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ABSTRACT

Red giant stars play a key role in advancing our understanding of stellar mass loss. However, its initial mass (M) and the
amount of mass lost during this phase (AM) remain uncertain. In this study, we investigate the asteroseismic signatures of mass
loss and the parameters that influence it. We examine six stars identified as red giant branch (RGB) stars in the APOKASC-2
catalog. Assuming these stars are on their first ascent of the RGB, we construct interior models. The resulting model ages are
significantly older than the age of the Galaxy, indicating that these stars are likely experiencing mass loss and evolving toward
the red clump (RC) phase. The minimum possible initial masses (Mp min) are estimated using the mass—metallicity diagram,
from which we infer that the minimum mass lost by these stars ranges from 0.1 to 0.3My. Models constructed with Mo min yield
the maximum possible age of the star. The ages of these models fall within the range of 9-9.5 Gyr. For two stars, asteroseismic
parameters confirm RC classification. Due to degeneracies in the HR diagram, distinguishing between internal structure models is
challenging; however, asteroseismic constraints provide clear differentiation. Although mass-loss and mass-conservation models
have similar M, R, and T.¢ values, the Av values derived from the / = 0 modes in the mass-loss models are 5-10% higher
than observed. This discrepancy may arise from differences in internal structure. Finally, evolutionary model grids are used to
examine how My and Z affect mass loss. Mass loss increases with increasing metallicity and decreases with increasing My,
regardless of the adopted value of 7.
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1 INTRODUCTION The mass (M) and radius (R) of single stars, which are gener-
ally difficult to determine, can be estimated with high precision
using asteroseismic parameters derived from solar-like oscillation
frequencies (Huber et al. 2017; Li et al. 2022; Yildiz 2023). One
of these asteroseismic parameters is the large frequency separation
(Av), which is proportional to the square root of the mean stellar
density (p) (Ulrich 1986). Another key parameter is the frequency
of maximum oscillation amplitude (vmax), wWhich scales with the
surface gravity (g) divided by the square root of the effective tem-
perature (Tog) (Brown 1991). Using these relations, conventional
asteroseismic scaling relations (Kjeldsen & Bedding 1995) are de-
rived, from which the asteroseismic mass (Myc;) and radius (Rgca)
can be computed as follows:

Asteroseismology of solar-like oscillators is one of the most effec-
tive methods for understanding the internal structure and evolution
of stars. The solar-like oscillations observed on the surfaces of these
stars are pressure (p-) mode waves with acoustic properties. These
oscillation frequencies allow the determination of a star’s fundamen-
tal parameters. Moreover, since these waves carry information from
various layers to the surface, they provide insight into stellar interiors.
However, the amplitudes of solar-like oscillations are much smaller
than those of other pulsating stars (e.g., Cepheids, Miras), making
them difficult to detect with ground-based telescopes. Therefore,
space-based telescopes such as the COnvection, ROtation and plane-
tary Transits mission (CoRoT; Baglin et al. 2006), Kepler (Borucki et

al. 2010), the Transiting Exoplanet Survey Satellite (TESS; Sullivan Msca | Vmax 3 (Av) -4 Teft 13 |
et al. 2015), and the upcoming PLAnetary Transits and Oscillations Mo B Vmax® (Ave) Tero W
of stars mission (PLATO; Rauer et al. 2014), planned for launch
in 2026, are crucial for detecting such oscillations. Among the key -2 0.5
. . . . Rsca Vmax (Av) Tefr
unresolved issues in stellar evolution are the mechanisms through = 2)
Ro Vmaxo | \ (Ave) Tefio

which stars gain and lose mass. In this study, we investigate the
mass-loss process in solar-like oscillating stars through the lens of
asteroseismology.

In these equations, Avg, viaxe, and Tege represent the solar ref-
erence values, which are 135.1 + 0.1 uHz, 3090 + 30 uHz, and
5772 + 0.8 K, respectively (Huber et al. 2011; Prsa et al. 2016). In
addition to Equations 1 and 2, several modified scaling relations have
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et al. 2011; Belkacem et al. 2011; Sharma et al. 2016; Yildiz et al.
2016; Viani et al. 2017; Yildiz & Ortel 2021).
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Solar-like oscillations are observed at various stages of stellar evo-
lution, one of which is the red giant (RG) phase. The RG region of
the Hertzsprung—Russell (HR) diagram includes a variety of stars:
those ascending and descending the red giant branch (RGB), as well
as red clump (RC) stars. RC stars are characterized by core helium
burning. These evolutionary stages cannot be distinguished using
non-asteroseismic properties alone. However, asteroseismic parame-
ters—specifically the period spacing of dipole modes (AIl;) and the
large frequency separation (Av)—allow us to differentiate between
first-ascent RG stars and RC stars (Bedding et al. 2011; Mosser et
al. 2014). If a star has AIl; > 100 seconds and Av < 10 uHz, it is
classified as an RC star that has undergone mass loss and reached the
helium-burning phase. Conversely, if Av < 10 uHz and AIT; < 100
seconds, the star is likely on its first ascent along the RGB. However,
AIl; is not always measurable for every star. Therefore, additional
asteroseismic indicators are required to determine whether a star is
losing mass during its evolution along the RGB.

Stars on the RGB lose mass through cold stellar winds as they
ascend the branch. According to the mass loss rate (M) equation
proposed by Reimers (1975), the mass loss depends on stellar radius
(R), luminosity (L), mass (M), and a mass loss efficiency parameter
(n7). The equation is given as:

. R
M =4x10"3pL=. 3
X nl+ 3

As a star ascends the RGB, both R and L increase, leading to a higher
mass loss rate. A single star begins to lose mass effectively after
passing the luminosity bump phase. Therefore, mass-conservation
models are appropriate for stars below the luminosity bump, but not
for those above it (Valle et al. 2018).

There are numerous studies on mass loss in cluster member stars
(Miglio et al. 2012; Handberg et al. 2017; Tailo et al. 2020; Howell
et al. 2022). Research on RGB and RC stars in clusters investigates
how mass loss occurs and how much mass is lost. Studies of field
stars and open clusters indicate that stars lose approximately 0.1 Mg
during the RGB phase (Miglio et al. 2012, 2021; Yu et al. 2021),
whereas studies of globular clusters suggest a loss of around 0.2 Mg
(Lebzelter & Wood 2011; Salaris, Cassisi, & Pietrinferni 2016).

McDonald & Zijlstra (2015) investigated the mass loss of RGB
stars in globular clusters and examined the dependence of 1 on
metallicity. They determined 1 values for each cluster and found
only a weak dependence between cluster metallicity and 7. Similarly,
Brogaard et al. (2024) showed that mass loss cannot be accurately
described by a single n7 value in field stars or globular clusters. Based
on observational data, they found that mass loss increases with de-
creasing metallicity in the range [Fe/H] = —0.9 to +0.0. However,
more data are needed to determine whether this trend is driven by
metallicity, initial mass, or both.

A star loses part of its mass during the RGB phase before enter-
ing the RC phase. Li et al. (2022) used asteroseismic methods to
investigate core He-burning stars. They studied 32 stars in the RG
phase with masses as low as 0.5 M. The inferred mass loss for these
low-mass stars exceeds 0.2 M. Since a single star is unlikely to lose
this much mass, it is suggested that these stars likely reached their
current masses through mass transfer in binary systems.

Asteroseismic studies of RG stars are essential for understanding
how structural changes occur throughout stellar evolution. This study
investigates the asteroseismic signatures associated with mass loss
in RG stars. For this purpose, interior models describing the mass
loss processes in RG stars are constructed. The observational data
used in this study are presented in Section 2. The methodology of
interior modeling and the application of the MESA evolutionary code
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Figure 1. log(L/Lg) is plotted against log(7.q). The graph shows RGBs
(solid circles) and RCs (crosses) from the APOKASC-2 catalog; the six stars
studied are represented by circles.

are described in Section 3. Parameters influencing mass loss in RG
stars, along with the construction of the MZ diagram, are detailed
in Section 4. In Section 5, the results of the models and related
discussions are provided, including individual analyses of the six
selected stars. Finally, the conclusions are summarized in Section 6.

2 ASTEROSEISMIC AND SPECTROSCOPIC DATA FOR
SIX RED GIANTS

Spectroscopic and asteroseismic parameters of six RG stars selected
from the APOKASC-2 catalogue (Pinsonneault et al. 2018) are listed
in Table 1. According to the catalogue, these stars are in the RGB
phase. Fig. 1 shows the log(L/Lp)-log(Teg) diagram for the six
stars. The plot displays the positions of the selected RG stars (circles),
along with RGB stars (solid circles) and RC stars (crosshairs) from
the APOKASC-2 catalogue. Two of the stars are located in the region
where the RC and RGB stars overlap. Two stars lie on the edge of the
RC region, and the remaining two lie above it.

Spectral data for these stars are taken from APOGEE DR17 (Ab-
durro’uf et al. 2022). The effective temperatures (7.¢) are listed in the
second column of Table 1. These stars are cool red giants, with T,
values ranging from 4330 to 5050 K. Their surface gravity (log g)
values range from 1.7 to 3.0 dex. They are metal-poor compared
to the Sun, with [M/H] values between -0.77 and -0.13 dex. The
fifth column of the table provides the surface heavy element abun-
dance by mass fraction (Zs), which we calculate using the relation:
Z, = 10[Fe/Hl 7 Here, Z is taken as 0.0134 (Asplund et al. 2009).
Table 1 also includes Ay and vinax values from both Kallinger (2019)
and the APOKASC-2 catalog. The AIl; values for two stars are
available in the literature: KIC 5526130 has AIl; = 245.4 s (Vrard,
Mosser, & Samadi 2016), and KIC 6131884 has AIl; = 2554 s
(Gaulme et al. 2020). Observed frequencies for these six stars are
taken from Kallinger (2019).
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Table 1. Observed asteroseismic properties of six red giants. The KIC ID, T¢g, log g, [M/H], Zs, Av, and vipax values are taken from the APOKASC-2 catalog
(Pinsonneault et al. 2018) and from Kallinger (2019). The last column provides the AIl; values compiled from the literature. The AIl; values of the first two
rows of stars are taken from Vrard, Mosser, & Samadi (2016) and Gaulme et al. (2020).

APOKASC-2 Kallinger (2019)

KIC Terr (K) log g (cgs) M/H Zs (Av) (uH?z) Vmax (MH ) (Av) (uH?z) Vmax (WHz) Al (s)
5526130 5049.1+21.3 2.330+0.046 —-0.773+0.013 0.0023 3.567 +0.011 23.282+0.014 3.492+0.019 23.330+0.187 245.4+8.94
6131884  4866.7 +10.0 2.970+0.029 -0.612+0.007 0.0033 3.703 +0.010 27.018 £0.020 3.612+0.010 26.858 + 0.282 255.4
6521069  4330.9 + 8.8 1.767 £0.030 -0.297 £0.010  0.0068 1.289 +0.011 7.070 = 0.067 1.294 +0.074 7.178 + 0.090 —
7188156  4496.9 +11.9 1.928 £0.039  -0.705+0.012 0.0026  2.122 +0.007 13.547 £ 0.027  2.125 + 0.004 13.888 £ 0.127 —
7668536  4533.4+6.9  2.094+0.023 -0.136+0.006 0.0098 2.356+0.018 15.149 +0.043 2.376+0.002 15.157 +0.214 —
8081853  4382.4+6.3 1.842 £0.022 -0.143 £0.007  0.0096 1.332 £ 0.007 7.064 + 0.045 1.349 + 0.007 6.768 £ 0.136 —

3 MODELLING METHOD

The Modules for Experiments in Stellar Astrophysics (MESA: Paxton
et al. 2011, 2013, 2015, 2018, 2019; Jermyn et al. 2023) evolution
code is used to construct interior models. The basic input parameters
required to construct a model are M, initial metallicity (Z), initial
helium abundance (Y)), and the mixing length parameter ().

The M and R values for a star are computed from scaling relations.
These values are used as starting values to construct a model and can
be modified to increase asteroseismic agreement between observa-
tion and model. Zj) is taken as Z; obtained from [Fe/H]. Because in
RG stars, heavy elements that sink to the bottom layers during main
sequence evolution come back to the surface by convection, and Zg
becomes almost equal to Zj. The relationship Yy = 2Zy + 0.2471 is
defined between the Yy and Zj. The value 0.2471 in the equation is
the primordial helium abundance (Planck Collaboration et al. 2020).
The « is variable as it is used to fit the model radius to Ryc,. These
are the input parameters used for mass conservation models. In mass
loss models, the mass loss parameter 7 is added among these four
input parameters. In this case, in mass loss models, the R of a star is
determined by @, while the amount of mass it will lose is determined
by 7.

After fitting the R and Teg values of the model to the observation
values, the adiabatic oscillation frequencies are obtained using the
ADIPLS package (Christensen-Dalsgaard 2008). Then, the model and
observation frequencies are compared in the Ay — v graph. If the Ay
value is not consistent with the observation, a new M is calculated
using the Av — p relation and the process is repeated until a good
agreement with the observation is achieved.

3.1 Properties of MESA inlist

In this study, MESA evolution code (version r23.05.1) is used to con-
struct interior models (Paxton et al. 2011, 2013, 2015, 2018, 2019;
Jermyn et al. 2023). The interior models include the pre-MS phase.
The Nuclear Astrophysics Compilation of Reaction Rates (NACRE)
tables (Angulo et al. 1999) are used for nuclear reaction rates.
For opacity, kap_file_prefix = ’a09’ and kap_lowT_prefix
= "lowT_fa®5_a09p’ are selected. Element diffusion is included
in the models; for this, the method given by Paquette et al. (1986) is
used. The photosphere option is used in interior models for atmo-
spheric conditions that affect the adiabatic oscillation frequencies. To
account for the mass loss in the RGB, the cool_wind_RGB_scheme
= ’"Reimers’ option is employed.

The adiabatic oscillation frequencies of the interior model are
calculated with the red-giant package in the ADIPLS (Christensen-
Dalsgaard 2008). For surface-effect correction, the method of Kjeld-

sen, Bedding & Christensen-Dalsgard (2008) is applied to the model
frequencies.

4 RED GIANT STARS

Low mass stars cannot ignite helium directly after they exhaust the
hydrogen in their core. Once the hydrogen in the core is exhausted, hy-
drostatic equilibrium is disrupted, and the star collapses completely.
Just above the core, the hydrogen shell ignites when the temperature
reaches values that can burn hydrogen. This hydrogen shell burning
creates a mirror effect: a star’s envelope expands as its core collapses.

As a star climbs the RGB, the convective layer gradually descends
deeper. When the convective layer exceeds the main sequence core
boundary, the mirror effect disappears, the star collapses completely,
and its luminosity and effective temperature decrease (Hekker et al.
2020). When the mean molecular weight discontinuity is reached in
the hydrogen-burning shell, the mirror effect becomes active again,
and the star continues its climb (Christensen-Dalsgaard 2015; Hekker
et al. 2020). This phase is called the luminosity bump in the HR
diagram and corresponds to the region in the range log(L/Lg) =
1.5-2.0.

Once a star passes its luminosity bump, it effectively begins to
lose mass via cold stellar winds. However, the most significant mass
loss occurs around the RGB tip. The mass loss depends on M, L, R
and 7 in the Reimers’ mass loss rate (Reimers 1975) (equation 3).
According to our investigations, the Z; value needs to be included
among these fundamental parameters (see Section 4.2).

A star continues to rise, losing mass in the RGB until a helium
flash occurs in its degenerate core. After the helium flash, the core
expands. The increase in core radius pushes the hydrogen shell up-
wards, causing the temperature to decrease. This causes the energy
released as a result of the burning of the hydrogen shell to decrease.
Therefore, there is not enough energy transfer to the upper layers,
and the envelope contracts rapidly, moving towards RC on the HR
diagram. The star then undergoes a series of helium flashes in the
RC, after which helium burning begins in the core.

4.1 Mini Helium Flashes

When a star ascends to the tip of the RGB, a main helium flash
is ignited in a specific shell of the degenerate core. Following this
event, the star rapidly evolves toward the RC region. However, upon
reaching the RC region, it does not immediately settle into stable
core helium burning, as the core remains largely degenerate. To lift
this degeneracy, the star undergoes a series of so-called "mini helium
flashes".

MNRAS 000, 1-12 (2015)
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Figure 2. L and ATIl; variations of an internal structure model constructed for KIC 55. (a) The HR diagram shows the track followed by the star when it reaches
the RC region. (b) L and AIl; are plotted logarithmically against age. Here, the change during the mini helium flash is shown. (c) The L and AIl; changes in
the phase where regular helium burning starts after the mini helium flash are given.

These flashes are episodic in nature. On the HR diagram, this tran-
sitional phase manifests as a sequence of nested loops. Fig. 2a shows
the evolutionary tracks during the mini helium flashes and the stable
core helium burning. Fig. 2b displays the temporal evolution of L and
AIl; during a mini helium flash. Both L and AIl; exhibit a gradual
rise followed by a sharp decline in tandem during each mini helium
flash, indicating their close link to the core’s structural changes in-
duced by the flash events. During these flashes, AITj canrise to ~ 350
s, subsequently declining to ~ 70 s after the flash concludes. Fig. 2c
shows the stable helium burning phase. At Zero Age Core Helium
Burning (ZACHeB), the AIl; value is approximately 280 s. It then
rapidly drops to about 60 s as the star approaches Terminal Age Core
Helium Burning (TACHeB) (also see Fig. 3).

A star in the mini helium flash phase may be misclassified as either
an RC star or a first-ascent RGB star, depending on the timing of the
observation. Fig. 3 shows the evolution of a model on the Av—AIl;
diagram. If a star is observed during the interval between two mini
helium flashes, it may be misclassified as a first-ascent RGB star.
Conversely, if it is observed during a mini helium flash, it may be
classified as an RC star. While classification as an RC star is not
inaccurate, given the star’s rapid evolution toward stable core helium
burning, identifying it as a first-ascent RGB star complicates the
construction of an accurate interior model. However, this phase is
extremely short compared to both the stable helium-burning phase
and the first-ascent RGB phase. As a result, the number of stars
observed in this stage is expected to be only a few among thousands
of RG stars.

4.2 Effects of Metallicity and Initial Mass on Stellar Mass Loss

In RGB, the mass loss rate depends on the fundamental stellar pa-
rameters. To determine which parameters this change depends on,
we construct evolution grids using the variables My, Zy and 7.
The models are constructed with the evolution code MESA, and the
cool_wind_RGB_scheme = ’Reimers’ option is used for mass
loss. My varies between 1.0 to 1.4 in 0.1 steps and Zy varies between
0.005 to 0.035 in 0.005 steps. Grids are constructed using three dif-
ferent mass loss parameters, 7 = 0.20, 0.50 and 0.85. The value of Y,
is computed from the relation Yy = 2Z( + 0.2471. Finally, « is taken
as the solar value (¢ = 1.8311).

The total amount of mass loss in RGB (AMgrgp = M — M) varies
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Figure 3. AIT|—Av diagram. The 1.05 M model shows the evolutionary path
of the stellar interior. The pre-ZACHeB phase is marked with black crosses,
while the stable core helium-burning phase is shown as a red solid line. The
background circles represent the values determined by Vrard et al. (2016) for
6111 stars, with the color variation indicating stellar mass.

depending on the values of M and Z, regardless of the mass loss
parameter 7. The relationship between M, Zy and AMggg is shown
in 3D in Fig. 4. In the top panel, M and Z of the models withn = 0.2
are plotted against AMRgg. As Zy increases, the total amount of mass
loss increases. When Zj is approximately 0.0300, maximum mass
loss occurs, and saturation can be said to be reached. Increasing M
reduces the total mass loss. These parameters determine how long the
star will linger near the RGB tip, where it loses mass most effectively.
In this case, the model that loses the most mass by spending more
time in the RGB tip than the other models has the lowest M and the
highest Z value.

In the bottom panel of Fig. 4, My and Z; of models with different
n values are plotted against AM. Here, the effect of 7 on mass loss is
clearly seen. Increasing 7 increases the total mass loss for each case.
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Figure 4. Initial mass (M() and metallicity (Zp) are plotted against the
amount of mass loss (AM). The top panel shows the models constructed with
n = 0.20 (filled circle). As M( decreases, the mass loss increases, while as
Zy increases, the mass loss increases. In the bottom panel, models constructed
with 17 = 0.20 (filled circle), 0.50 (filled triangle) and 0.85 (filled square) are
given together. The effects of M, Zy and 77 on mass loss are investigated
together.

However, the change in mass loss due to 7 is not linear. As we go to
lower masses, the effect of 7 on mass loss increases. Fig. 4 shows the
surfaces defined for each value of n. Using these defined surfaces,
it is possible to calculate the initial mass of the star for each 5. To
use this relation, Mgca and Z are required. For each n, My can be
calculated using the following equations:

Mo, ;p=0.20 = 0.28 +0.70M +0.09M> + 1.97Zy - 36.57Z2,
Mo, p=0.50 = 0.64 + 0.29M +0.24M> +4.89Zy - 90.02Z2, (4

Mo, p=0.85 = 0.81 +0.24M +0.22M? +7.66Z — 141.23Z}.

4.3 Mass-Metallicity diagram

Mass and Z are the two most important fundamental parameters that
determine the course of stellar evolution. In Yildiz (2023), the mass-
metallicity (MZ) diagram of RG stars in the APOKASC-2 catalog
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Figure 5. Z; is plotted against M. The six stars studied are shown as circles.
In the background, RGB stars from the APOKASC-2 catalog are shown as
solid circles. Six stars are located on the left side of the border.

is given. There is a triangular structure in the MZ diagram (Fig. 5).
Stars at the base of the triangle have low Zg and relatively high M.
The evolution of a star with low Zs and relatively high mass will
be rapid. In this case, at the base of the triangle are the stars that
are preparing to leave the RGB phase. Above the left edge are the
minimum mass stars that can reach the RGB phase, depending on Zs.
The stars above this edge are the oldest stars in the RGB phase. As
seen in Fig. 5, as Z; increases, M also increases. Because increasing
Z slows down evolution. Therefore, in order to reach RGB, M needs
to increase.

InFig. 5, low-mass stars located outside the left edge of the triangle
take longer to reach the RGB. Their stay outside the triangle can be
explained by mass loss. The minimum initial mass (Mgpin) of these
stars can be taken as M on the left edge with the same Z. Table
2 gives the masses Mynj, determined in this way for the six stars
studied in this paper. Estimated n values for these initial masses are
obtained using the equations (4).

5 MODEL RESULTS AND DISCUSSIONS

RGB stars lose mass during their ascent due to cold stellar winds.
As RGB increases, the rate of mass loss increases. In the evolution
grids, the main mass loss is seen to be around the RGB tip. The six
stars studied in the paper are located around the luminosity bump on
the HR diagram. Two different evolution scenarios can be considered
for these stars. Let’s assume that stars are in first ascent. After the
luminosity bump, mass loss begins to take effect, and it is most
effective around the RGB tip. Therefore, mass-conservative models
of stars can be constructed. The other scenario is that the star ascends
to the RGB tip, loses mass, and then descends towards the RC region.
For this, mass-loss models are constructed. The basic properties of
the models for both cases are given in Table 2.

In the first scenario, the age of the models is much higher than the
estimated age of our galaxy (Gratton et al. 2003, 13.4 + 0.8 Gyr).
This means that more time is needed to reach the RG region with
these Ms and Zs. Therefore, these six stars must lose mass to be
located in the RG region. Accordingly, the models assume mass loss
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Figure 6. log(L) — log(7T.g) plot of mass-conservative and mass-loss models. Since KIC 5526130 and KIC 6131884 are RC stars, only mass-conservative
models are constructed. Mass-conservative and mass-loss models are represented by dashed lines and solid lines, respectively. The solid black circle shows the
position of the star on log(L) — log(Tes)-

Table 2. The basic properties of mass-conservative and mass-loss models. The columns show the KIC ID, model types, final mass (M) and radius (Ry) of the
model, model effective temperature (7¢g), minimum initial mass (Mymin), minimum mass loss (AMp,;,), initial metallicity (Zp) and helium abundance (Yj),
convective parameter (), mass loss parameter (177), age (f9), large separation (Av) and frequency of maximum amplitude (vimax), respectively.

KIC model My Ry Ter MO,min AMyin Zy Yo @ TImin I9 (Av) Vmax
(M) (Rp) (K) (M) (M) (Gyr) (uHz) (uHz)
5526130  conservation  0.6878 9.8686 5048  0.6878 0 0.0023  0.2517  2.3979 0 24369  3.4430 23.420
mass loss — — — 0.92 0.2322  0.0023  0.2517 — 0.4083 — — —
6131884  conservation  0.8219  10.0826 4867  0.8219 0 0.0033  0.2537  2.0604 0 14.150  3.7159  27.306
mass loss — — — 0.93 0.1081 0.0033  0.2537 — 0.2077 — — —
6521069  conservation  0.8331  20.2957 4333  0.8331 0 0.0068 0.2603 1.9773 0 16.138  1.3251 7.239
mass loss 0.8348  20.2633 4335 0.97 0.1352  0.0068 0.2603 1.7110 0.249 9.538 1.3873 7.276
7188156  conservation  0.7874  14.4948 4497  0.7874 0 0.0026  0.2523  1.6537 0 15751 2.1754  13.168
mass loss 0.7883  14.4896 4497 0.92 0.1317  0.0026  0.2523  1.3168 0.224 9.202 2.3532 13.193
7668536  conservation  0.7915  13.4059 4533  0.7915 0 0.0098 0.2667  2.2063 0 21.751  2.3978 15.413
mass loss 0.7924  13.4085 4532 1.02 0.2276  0.0098 0.2667 1.7811 0.406 9.097 2.5451 15.426
8081853  conservation  0.7425  19.1355 4384  0.7425 0 0.0096 0.2663  2.2810 0 26.825 1.3578 7.216
mass loss 0.7524  19.1128 4382 1.01 0.2576  0.0096  0.2663  1.9061 0.469 9.327 1.4289 7.331

in the second scenario. The minimum mass loss amounts (AMyin),
determined from the MZ diagram for the six stars, range between 0.10
and 0.26 M. Mopins range from 0.92 to 1.02 M. 17 and « values
are between 0.20-0.50 and 1.3-2.0, respectively. The ages of the mass
loss models constructed with these values give the maximum age for
the stars. Model ages are around 9-9.5 Gyr.

In mass-conservative models, the initial mass M is taken as Mgca,
which is computed via the scaling relation. In mass-loss models,
agreement is achieved between the final mass My and Mgcy. For
KIC 6521069, KIC 7188156, and KIC 7668536, there is a 0.2%
agreement between the My values of the models constructed using
both approaches, while for KIC 8081853 the agreement is 1.4%. The
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final radius Ry is also in very good agreement between the two types
of models, with differences less than 0.2%.

The log(L) — log(T.g) graph of all the models is given in Fig.
6. Mass-loss (line) and mass-conservative (dashed line) models are
fitted to the same point on the HR diagram. The evolutionary tracks
of both cases are shown for four stars. In the figure, only the first
ascent phase is shown for KIC 5526130 and KIC 6131884. Although
these stars are listed as RGB in the APOKASC-2 catalogue, their
ATl have been detected in the literature and identified as RC stars.
RC models have been constructed for these two stars (see below).



5.1 Red Clump Models for KIC 5526130 and KIC 6131884

Most RC stars lie in the same region of the HR diagram as RGB stars
(see Fig. 1). Two of the six stars we studied are located in this region.
The AIl; values of these stars have been determined in the literature.
According to the determined AIl; and Av values, KIC 5526130 and
KIC 6131884 are in the RC phase (see Table 1). Therefore, RC
models have been constructed for these two stars.

The compatibility of the RC models with the observational values
of Av, AIlj, and T, is taken into account during their construction.
To assess the agreement between the models and the observations, the
X method is applied to the seismic data of Av and AIl;. The seismic
chi-square, y2. , of the models is calculated using the following
expression:

2
X2 = ZZ (fzobe fzmod) (5)

€jiobs

seis’

where f;ops are the observed values of Av and AIlj, fimod are the
corresponding model predictions, and e;qps are the observational
uncertainties.

The mass-loss parameter 7 is set to 0.45 and 0.50. The ba-
sic properties of the RC models for these two stars are given in
Table 3. The last column of the table indicates the evolutionary
stage of the models. These stages are defined as: Zero Age Core
Helium Burning (ZACHeB), before ZACHeB (bZACHeB), near
ZACHeB (nZACHeB), and near Terminal Age Core Helium Burning
(nTACHeB). In the bZACHeB phase, the star undergoes a series of
mini helium flashes (see Section 4.1).

For KIC 5526130, three different M(, values are used for the interior
models. In the RC1A model, My is 0.93 M, determined from the
MZ diagram, and its evolution corresponds to the last mini helium
flash. The mass loss parameter 7 is set to 0.45. My of the model is
0.7080 My, with a total mass loss of 0.2220 M. The final mass
agrees well with the mass of approximately 0.69 Mg predicted by
Msca. The Av value of 3.554 pHz is close to the value given in
the APOKASC-2 catalogue, within the error limits. However, the
AITy value is 280 s and the T, value is 5014 K, both of which are
considerably higher than the observational values. Among the four
models, this one has the highest chi-square value, Xse = 8.36.

InRC1B and RCIC, My is 1.05 Mg and 17 is 0.45. In RC1D, M) is
1.08 M and 1715 0.50. The Av value of all three models is in very good
agreement with the APOKASC-2 value. The AIl; value of RC1B is
271.5 s, which is above the value reported by Vrard et al. (2016).
The evolutionary stage of this model is ZACHeB. The AIl; values
of RC1C and RC1D are within the observational error limits. The
evolutionary stages of these models are nTACHeB. However, the T
values of all three models lie outside the APOKASC-2 uncertainty
range. According to the SIMBAD database (Wenger et al. 2000),
the reported T values for this star range from 4923 K to 5049 K.
Considering Av, Allj, and T.g together, RC1C appears to be the
best-fitting model for KIC 5526130. At the same time, this model
yields the lowest Xsens value, with )(ge ¢ = 0.21. My values of the
models are higher than the value predicted by Msca, with a difference
of more than 0.16 Mg.

In the models of KIC 6131884, M, and n are set to 1.08 Mg
and 0.50, respectively. This value represents the maximum initial
mass the star can have, according to the MZ diagram. The models
constructed for this star are used to investigate the variations in Av,
Ally, and Teg throughout its evolution. RC2A and RC2B are located
near the ZACHeB phase, while RC2C, RC2D, and RC2E correspond
to the nTACHeB phase. Although the Av values of RC2A and RC2B
lie outside the observational uncertainty limits, RC2A is close to the
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Figure 7. Av — v plot of [ = 0 frequencies for stars KIC 6521069,
KIC 7188156, KIC 7668536 and KIC 8081853. The mass-loss model,
mass-conservation model, and observational frequencies are represented by
squares, circles, and solid circles, respectively.

value reported by Kallinger (2019). The AIl; uncertainty for KIC
6131884 is not provided in Gaulme et al. (2020). Since the AIl;
values of KIC 5526130 and KIC 6131884 are similar, we adopt the
same uncertainty of +9 s. Under this assumption, the AIl; values of
the first two models remain higher than the observed value. Also,
among the five models, RC2A and RC2B have the highest stcis
values, with 3.95 and 18.31, respectively.

In contrast, the AIl; values in RC2C, RC2D, and RC2E lie between
259.8 and 262.2 s, all of which are in good agreement with the obser-
vational value within the adopted uncertainty. Among these, RC2D
also shows excellent agreement in Ay with the observational value.
Furthermore, its 7o is 4876 K, which lies within the observational
uncertainty range. Considering Av, AlIlj, and T simultaneously,
RC2D emerges as the best-fitting model for KIC 6131884, with the
lowest Xs2eis value of 0.20 among the six models. My of this model
is very close to the value predicted by Msc,, with a difference of
approximately 0.02 M.

Although the best-fitting models have been obtained for RCs, they
are not the only solutions. Varying parameters like My, @, and 1 can
yield multiple compatible models.

5.2 Asteroseismic Analysis of Red Giant Stars

Seismic data show variations depending on the evolutionary phase of
RG stars. Table 1 contains the observational values of Av, vimax, and
AIl; for the studied stars (Kallinger 2019; Pinsonneault et al. 2018;
Vrard, Mosser, & Samadi 2016; Gaulme et al. 2020). The oscillation
frequencies of the six stars are provided in Kallinger (2019). The Av
values of the models are derived from the Av—v diagram. Therefore,
for a consistent comparison between the model and observational
values, the observed Av values are also determined from the Av—v
diagram.

Although the values of M, R, and T, for the last four stars in
Table 2 are very similar in both the mass-conservation and mass-loss
models, their seismic properties differ (see Table 2 and Fig. 7). The
mass-conservation models show better agreement with the obser-
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Table 3. Basic properties of the RC models.

Model ID M My AM R¢ n a 1) Ay Vmax Al T X 2seis evolution
Mp) Mp) Me) [Re) (Gyr)  (uHz)  (uHz) (s) (K) stage

KIC 5526130

RCI1A 0.7080 0.93 0.2220 10.37 045 1.7811  9.0790 3.554 21.827 280.4 5104 8.36 bZACHeB

RCI1B 0.8563 1.05 0.1937 1098 045 1.6311 5.9200 3.572 23916 2715 4939 4.36 ZACHeB

RC1C 0.8498 1.05 0.2002 11.05 045 1.6311 5.9692 3.571 23.38 250.2 4978 0.21 nTACHeB

RCI1D 0.8818 1.08 0.1982 11.09 050 1.8311 5.4142 3.561 23.840  238.8 5081 0.42 nTACHeB

Kallinger — — — — — — — 3.492 23.330 2454  5049.1 — —
+0.019  +0.187 +8.94 +21.3

APOKASC2 — — — — — — — 3.567 23.282 2454  5049.1 — —
+0.011 +0.014  +8.94 +21.3

KIC 6131884

RC2A 0.8511 1.08 0.2289 10.85 050 1.5552 5.6286 3.627 24.634  276.8 4838 3.95 nZACHeB

RC2B 0.8510 1.08 0.2290 10.58 0.50 1.5552 5.6287 3.762 25.828 267.5 4859 18.31 nZACHeB

RC2C 0.8448 1.08 0.2352  10.88 050 15552 5.6710 3.640 24.213 262.2 4880 4.21 nTACHeB

RC2D 0.8446 1.08 0.2354 1094 050 1.5552 5.6721 3.613 23.965 261.0 4876 0.20 nTACHeB

RC2E 0.8445 1.08 0.2355 1099 050 1.5552  5.6730 3.586 23.727 259.8 4873 3.50 nTACHeB

Kallinger — — — — — — — 3.612 26.858  255.4  4866.7 — —
+0.010  +0.282 +10

APOKASC2 — — — — — — — 3.703 27.018 255.4  4866.7 — —
+0.010  +0.020 +10

vations on the Av—v diagram than the mass-loss models. However,
they cannot be used to represent these stars because their ages are
significantly older than the age of the Galaxy. The Ay values of the
mass-loss models are 4-9% higher than the observed values. The Ay
values of these models exceed the observational uncertainty range.
To achieve consistency in Av, the mean density must be reduced.

The | = 0 frequencies of the mass-conservation and mass-loss
models in the Av—v diagram shown in Fig. 5 correspond to the
same radial order (n). In the mass-loss models of KIC 6521069,
KIC 7188156, KIC 7668536, and KIC 8081853, the [ = 0 oscillation
frequencies are slightly higher than the observed values. By reducing
the mean density, both the frequencies and the Av values can be
brought into better agreement with the observational data. There are
three ways to achieve this: keep R constant and decrease M, keep M
constant and increase R, or adjust both parameters simultaneously.

The observational / = 1 oscillation frequencies of these four stars
could not be determined by Kallinger (2019). Therefore, the [ =
1 mixed-mode oscillation frequencies of the mass-loss and mass-
conservation models are compared. Although the M, R, and Teg
values of the models are the same, differences are found in their
| =1 frequencies.

Fig. 8 shows the v—Avy diagram for the / = 1 frequencies of KIC
6521069. In the mass-conservation model, the successive differences
between adjacent / = 1 frequencies exhibit a regular pattern, with
alternating minima and maxima. In contrast, the mass-loss model
shows a more scattered structure. Nevertheless, similar minima also
appear in the mass-loss model. These minima correspond to the / = 1
frequencies estimated from the relation v;—; = vj—g + (Av/2). If the
! = 1 modes are not affected by mode mixing, they would follow
this relation. For this reason, we refer to these frequencies as ‘pseudo
[ =1 frequencies’.

The ! = 0 mode frequencies of the RC models are compared with
observations in Fig. 9. In Fig. 9a, the Av—v pattern of the RC1A
model for KIC 5526130 shows better agreement with the observa-
tions than the RC1C model. Additionally, its frequencies are closer
to the observed values. However, RC1C provides a better overall
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Figure 8. Plot of [ = 1 frequencies v against Ay for KIC 6521069. Squares
represent the mass loss model, and circles represent the mass conservation
model. The gray solid lines represent the 1=1 frequencies calculated from the
relationship v;=1 = vj—o + (Av/2).

match when Av, AIl;, and T.g are considered together. For KIC
6131884, the RC2B and RC2D models are compared with observa-
tions in Fig. 9b. These two models have similar structures. Although
the mass-conservation model agrees more closely with the observed
frequencies, it cannot represent the star due to its age (14.15 Gyr),
which exceeds the age of our galaxy.
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Figure 9. Av—v diagram of / = 0 frequencies. a) KIC 5526130: mass-
conservation model (circles), RC1A model (open squares), and RC1C model
(filled squares) are shown. b) KIC 6131884: mass-conservation model (cir-
cles), RC2B model (open squares), and RC2D model (filled squares) are
shown. Observed frequencies are represented by filled circles.

5.3 Individual Notes on Red Giant Stars
5.3.1 KIC 5526130

KIC 5526130 is classified among the RGB stars in the APOKASC-2
catalogue. The star’s Msca, Rsca, and Zg are 0.6298 Mg, 9.5007 Re,
and 0.0019, respectively. It is located in the region of the HR diagram
where RGB and RC stars overlap. Assuming it is on its first ascent,
the model age of the star is 24.4 Gyr—significantly older than the age
of our galaxy. With this combination of M and Z, it is not possible
for KIC 5526130 to be on the first RGB ascent.

Consistent with this, KIC 5526130 is located outside the left edge
of the triangle in the MZ diagram, indicating clear evidence of mass
loss. According to the diagram, the minimum initial mass is 0.93
Mg, and the minimum amount of mass lost is 0.2422 Mg. Since
mass loss is primarily effective near the RGB tip, the star must have
ascended the RGB and subsequently descended into the RC region.
The estimated mass-loss parameter, calculated from the grid models,
1S Nmin = 0.4083 (see Section 4.2).

The AIl; value of this star is reported in the literature as 245.4 +
8.94 s by Vrard, Mosser, & Samadi (2016). The Av value of KIC
5526130 is given as 3.492 + 0.019 pHz in Kallinger (2019), and
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as 3.567 = 0.011 pHz in the APOKASC-2 catalog. According to
the criteria proposed by Mosser et al. (2014), if Ay < 10 yHz and
AIl; > 100 s, the star can be classified as an RC star. Based on these
asteroseismic parameters, KIC 5526130 is identified as an RC star.
Accordingly, Section 5.1 presents the RC models constructed for this
star.

5.3.2 KIC 6131884

The estimated Mc, and Ryc, values for KIC 6131884, classified as an
RGB star in the APOKASC-2 catalogue, are 0.8219 M and 10.0832
R, respectively, based on asteroseismic data. The metallicity Z,
calculated from [Fe/H], is 0.0033. KIC 6131884 is located near the
luminosity bump on the log(L)—log(Tef) diagram (Fig. 1). Assuming
the star is on its first ascent of the RGB, a mass-conservation model
can be constructed. However, the age of the model obtained with
0.8219 Mg is approximately 14.15 Gyr, which exceeds the estimated
age of the Galaxy.

Given the values of My, and Zg, KIC 6131884 lies outside the
triangle in the MZ diagram. For the given Zg, the minimum initial
mass (Momin) i 0.93 Mg, corresponding to a minimum mass loss
0f 0.1081 M. The corresponding 17,i, value, derived from the grid
models, is 0.2077. The base of the triangle represents the maximum
possible initial mass the star could have had. The mass at the point
where Z; intersects the base of the triangle is Mypax = 1.08 Mg. In
this case, the maximum possible mass lost by the star is AMmax =
0.26 Mg, and the estimated value of nmax required to reach this is
0.5696. For both initial mass limits, the star must have climbed the
RGB and subsequently descended into the RC region.

The AIT; value of KIC 6131884 is reported as 255.40 s in Gaulme
et al. (2020). As shown in Table 2, the observational Ay values are
3.612 and 3.703 pHz. Based on these AIl; and Ay values, KIC
6131884 is classified as an RC star. Accordingly, RC models have
been constructed for this star (see Section 5.1).

5.3.3 KIC 6521069

KIC 6521069 is in the RGB phase. Its mass and radius, derived from
asteroseismic data, are 0.8331 M and 20.2999 R, respectively. The
star’s effective temperature and metallicity are 4330.9 K and 0.0068.
When a mass-conservative model is constructed during the first-
ascent RGB phase using these fundamental parameters, the resulting
stellar age is approximately 16 Gyr. This value exceeds the estimated
age of the Galaxy, 13.4 + 0.8 Gyr. Therefore, the star must have
experienced mass loss.

On the MZ diagram, KIC 6521069 lies outside the left edge of
the triangle. According to this diagram, the star must have lost at
least ~0.14 Mg of mass. In this case, the minimum initial mass is
estimated to be 0.97 Mg.

The radius of KIC 6521069 is approximately 20 R . For the star to
lose mass effectively at this radius, the mass-loss parameter  would
need to be as high as ~3. Such a value is unrealistically high for a
single star to achieve before reaching the RGB tip. Therefore, KIC
6521069 is expected to have descended into the RC region following
the helium flash at the RGB tip. The required 7;; value for this evolution
is 0.249. The age of the corresponding mass-loss model is 9.5 Gyr,
which is more consistent with the estimated age of the Galaxy.

The Av value determined from the model’s Ay—v diagram is 1.39
uHz (Fig. 7), while the observational value obtained from the same
diagram is 1.30 uHz. The model’s Av is approximately 7% higher
than the observed value. Based on the relationship between Av and
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the mean stellar density, the current mass of the star is estimated to
be around 0.7 Mg.

5.3.4 KIC 7188156

On the HR diagram, the star is located just above the luminosity
bump. Assuming it is in its first ascent, mass loss through cold stellar
winds is only beginning to take effect. Therefore, constructing a
mass-conservative model for the star is justifiable. The age of the
mass-conservative model, constructed with Mg.; = 0.7874 Mg and
Zs = 0.0026, is 15.75 Gyr. At this age, KIC 7188156 cannot be on
the first ascent.

Another indicator of this situation, apart from age, is the position
of the star on the MZ diagram. For this star, which lies outside the left
edge of the triangle, the minimum and maximum mass losses are esti-
mated to be 0.095 M and 0.19 Mg, respectively. The corresponding
initial masses are Monin = 0.92 M and Mypax = 1.02 Mg. The n
and age of the model with 0.92 Mo are 0.182 and 9.20 Gyr, respec-
tively, while for the 1.02 M model, these values are 0.416 and 6.44
Gyr. In this way, the lower and upper limits for My, n, and age are
determined, constraining the range in which the best-fitting model is
expected to lie. Although the initial masses differ, the models yield
the same Av and vk values because their final M, R, and Tog values
are identical.

5.3.5 KIC 7668536

KIC 7668536, listed as an RGB star in the APOKASC-2 catalogue,
has a mass and radius of 0.7915 Mgy and 13.4027 R, respectively.
Its Z is 0.0098. On the log(L)-log(T.s) diagram (Fig. 1), the star
is located just above the RC region. A mass-conservative model
constructed with 0.7915 Mg yields an age exceeding 20 Gyr. Given
the age of the Galaxy, KIC 7668536 cannot reach the position shown
in Fig. 1 with this mass and metallicity. The star must have undergone
mass loss.

In Fig. 5, the star lies outside the triangle based on its M and
Z, which is another indication that it has undergone mass loss. The
minimum initial mass determined from the diagram is 1.02 Mg,
with a corresponding 7 value of 0.419. The age of the mass-loss
model constructed using these parameters is 9.097 Gyr. The model’s
Ay value is approximately 5% higher than the observational value
determined from the Av—v diagram.

5.3.6 KIC 8081853

KIC 8081853 is classified as an RGB star in the APOKASC-2 cata-
log. The mass and radius of the star, calculated using asteroseismic
parameters, are Mgca = 0.7425 Mg and Rgcq = 19.1340 R, respec-
tively. A mass-conservative model constructed under the assumption
that the star is on its first ascent yields an age of 26.825 Gyr. Although
the model’s Av and oscillation frequencies are consistent with ob-
servations, the age clearly indicates that this model cannot represent
the star.

In the MZ diagram, the minimum initial mass the star can have is
determined to be 1.01 M. The required mass loss is approximately
0.27 Mg, corresponding to an n value of 0.4695. The age of the
model constructed with these parameters is 9.3 Gyr. The model’s Ay
is 8% higher than the observational Av determined from the Av—v
diagram, indicating that the mean density must be reduced.
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6 CONCLUSIONS

Red giants enrich the interstellar medium by losing mass during
their ascent on the RGB. However, both the amount of mass they lose
during this phase and their initial masses remain unresolved issues.
First, we investigate which parameters other than 7 influence mass
loss. For this purpose, grids are constructed with M in the range
1.0-1.4, Z in the range 0.005-0.035, and 5 values of 0.20, 0.50, and
0.85. Examinations of the grids reveal that mass loss depends on both
initial mass and Z. An increase in Z leads to greater mass loss, while
an increase in M results in reduced mass loss. In this case, stars may
exhibit different 7 values depending on their M, Z, and AM.

In this study, we examine six low-mass, low-metallicity stars clas-
sified as RGB stars in the APOKASC-2 Catalogue. When these
stars are assumed to be in their first ascent and corresponding mass-
conservation models are constructed, the resulting model ages are
found to be significantly older than the estimated age of the Galaxy
(13.4 Gyr). Therefore, these stars cannot be in the first-ascent phase.
They must have reached the tip of the RGB, undergone mass loss,
and begun their descent toward the RC phase.

Another factor supporting mass loss is that these stars lie outside
the left edge of the triangle in the MZ diagram. This edge repre-
sents the minimum mass a star must have to reach the RGB region.
Therefore, these six stars must have undergone mass loss. The mini-
mum mass loss estimated from the MZ diagram for these stars ranges
from 0.1 to 0.3 Mg, while the corresponding minimum 7 values lie
between 0.20 and 0.50. Among these stars, KIC 5526130 and KIC
6131884 are located in the region where the RC and RGB phases
overlap in the HR diagram. According to their AIl{ and Av values,
both stars have entered the RC phase. The remaining four stars lie
above the RC region in the HR diagram.

The ages of the mass-loss models are more consistent with the
age of the Galaxy, falling within the range of 9-9.5 Gyr. The ages of
the models with the minimum initial mass represent the maximum
possible age the stars can have. Conversely, the M() value determined
from the base of the triangle corresponds to the minimum possi-
ble stellar age. The maximum initial mass and n values have been
determined for the RC star KIC 6131884 and the RGB-descending
star KIC 7188156. Using these parameters, the ages of the resulting
models are 5.67 and 6.44 Gyr, respectively. These values represent
the minimum possible ages of the stars.

The degeneracy in the HR diagram makes it difficult to construct
interior models of RC stars. In this context, asteroseismic parame-
ters are particularly useful for modeling RC stars. It is possible to
distinguish models using Av, AIlj, and T,. A coherent model has
been obtained for KIC 5526130 and KIC 6131884 using these three
parameters. However, it is difficult to claim that these models are
unique, as multiple coherent models can be produced by varying the
input parameters. Additional constraining parameters are needed to
construct a unique model.

The individual frequencies and Ay values of the mass-loss models
are higher than the observational values. In contrast, the seismic
data of the mass-conservation models with similar M, R, and T.g
show better agreement with observations. This discrepancy may arise
from differences in the internal structures of stars on the RGB descent
compared to those on the first ascent. By reducing the mean density,
the agreement between the Av values and individual frequencies of
the mass-loss models and the observations can be improved.

While [ = 1 frequencies are detected in stars located below the
upper boundary of the RC region, they are not detected in stars above
this limit. Therefore, we compare the / = 1 frequencies of the models.
During the first ascent, Av varies within a narrower range, whereas



during the descent, it spans a wider range. In both models, minimum
values appear at regular intervals. These minima correspond to the
pseudo [/ = 1 frequencies. If the observational / = 1 frequencies
can be detected in stars within this region, it may be possible to
distinguish between ascending and descending RGB stars.
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