Y}, and Z = 0 for the first stars in the Galaxy.
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The primordial ¥}, value is determined by the Planck collaboration
(Planck Collaboration et al. 2020) as 0.2471.

In the HRD, the RC region is narrow and perhaps the most de-
generate region. Since the stars in this region are not located in a
sequence, unlike in the MS, many model options exist for a given
mass and chemical composition. Therefore, instead of performing
precise calibrations in the first stage for RC candidates, we can con-
sider the system age as the age of the primary component in the RG
branch.

First, we compute the fundamental stellar parameters using the
modified scaling relations. Then, we compare these results with the
model results with the closest values of Z and M in the HRD. If there
is a good agreement, then this model is the best model for the host
star. If not, we test other mass and Z combinations.

3.1 Properties of MESA evolution code

Nonrotating interior models of the planet hosts are constructed using
MESA code version 123.05.1 (Paxton et al. 2011, 2013, 2015, 2018,
2019; Jermyn et al. 2023). Element diftusion is applied using the
method proposed by (Paquette et al. 1986) for the stars with M<
1.4 Mg. For the higher masses, the models are without diffusion.
The standard mixing length theory proposed by Bohm-Vitense et al.
(1958) is used for the convection. The opacity is computed using
OPAL tables (Iglesias & Rogers 1993, 1996) at high temperature and
the tables of Ferguson et al. (2005) at low temperature. Depending
on the current state of evolution of the stars, the internal structure
models cover pre-MS, MS, SG, and RG phases.

In MESA, different equations of state (EOS) are blended depend-
ing on the temperature—density regime (Paxton et al. 2011, 2013,
2015, 2018, 2019). For the stars studied here (MS, SG, and RGB
phases), most of the stellar models lie within the regime covered by
FreeEOS'.

The adiabatic oscillation frequencies of the fitted model are com-
puted using the ADIPLS package (Christensen-Dalsgaard 2008). To
account for the surface effect, the correction proposed by Kjeldsen,
Bedding, & Christensen-Dalsgaard (2008) is applied.

4 RESULTS AND DISCUSSIONS
4.1 Model properties across the observed properties

In Fig. 4a, the observed large frequency separation (Aveps) of the
host stars is compared with the model values (Avpog). AVimod Shows
an excellent match with Avgps, confirming the reliability of the mod-
elling.

Fig. 4b shows the comparison between observed (Tops) and mod-
elled effective temperatures (Toq). Overall, Tops and Tpog are in
perfect agreement, although some scatter is visible. This scatter is
likely due to the relatively significant uncertainties in the observed
stellar temperatures.

4.2 Asteroseismic HR Diagram

The age of a star is a key parameter for understanding its internal
structure and the evolution of stellar and planetary systems. Aster-
oseismology enables the determination of stellar ages with signifi-
cantly higher precision than other methods. An asteroseismic HRD
is an effective tool for this purpose (Christensen-Dalsgaard 1993).

1 https://freeeos.sourceforge.net/
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In Fig. 5, the Av is plotted against the small frequency separation
to construct an asteroseismic HRD for the host star models. In this
diagram, solid lines indicate stellar mass (1.2 M on the left and 0.8
Mg, on the right), while dashed lines indicate the MS phases (ZAMS
at the top and TAMS at the bottom). The stars form two clear groups:
one is concentrated near the TAMS, while the others appear to have
completed about three-quarters of their main-sequence lifetime.

4.3 Metallicity-age relationship

The Zy-t9 relationship obtained from host internal-structure models
is shown in Fig. 6. This figure shows two interesting features. One
of these is about galactic chemical evolution: For stars formed from
gas clouds with the fastest increasing metallicity, there is a linear
relationship between Zy and tp = tmw — f9. fMmw is taken as 13.4 Gyr
(Pasquini et al. 2004).

Old stars formed in the early epochs of the Milky Way gener-
ally exhibit lower metallicities, while younger stars exhibit higher
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Figure 5. Asteroseismic HRD for models of the hosts. The grids are prepared
for M = 0.8-1.4 M@ and Zy = 0.02 (nearly vertical solid lines). The dashed
lines show the evolutionary phases from ZAMS (at the top) to TAMS (at the
bottom).

metallicities. This trend is consistent with expectations from galactic
chemical evolution. Another critical point is that no planetary sys-
tems are found below a certain metallicity threshold. In our samples,
we observe that host stars with Zy < 0.008 do not harbor planetary
systems. This may be the main link between stellar metallicity and
the occurrence of planetary systems. Hence, this aspect plays a cru-
cial role in studying stellar—planetary evolution and in improving our
understanding of planet formation processes.

KIC 6278762’s position in this figure is far from the other stars.
The observed metallicity is quite low, approximately 0.005. The age
of the model (14.6 Gyr) we obtain from the observed values is greater
than the age of the Galaxy. As we increase Zy and decrease Av, the
KIC 6278762 model approaches the models of the other stars. The
nearest model has a Zy of 0.0104 and a Ay of 179.3 p/Hz. The situation
of this low-mass star can also be considered in relation to the opacity
enhancement observed when examining cool stars.

4.4 The initial metallicity versus surface metallicity

Because more energy is expended on ionization when the number
of heavy elements is high, less of the energy gained from the col-
lapse during star formation is spent on heating the deep interior. In
this case, the temperature increases less, leading to slower nuclear
reactions and lower luminosity. From this perspective, the initial Z
has a significant impact on the structure of stars (especially their
luminosity). Z, determined from spectral observations, is actually
the surface heavy element abundance Z. Structure and evolution, in
turn, depend primarily on Zy. The crucial question here is whether
we can calculate Z, from Z.

Using the data of host interior models, the fractional difference
6Z]Zs ((Zo — Zs) | Zs) is plotted against R in Fig. 7a. The difference
is particularly significant for the range R < 3 R . For larger radii, the
deepening convective envelope eliminates the chemical separation
caused by microscopic diffusion. For R < 3 R, R roughly represents
the evolutionary state. Diffusion effect depends on the depth of the
convective envelope. The depth of the convective envelope depends

MNRAS 000, 1-23 (2024)
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Figure 6. Zj is plotted with respect to age. The solid line is the border
for the stars with the highest metallicities of their ages, expressed as Z =
—0.0039519 + 0.053. KIC 6278762 (circle) stands apart from the other stars.
Opacity enhancement may be a solution to this problem (see the text).

on M and Z. Then we can consider 6Z/Zg as a function of M, Z,
and R: f(M, Zs, R). We assume a function as

0z

M R
— =f(M,Zs,R) =b— +cZs+d—.
Mg

o ©)

Zs
From this function, we obtain the fitting formula using the data of 50
hosts for which dZ > 0.0005: 6Z/Zs = f = bM + cZ + dR Then,
we can compute Z in terms of M, Zg, and R:

Zot = Zs(1 + f) )

In Fig. 7b, Zy is plotted respect to Zy. The metallicities calculated
from the model and the Z relationship are in excellent agreement.
In our host sample, there are a few stars in the vicinity of the
ZAMS. Therefore, equation (3) is only valid for evolved MS and SG
stars. For the young stars, 6Z/Z; is a double-valued function of R.
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4.5 Revised radius and mass of the planets

Due to two spheres passing in front of each other, the light curve of a
planetary system changes. The transit depth, AF, with F' defined as
the total observed flux, is given as (Seager & Mallén-Ornelas 2003)
Ry\?
AF =|—] . 5
( R ) ®)
Since the radius ratio will be constant for a given value of AF, we
can also calculate the revised R, (Rl’,) from the newly calculated R
of the host. Ry, is also listed in Table A2. The fractional difference
between R;) and R, ((Rl') —Rp)/Ry) is plotted with respect to R in the
upper panel of Fig. 8. The difference is less than 10 per cent.
The revised planetary mass is computed from the ratio of the new
stellar mass to the old one. In the lower panel of Fig. 8, the fractional



difference between Ml; and M, ((Ml’) — M,)/M,) is plotted against R.
For most planets, the difference is quite large, reaching up to 50%.
This difference is due to the difference between the new stellar mass
and the old mass. For TIC 200093173b, the difference is about 55%.
The mass of the host is given as 0.98 + 0.125 M, in Feng et al.
(2022) and is found to be 1.517 M in the present study. It is worth
noting that M, here is mostly M, sini.

4.6 Expression for MI’) as a function of « and M

In Fig. 8, My, is plotted with respect to M and a in logarithmic scales.
The grids shows the fitted function f(x, y):

M a M
i a M
log(MJ) (l.lOiO.O7)log(AU)+(1.3910.37)10g(M®). (6)

According to this relationship, the planetary mass increases with
increasing M and a. This result is interesting because it may indicate
the density that existed under the conditions of the disk (presumably
in the inner parts of the disk) that produced the planet with mass M.
Other systems in the TEPCat catalog are also plotted for comparison.
We observe that hot Jupiters are relatively rare among the b planets
of our 127 hosts. Hot Jupiters form a distinct group. This supports
the idea that these planets reached their current positions through
migration.

4.7 How R, depends on M, and orbital parameters?

It is well known that there are three distinct M-R relationships for
planetary mass ranges: rocky, Neptune-like, and Jovian. For the latter
two in particular, the M-R relationship exhibits significant scattering.
The host’s irradiation flux plays a significant role in this scattering. A
much more precise relationship emerges when the irradiated energy
per gram per second (/_) is used instead of the flux (Yildiz et al. 2014).
In addition to these parameters, Rj, shows a secondary dependence
on orbital period P. The fitting formula for R (R}')ﬁt) is obtained as

R’ /
log (RLﬁt) = (—1.33 £0.20) + (0.290 + 0.038) log (l—_) +
J 0

M} P
(0.418 £ 0.023) log [ =2 | + (0.407 + 0.066) log [ — | . (7)
MJ day
where [ is the energy received per unit mass and time by a planet
with 1 My and 1 Ry at 1 AU in our Solar system (/o = 1.106 x 1074
ergg ! s7h).
In Fig. 9, R;ﬁl is plotted with respect to Ry,. The average difference
between R, fit and Ry, is approximately 14 percent. The biggest
difference 1s for KIC 8494142b, about 43 percent.

4.8 Notes on individual hosts
4.8.1 16 Cyg B (KIC 12069449)

The asteroseismic data of 16 Cyg B is obtained from Kepler
lightcurves (Metcalfe et al. 2012). Its individual oscillation frequen-
cies are derived from this data. Its dvg; is 6.6 uHz and is an essential
constraint on age indicators. While its v is well defined, v, is around
the first interval of the data (2044 uHz). Detailed interior models
of 16 Cyg A and B are constructed by Metcalfe et al. (2012) us-
ing different codes. M, R, and age are found to be 1.07+0.02 Mg,
1.127+0.007 R, and 6.7+0.4 Gyr, respectively. These models are in
good agreement with the asteroseismic and non-asteroseismic data
of these stars. Perhaps the low value of ¥j is controversial. While the
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Figure 8. a) (R, — Rp)/Rp and b) (M — M},)/ M), are plotted with respect
to R of the hosts. Radii of the transit planets are determined from the obser-
vations in units of their host radii (filled circles). The difference for Rp is less
than 10 percent for 37 transit planets. For these planets, the difference for M,
is similar to that of R,. However, for all of the planets (circle), the difference
is less than 50 percent. c) In the lower panel, My is plotted with respect to a
and M in logarithmic scales.
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adopted Zy of 16 Cyg B (0.024) is greater than the solar value, the Yy
of all models (averaging 0.25) is much smaller than the solar value.
This Yj is close to the primordial helium abundance (0.2471).

The fact that the models have high Zy (0.020-0.025) and quite
small Yy (0.24-0.26) leads us to doubt their validity. Taking a high
Zy increases the M of the calibrated model. In this study, we set
Zy = 0.0177. The model we obtained with M = 0.97 Mg and R
= 1.10 R is in good agreement with observational constraints.
For this well-fitting model, ¥y is 0.2825. The Av, vy, and dvpy of
this model are in excellent agreement with the observational values.
The difference between the observational v and the model vo (13
uHz) is much smaller than Ay (116.9 uHz), while the model and
observational 0v(; are close.

MNRAS 000, 1-23 (2024)

4.8.2 € Tau (TIC 17554529): a member of the Hyades cluster

€ Tauis in aregion of the HR diagram, where one cannot discriminate
between RGB and RC stars. The period spacing AIT is a handy tool
for asteroseismically discriminating between these two types of stars.
An attempt by Arentoft et al. (2019) is unfortunately unsuccessful
for the determination of AIT. Modelling € Tau as an RG star without
mass loss yields as M = 2.04 £ 0.12 Mg and t9 = 0.98 + 0.18 Gyr.
Zy of this model is 0.0189.

4.8.3 KIC 6278762

This star has been the most challenging to model, with a match to the
observations. The observational asteroseismic parameters are high-
quality, and many [Fe/H] and T.¢ values obtained from the spectrum
based on SIMBAD data are consistent. A good fit is achieved only if
the age is greater than the Milky Way’s age. Especially with younger
ages, the model’s T.¢ is higher than the observed value.

This star’s 6vp=9.5 uHz. This means that this star is halfway
through its MS lifetime. For the numerous models we constructed
for this star, we obtained a relationship between dvy, and M and «:

Svop = —18.1+ 1.2+ (51.3 = 1.9)M — (5.55 +0.19)a. ®)

When we set 6vg2=9.5 nHz, we obtain the relationship between M
and a. If we set @ = ap, M = 0.736 Mg. In this case, Ty =
5400-5500 K. This model temperature is 350-450 K higher than the
temperature obtained from the spectrum. In the model for which we
obtained the best fit, M = 0.674 M and @ = 1.32. Unfortunately,
this model’s age also exceeds the age of the Galaxy.

This inconsistency reminds us once again of the necessity of opac-
ity enhancement. It would be particularly appropriate to examine MS
stars, which have masses lower than Kepler Legacy stars, in a separate
study in this regard.

This system is also interesting for its five sub-earth-sized plan-
ets. If self-pollution occurred during planet formation in the disk,
then we can obtain a solution by keeping Z free. In this case, for
M =0.737 Mg, Zy and age are found to be 0.0104 and 12.59 Gyr,
respectively. Model results are given in Table ??.

Although the self-pollution approach improves the model for this
star, it does not achieve a good fit with the observations. The most
likely options are opacity enhancement or planetary engulfment.

4.8.4 70 Vir (TIC 95473936)

Numerous spectral analyses have been conducted for this star. [Fe/H],
log(g), and T, were determined in the analysis from 52 references in
the SIMBAD database. According to these data, there are linear re-
lationships between Teg and log(g), and between [Fe/H] and log(g).
log(g) = 3.90, determined by asteroseismic data. The most suitable
data for this value is [Fe/H] = -0.09 and T = 5501 K (Mahdi et al.
2016).

We obtained five different solutions that are close to each other.
The properties of these models are listed in Table 2. Although the
asteroseismic data are similar, only the input parameters M and Y
differ. Model masses range from 1.001 to 1.059 Mg, and Yy ranges
from 0.25907 to 0.28556. Y, decreases as the model mass increases.
These models have two notable features. First, the model vy« val-
ues are smaller than the observational v,y values. Second, the age
remains almost constant across different values of M and Yy. This
demonstrates that such an analysis is successful in determining the
age but limited in determining the chemical composition of such
stars.



Table 1. Basic model properties of KIC 6278762.
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M R Z Zs Yo Ys a Av Svo2 Tetr ty
Moe)  Re) (uHz)  (uHz)  (K)  (Gyr)
0.737 0.750 0.0104 0.0089 0.2721  0.2329 1.7641 179.51 9.95 5068 11.71
0.700 0.735 0.0071 0.0058 0.2613 0.2154 1.4799 180.32 9.65 5042 13.46
0.674  0.721 0.0050 0.0039 0.2571  0.2065 1.3200 182.12 9.43 5042 14.58

Table 2. Basic properties of four interior models for TIC 95473936. Z; and
« of the models are 0.0117 and 1.8311, respectively.

M R Yo T L Av Vmax Iy

Mo Rp K Lo pHz  puHz  Gyr
1.001  1.869 0.28556 5493 2.865 53.80 912 844
1.012  1.879 0.28056 5494 2897 53.67 910  8.39
1.034  1.897 0.27056 5498 2963 53.61 908  8.29
1.045 1907 0.26556 5499 2995 5348 906  8.25
1.059 1919 0.25907 5499 3.037 5333 904 8.19
Obs. — — 5501 3.038 53.67 939 —

The star is close to Lpy,x in the SG. It appears 200 K colder than
that point. The TIC catalog gives L = 3.038 + 0.081 L, and the
model with the best fit for this luminosity has a mass of 1.059. Table
2 demonstrates the significant strengths of asteroseismic modeling.
While we can determine the age quite precisely, a good estimate of
the chemical composition also requires a precise measurement of the
observed luminosity. For this example star, Zy = 0.0117 and ¥ =
0.25907.

4.8.5 KIC 10963065

We calculated the reference frequencies for this star from its oscilla-
tion frequencies. The reference frequencies of the model we obtained
are in excellent agreement with the observational ones.The model’s
M, R, and Tq are in excellent agreement with the values calculated
by Yildiz, Celik Orhan, & Kayhan (2019).

4.8.6 KIC 4143755

This host is one of the lowest-mass stars in our catalog. SIMBAD
data for this system are generally consistent. However, there is a
significant difference between the model and spectral Tes. Davies et
al. (2016) gives Ter = 5622 and [Fe/H] = -0.4. The majority of the
SIMBAD data agree with these values: Te = 5600 K and [Fe/H] =
-0.5 dex (Zs = 0.00424). Obtaining a suitable fit with these values is
difficult, and since the age is greater than the age of the Galaxy, our
grid is insufficient. Our data is T = 5746 K and [Fe/H] = -0.35 dex
(Zs = 0.00599). With these values and using Av=77.2 uHz data, we
obtained a model that agrees well with the observations by applying
Method DZT: (M, R, Zy, t9, Terr)=(0.9078, 1.4210, 0.00819, 11.127,
5748). @ and Y} of this model are 1.5652 and 0.26348, respectively.
The observational reference frequencies of this host star are quite
uncertain. There are only 5 points on the Av-v plot. In the models,
vo ~ 1500 and v;=1126 uHz.

4.8.7 KIC 8866102

Spectroscopic data for this host show significant scatter. In this case,
we can apply the MinZ method to KIC 8866102. We calculated the

Av of this star directly from the frequencies as 84.2 uHz. It is given
as 83.6 uHz in the literature. For the MinZ method, y? is computed
as in Ortel et al. (2025). In Fig.10a, b, and c, log()(z) is plotted
with respect to M, Z, and log g, respectively. In all of the panels, x>
is minimum at a single value of the horizontal axis. According to
the MinZ method, (M, Z, log g) = (1.26, 0.018, 4.263). For a solar-
like oscillating star with precise observational asteroseismic data, we
obtain a unique model for the host star.

4.8.8 TIC 302372658

When we use L=29.605 Lg, Av=5.64 uHz and Z;=0.0104 as
constraints, we obtain the model parameters: (M, R, Zy, to,
Terr)=(1.14,8.60,0.0105, 6.14,4645). Observational T, is about 50
K greater than the model value.

4.8.9 TIC 200093173

Using L=6.911 L, Av=37.71 uHz, and Z;=0.02932 as constraints,
we obtain the following model parameters: (M, R, Zy, ty, Teg)=(1.52,
2.74,0.0294, 2.82, 5578). Observational Tes is close to the model
value.

If we take Z3=0.038, then we obtain (M, R, Zy, t9, Ter)=(1.53,
2.74,0.038, 2.53, 5673).

4.8.10 TIC 277890728

This star has a high Li abundance, A(Li)=2.65 (Delgado Mena et al.
2014). It is located in the region of the HR diagram where L is at its
maximum after TAMS. In this case, @ becomes irrelevant in the Tyg
calibration. By changing Yj, we calibrate both L and T.¢. In Fig. 11,
the evolution traces of three different models constructed with three
different Yps are plotted in HRD. The model parameters that best
match the observed properties of the star are as follows: M = 1.26
Mg, R = 1.97 R, Yo = 0.3109, Zy = 0.0319, and t9 = 4.88 Gyr
(see Table A2).

4.8.11 TIC 284181945

The model parameters we obtained by applying the DZT method are:
(M, R, Zy, t9, Ter)=(1.8431, 10.6826, 0.01637, 0.7991, 4695). The
T.q is about 200 K higher. The AII; value for this star was found to
be 303.96 + 0.30 s by Lin, Qian, & Zhu (2024a). According to Ay
and AIl;, TIC 284181945 is an RC star. In Table A2, the values for
an RG model are listed.

4.8.12 TIC 38828538 (HD 29399)

This host is an RG star (Lin, Qian, & Zhu 2024a). L is given
by Pezzotti et al. (2022) as 10.04 L. 3 separate solutions:
1)Linoa=10.04, 2)Lmoq=11.6681, 3) Tox=4845 K (L=12.626 Lp).

MNRAS 000, 1-23 (2024)
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Table 3. Basic properties of the models constructed for TIC 38828538.

M (Mo)

R (Ro)

Zy

19 (Gyr)

Terr (K)

1.1631
1.2800
1.3663
1.4907
1.1394

4.6914
4.7100
4.9202
5.0431
4.4591

0.01856
0.01860
0.01868
0.01861

6.7000
4.6600
3.7306
2.8387

4738
4787
4806
4845

AIly = 83.55 £0.09 s (Lin, Qian, & Zhu 2024a). The host is an RG
star.

When the difference between Tp,0g and Teg Was large, we obtained
solutions with different L values to test the uncertainty level in the
luminosity. These solutions are listed in Table ??. Tj,oq increases with
increasing L. When Lpoq12.6 L, Tmoa and Te are equal. In this
case, because the mass increases significantly, there are substantial
age differences. The last row of the table shows M and R calculated
from corrected scaling relations. Av of the model with M = 1.28
Mg is in good agreement with the observed value. The difference
between Tinoq and T is about 58 K for this model.

4.8.13 TIC 136916387

This star is interesting. It is near the main sequence and, according
to the data, it is an old star. According to our model, it is 12.63
Gyr old. However, Zs and Zj are approximately 0.0073 and 0.0093,
respectively. This Zj is high for this age. Although the spectroscopic
data in the SIMBAD database are quite scattered, it can be argued that
this star exhibits interesting properties, such as chemical pollution.
Lower [Fe/H] values have also been measured, but model calibration
is complicated due to this low metallicity (Tes, [Fe/H])=(5700, -0.28)
(Chavero et al. 2019). We obtain the best model with Zy = 0.0079.
T and Av of this model are in perfect agreement with the observed
values.



4.8.14 TIC 233008631

TIC 233008631 has the smallest values for Av and vy,x among the
hosts. For such stars, asteroseismic modelling is complex because the
frequencies of only a few modes can be calculated using the ADIPLS
package. Therefore, Av can only be calculated over a narrow range.

5 CONCLUSIONS

Asteroseismology is essential for understanding the internal struc-
ture of stars and constraining their fundamental parameters. Using
quantities such as Av, v, and dvgy, stellar properties can be deter-
mined with much higher precision than with other methods. In recent
years, the growing number of solar-like oscillating host stars has fur-
ther strengthened the link between asteroseismology and exoplanet
research, enabling the two fields to advance together.

In this study, we compiled data on 127 host stars (and six candi-
dates) from the literature and constructed interior models of these
stars using the MESA code. Rather than applying a single method, we
developed multiple approaches based on the available data and their
associated uncertainties. We used Av and Z as constraints in all the
methods we implemented. Additionally, we included one or more
of 6vo2, vo, vi, L, Tesr, or R as constraints in the applied methods,
depending on the sensitivity of the data and their compatibility with
other data.

Two key results emerged from our models. First, with only a few
exceptions, the majority of host stars have an initial metallicity (Zy)
greater than 0.008 (Fig. 6). This suggests that the threshold condition
for planet formation is Zy = 0.008; if the metallicity of a host star is
below this value, no planet formation is observed. Second, the age-
metallicity relationship is quite variable. Both old and young stars
can be metal-poor. For the most metal-rich stars of their time, the
age-metallicity relationship appears linear up to f9 = 6 Gyr. When #9
< 6 Gyr, it seems to remain constant in the range Zy = 0.008-0.033.
These results provide important insights into the chemical evolution
of the Galactic disk.

Only one host clearly stands out: KIC 6278762. The model that
best fits the observational data has a small mass and an age greater
than the age of the Galaxy. A smaller model age would require a
larger Zy. In this case, the age decreases as the mass increases. In
the context of this star, self-pollution in planetary systems can be
discussed. Another option is opacity enhancement, which is thought
to be particularly important for low-mass stars.

For the solar-like oscillating KIC 8866102 with precise obser-
vational asteroseismic data (Av, vg, v1) and Zs, we apply the MinZ
method (Fig. 10) developed by (Ortel et al. 2025). We obtain a unique
model for the host star. We could not apply this method to more stars
due to the large number of models required.

Another important outcome of this study is the discovery of a
relationship between Zy and the observed Z for the hosts. For the
input parameter Zy used in the models, we derive a useful expression
as a function of stellar mass, radius, and Z,. This expression can
be used to estimate Zy by accounting for the decrease in surface
metallicity caused by microscopic diffusion.

The radius of a planet is mainly dependent on its mass. It is known
that the incident flux, in particular, has a significant effect on gas
giants. When using irradiation energy per gram per second rather
than flux, we obtain a one-to-one relationship for the radius. We
show for the first time that R, depends not only on M}, and /-, but
also on one of the orbital parameters (P or a). Interestingly, our
expression provides radius predictions for all planets, whether they
are hot-jovian or terrestrial planets, including non-transiting planets.
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This study provides the fundamental parameters of 127 solar-
like oscillating host stars and their planets, establishing an essential
catalog in the literature. These systems serve as natural laboratories
for understanding star—planet evolution and for investigating planet
formation and disk evolution. The results offer valuable insights into
key questions in both asteroseismology and exoplanet research, while
laying a solid foundation for future studies.

Extended data for planetary systems are provided in NASA Exo-
planet Archive (Akeson et al. 2013) and TEPCat (Southworth 2011).
It may be useful to create a continuously updated catalog of planetary
systems with solar-like oscillating hosts using machine learning or
to add asteroseismic data to existing catalogs.
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