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ABSTRACT

The study of Li phenomena in red clump (RC) stars can give us a deeper understanding of the
structure and evolution of stars. Chanamé et al. (2022) explained the RC Li abundance distributions
naturally using only standard post main sequence (MS) Li evolution models when the distribution of
progenitor masses and the depletion of Li during the MS observed in MS stars were considered, thus
neither extra Li depletion nor Li creation mechanism is required. Nevertheless, it is interesting to
consider the effects of mixing caused by some extra mechanisms. By constructing different models,
we find that the mixing caused by internal gravity waves can explain the observed Li abundances
of RC stars with low mass progenitors. To explain that, we rely on the extra mixing induced by
internal gravity waves that are excited at the bottom of the convective envelope at the red giant
branch (RGB) stage. During the RGB stage, introducing the internal gravity waves can improve the
diffusion coefficient and strengthen the mixing effect. The effective enrichment of Li occurs at the late
RGB stage and requires the diffusion coefficient of H-burning shell to reach ~ 108 cm?s~!. Our models
predict that the Li abundance decreases from ~ 1.5dex to ~ 0.0dex at the end of core He-burning
stage, thereby revealing the ~ 99% of the observed Li abundance distribution. The thermohaline
mixing regulates the Li abundance of RGB stars, which combines with the internal gravity waves can
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explain the Li abundances of most giants.
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1. INTRODUCTION

The abundance of lithium (Li) has a comprehensive
performance of the complex thermonuclear reaction pro-
cess and element mixing process inside stars. The study
of Li abundance on the surface of stars can test the the-
ory of stellar structure and evolution, and explore some
key physical processes inside stars.

The definition of the Li abundance is: Ap; =
log(Np;/Np) + 12, where Np; and Ny are the atomic
number densities of Li and H, respectively. Gao et al.
(2021) determined the Li abundances of 165,479 stars
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from the Large Sky Area Multi-Object Fiber Spectro-
scopic Telescope (LAMOST, Cui et al. 2012; Yan et al.
2022) medium-resolution survey. The Li abundances of
these stars are mainly distributed between 0.5 dex and
3.0dex, and there are two obvious peaks around 1.0 dex
and 2.6dex, which are dominated by giants and hot
dwarfs, respectively (Gao et al. 2021). Based on the
GALAH (Martell et al. 2017; Buder et al. 2018) and K2-
HERMES (Wittenmyer et al. 2018; Sharma et al. 2019)
surveys, the Li abundances of 109,340 giants analysed
by Martell et al. (2021) are distributed between —1.0 dex
and 4.0 dex. It was also found that the Li abundances of
a fraction of giant stars are higher than 1.5 dex, which
is a traditional definition of the so-called Li-rich giant
stars. Although some recent researches show that this
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threshold is flawed (e.g., Chanamé et al. 2022; Sun et al.
2022), we still follow this threshold in this work. The
percentage of Li-rich giant stars is around ~ 1% (Brown
et al. 1989; Gao et al. 2019; Martell et al. 2021).

The red clump (RC) stars are in the core He-burning
stage, which are always crowded with red giant branch
(RGB) bump stars in their H-R diagrams (Girardi 2016).
Thanks to the asteroseismology, we can separate the RC
stars from the RGB ones (Bedding et al. 2011). A con-
siderable number of Li-rich giant stars are recognized as
RC stars (Silva Aguirre et al. 2014; Bharat Kumar et al.
2018; Casey et al. 2019; Singh et al. 2019; Zhou et al.
2019; Martell et al. 2021; Yan et al. 2021). Based on
the astroseismology and spectroscopy, Yan et al. (2021)
provided a clear evidence that most of low-mass Li-rich
giant stars are RC stars.

Recently, Kumar et al. (2020) collected a sample of
more than 26,000 giant stars from GALAH DR2 (Buder
et al. 2018), and further selected the densest part in
the RC region on the HR diagram, and finally obtained
9,284 RC stars. Ar; in these RC stars presents a large-
scale distribution from —0.9dex to 3.7 dex. They found
that about 97% of RC stars have Ap; within 0.0—1.5 dex,
which forms a dense Ap; distribution area. In a sample
of 944 RC stars obtained by Zhang et al. (2021) through
asteroseismology analysis, similar Li abundance distri-
bution is found as that by Kumar et al. (2020), except
that almost all RC stars have a Ap; > 0.5dex in their
sample.

Many scenarios have been proposed to explain the ob-
served Li abundance distribution of RC stars. Chanamé
et al. (2022) explained the RC Li abundance distribu-
tions naturally using only standard post main sequence
(MS) Li evolution models when the distribution of pro-
genitor masses and the depletion of Li during the MS
were considered. Therefore, neither extra Li depletion
nor Li creation mechanism is required. Nevertheless,
some extra physical mechanisms have been discussed.
Ar,; can increase by about one order of magnitude when
Mori et al. (2021) introduced the neutrino magnetic mo-
ment, and the final distribution was between —0.5dex
and 0.5dex. Schwab (2020) found, for the first time,
that the mixing process induced by internal gravity
waves that generated by convection during the first He
flash can enrich Li and interpret the Li enhancement of
RC stars.

Cameron (1955) and Cameron & Fowler (1971) pro-
posed a mechanism to explain the Li problem in giants,
i.e., Be produced by H burning in the hotter region in-
side stars is transported to the cooler outer region, and
decays into Li. The operation of Cameron-Fowler mech-
anism requires an appropriate mixing process between

the convective envelope and the H-burning shell, and the
asymptotic giant branch (AGB) stars have hot bottom
burning so that the bottom of the convective envelope
can reach the H-burning shell. But for RC stars, the
envelope is difficult to reach the H-burning shell, hence,
extra mixing should be operated in this region. Schwab
(2020) first considered the mixing effect caused by in-
ternal gravity waves that is excited by the convection
zone inside the star during the He flash, and obtained a
considerable order of magnitude distribution of the dif-
fusion coefficient. Inspired by this idea (Schwab 2020),
we consider the mixing effect caused by internal grav-
ity waves induced by another convection zone, i.e., the
convective envelope, at giant stage.

Internal gravity waves excited at the bottom of the
convective envelope can propagate inward, and will be
reflected at a place where the mass fraction of H reduces
rapidly. Therefore, a resonant cavity will be formed.
Meanwhile, standing waves are also formed within it,
which will lead to a strong mixing process that can in-
duce the enrichment of Li. The resonant cavity region of
internal gravity waves just provides the operating area
for the Cameron-Fowler mechanism.

In this paper, we apply the mixing effect of internal
gravity waves to explain the Li abundance distribution
and evolution of RC stars with low mass progenitors.
In Section 2, we simply analyze our data samples. We
introduce the tools and some basic settings of the mod-
els and discuss the analytic expressions of the diffusion
coefficient in Section 3. In Section4, we show the defi-
ciencies of the standard model, and consider several ex-
tra mixing. Section 5 mainly discuss the model for stars
with masses greater than 1.5M. Finally, conclusions
are presented in Section 6.

2. DATA

Our data sample includes 944 RC stars selected by
Gao et al. (2019), Gao et al. (2021), Yan et al. (2021) and
Zhang et al. (2021) from the LAMOST surveys. These
stars are identified using asteroseismology analysis, and
the typical error of Li abundance is 0.2dex. Figurel
shows the distribution of Li abundance as functions of
mass and [Fe/H] for this sample. It can be seen that the
mass and [Fe/H] of these stars are mainly concentrated
between ~ 0.8 — 1.8 Mg and —0.5 — +0.25 dex, and the
peaks are around 1.2Ms and —0.05 dex, respectively.

3. METHOD

3.1. Inputs

We evolve our models by the Modules for Experiments
in Stellar Astrophysics (MESA, release: 11701 (Paxton
et al. 2011, 2013, 2015, 2018, 2019)). The equation of
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Figure 1. The Li abundance vs mass and [Fe/H] of RC stars. The left Y-axis is the number of stars, and the right Y-axis is
the Li abundances of these stars. This sample comes from Zhang et al. (2021).

state tables from Rogers & Nayfonov (2002) are used,
and the OPAL opacity tables from Iglesias & Rogers
(1993, 1996) are adopted. The nuclear reaction network
we selected is pp_extras.net, which involves a total of
12 elements, mainly including >He, *He, "Be, "Li, and
8B. These elements are involved in the Cameron-Flower
Be transfer mechanism. The treatment of convection is
based on Cox & Giuli (1968). The chemical composition
of our models is from GS98 (Grevesse & Sauval 1998).

We proceed from two perspectives, the first from a
model perspective, and the second utilizing the observed
Li abundance as the initial input and validating our
models. In our models, we start to construct the model
from the pre-MS, let the stars evolve naturally, and con-
sider additional physical processes at a specific time.
In the MESA code, the initial Ar; varies with initial
Z ((ALi)initia = 3.4 + [Fe/H]), and the corresponding
initial Ay; is ~ 3.4 dex at the solar metallicity (Grevesse
& Sauval 1998). We need to start from the PMS to
build the model, so we use the meteoritic value from
Grevesse & Sauval (1998) as the initial Li abundance.
We add the expression of diffusion coefficient for the
mixing process induced by internal gravity waves to the
run_star_extras.f of the MESA code, which is de-
scribed in detail below.

3.2. Diffusion Coefficient

The key to the Li enhancement of RC stars is a proper
diffusion coefficient distribution at the regions where “Be
and “Li are produced, which ensures that "Be can be
efficiently transported to the convective envelope.

Montalban (1994), Montalban & Schatzman (1996),
and Montalbdn & Schatzman (2000) systematically
studied the effect of mixing process caused by internal
gravity waves on Li and Be abundances in solar-like M'S
stars. Montalban (1994) and Montalbdn & Schatzman
(2000), respectively, considered perturbations that ex-
cited the internal gravity waves at the convective bound-
ary based on diverse convection treatment methods, and
obtained approximate results.

Inspired by the work of Press & Rybicki (1981) and
Zahn (1991), Montalban (1994) deduced the expression
of the diffusion coefficient, which is given by:
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here, A is a numerical factor. p, r and N are the density,
radius and buoyancy frequency at each depth, respec-
tively. V and [ respectively represent the velocity and
scale of eddy. These quantities with subscript b repre-
sent the value of the corresponding quantity at the lower
boundary of convective envelope. n refers to the ripple
morphology chosen for the perturbation, and Montalban
& Schatzman (1996) suggested n = 1.

For the thermal diffusivity Dyy:
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where, o is the Stefan-Boltzmann constant, T is temper-
ature, ¢, is the specific heat at constant pressure and &
is opacity.

f refers to the damping factor, and depends on 7:
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Schwab (2020) employed the internal gravity waves
generated by the convective turbulence inside stars dur-
ing the first He flash and chose A = 1. The selected char-
acteristic eddy scale, and the eddy velocity were 10° cm
and 10% cms™!, respectively. A suitable range of diffu-
sion coefficient for Li enhancement is obtained, and the
scope of diffusion coefficient is about 108 — 10" cm? s~ 1.
Furthermore, the distribution of the diffusion coefficient
shows an outward decreasing trend. The corresponding
form is:

A
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We study the internal gravity waves excited at the bot-
tom of the convective envelope. Montalban & Schatz-
man (2000) used the model of convective transport by
plumes that described by Rieutord & Zahn (1995) for
the solar-like stars, which avoids to introduce temporary
parameters in the convective transport by the plumes
models. The corresponding diffusion coefficient is ex-
pressed as:

Dini = A[DthN(%)(%)6]2V8"—311—2"f—2”, (5)

where n = %

3.3. Velocity and Scale

We use analytical expressions to calculate the velocity
and scale of eddy. V can be obtained by using the mixing
length theory:

_ (Lo s

- A2 (6)
TTHob

where, ¢ is a constant with a standard value of 0.1. The

luminosity at the convective boundary is expressed as

Ly,.

l is the characteristic horizontal eddy scale. It is not
suitable to take the scale of eddy as a constant of about
10° em for different evolutionary phases, so we reeval-
uate the scale of eddy and improve its calculation. Li
(2012) proposed a k — w model to describe turbulently
thermal convection and gave the relationship between
the velocity and the radius of eddy:

A
R=\lg (7)

where R and 2 are the radius and angular velocity of
eddy, respectively. The expression of A is:

_ 1607%

A= (8)

The velocity of eddy can be expressed as:

V = RQ. 9)

Combining Eq.(7), Eq.(8) and Eq.(9), we obtain the
following results:

2Dynp

V i

where Dyyp, is the thermal diffusivity at the bottom of
the convective envelope. Finally, we get:

1=2R= (10)

Do = A(zpthb)—%[DthN(%b)(%)ﬁ]?V%f—%. (11)

3.4. Mizing area and action time

How to incorporate the diffusion coefficient from the
internal gravity waves into the models of giant stars?
Firstly, we specify the propagation region of the inter-
nal gravity waves. We analyze the distribution of H
mass fraction and the location of H-burning shell, and
search for its jump point as the lower boundary. The
H mass fraction of jump point is ~ 0.65 for stars with
solar metallicity. The temperature of this area is gener-
ally about 4 x 107 K, which is a little bit lower than the
location where the maximum of Be is produced. Since
the internal gravity waves cannot propagate within the
convective envelope, we regard the bottom of convec-
tive envelope as the upper boundary where the internal
gravity waves excited. Thus Eq.(11) is employed within
the region between these specific points.

Secondly, we consider the action time of mixing pro-
cess induced by the internal gravity waves. Eq.(11) is
valid under the frequency conditions N? >> w?, where
w? is approximately 10712572, N2 between the H-
burning shell and convective envelope increases from the
outside to inside, so its minimum value is at the bottom
of convective envelope. It is found that the minimum
value of N2 is approximately 1071%s~2 when the mass
of He core increases to about 0.30Mg, which is much
greater than 10712572, It needs to be pointed out that
not all of the region between the H-burning shell and the
convective envelope meet the requirement of N2 >> w?
when the mass of He core is less than 0.30My. In ad-
dition, when the mass of He core is less than 0.30Mg),
the subsequent phases are likely to fail to meet the fre-
quency condition, although the internal gravity waves
are considered.

We use My, to represent the mass of the He core.
The following results are all obtained by considering the
mixing effect induced by internal gravity waves in the
period when My, increases to 0.30M,.

4. THE STANDARD MODEL AND EXTRA
MIXING

At present, the research of stellar model in regard to
the Li abundances of RC stars shows a positive scene.
Several other mechanisms have been proposed (Schwab
2020; Mori et al. 2021). Although they can explain the
distribution to a certain extent, they have difficulty on
explaining the evolution of Li abundance. Considered
the distribution of progenitor masses and the deplete
of Li during the MS observed in MS stars, recently,
Chanamé et al. (2022) explained the RC Li abundance
distributions naturally using standard post-MS Li evo-
lution models. Thus, neither extra Li depletion nor Li
creation mechanism is required. Nevertheless, it is inter-



esting to consider the effects of mixing caused by some
extra mechanisms (e.g. internal gravity waves), which
is the focus of this study.

For this point, we start from the standard convection
models, and take several extra mixing into considera-
tion.

4.1. Standard convection models

Similar to Chanamé et al. (2022), we firstly consid-
ered models in which only convection effects involved,
which we referred as standard convection model. Table 1
lists the Li abundances at different stages for our stan-
dard convection models, from which similar results to
Chanamé et al. (2022) can be found. To validate the
standard convection models, we take the effect of metal-
licity into account.

Figure2 shows the difference between the observed
Li abundances of RC stars and the predicted results of
standard models. For our convection models, when the
stars of masses are less than 1.5My, they are contrary
to the observed results especially with higher [Fe/H],
and the smaller the mass is, the greater the deviation is.
For 2.0M stars, they show similar distribution char-
acteristics as the observations, i.e., the Li abundances
increase with [Fe/H]. But, the model results are overall
~ 0.5 dex higher than those of the observations. There-
fore, the results given by our convection models cannot
fully explain the Li problem of RC stars. Our convection
models do not take into account the Li depletion dur-
ing the MS. Chanamé et al. (2022) were able to explain
the distribution of RC Li abundances when convection
models are considered together with the distribution of
RC masses (and especially the progenitor masses) and
the distribution of Li depletion actually observed in MS
stars.

We note there is increasing trend of Ay; with metallic-
ities. The increasing slope is reminiscent of Galactic Li
production(Grisoni et al. 2019; Matteucci 2021), which
implies similar Li depletions at different metallicities.

4.2. FExtra mizing

For our standard convection models of solar metal-
licity, the mass effect cannot explain the Li abundance
of RC stars. Similar situations can be found for other
metallicities, which presents the shortcoming of our
standard convection models. As a results, some extra
mixing processes are required to investigate the Li abun-
dances of RC stars. Overshooting can be assumed as a
diffusion process, and some attempts to explain the solar
Li problem with it are also underway (Schlattl & Weiss

5

1999; Zhang et al. 2019). The thermohaline mixing and
internal gravity waves can also induce the mixing process
between the H-burning shell and the convective enve-
lope. In the following sections, we consider the impact
of those processes on the Li abundances. Table1 lists
the Li abundances at different stages for these models.
Figure 3 presents the evolution of Li abundances under
the corresponding models.

4.2.1. Owvershooting

There are overshooting at the boundaries of convec-
tive zone, and we consider the inward overshooting ef-
fect. We take the overshooting parameter f,, as 0.016
(Herwig 2000). fov is a free parameter characterizing
the range of overshooting, i.e., extending the distance of
fovHp(Hp: pressure scale height). The larger foy, the
deeper the extension, and the more Li depletion can be
achieved. Herwig (2000) reproduced the model results
of Schaller et al. (1992) when taking fo. as 0.016. In
this paper, we also adopt this typical value.

In Figure 4, we compare the effects on Li abundances
for the overshooting and convection models. It can
be seen that when the overshooting is included, an
even larger deviation can be found for stars of masses
< 1.5My), while for 2.0M stars, the overshooting has
basically no effect. As shown in model B of Figure 3,
when the overshooting is considered, the Li abundance
will decay rapidly in the subgiant stages. For stars of
1.0Mg and [Fe/H] = 0dex, the Li abundance will drop
to ~ —6.0dex in the subgiant stage, and it change only
little in the subsequent stages. Which indicates that
overshooting is not an appropriate extra mixing for the
RC Li problem.

4.2.2. The thermohaline mizing

In the works of Schwab (2020) and Mori et al. (2021),
the thermohaline mixing effect is directly included in
their models, so we consider its effect separately. For a
solar like star, Kumar et al. (2020) considered the ther-
mohaline mixing alone, and found that the model results
are lower than the observed minimum Li abundance. As
shown in model C of Figure 3, at the core He-burning
phase, for a typical 1.0Mg star, Ay; is out of the ob-
served range. Similarly, the impact of mass and metal-
licity on Li abundances at the core He-burning stage is
investigated.

Following the work of Kumar et al. (2020), the ther-
mohaline mixing efficiency in our thermohaline mixing
models is also chosen to be 100. As shown in Table 1, for
the thermohaline mixing models, when the effect of mass
is considered separately, the Li abundance distribution
is within the range of observed data.
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Figure 2. The distribution of Li abundances as a function of metallicity for the observed and model predicted results. The
dashed lines are the model results. The circles are RC samples from Zhang et al. (2021), with different colors representing
specific mass range. The discrete points in the subsequent figures without special instructions are from this sample.
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Figure 3. The evolution of Li abundance for the four dif-
ferent mechanisms. The four cases are as follows: model
A only convection, model B: convetion and overshooting,
model C: convection and thermohaline mixing and model
D: convection and internal gravity waves. The orange circles
are 9,284 RC stars screened by Kumar et al. (2020).

In Figure 5, we present the Li abundance distribution
of our thermohaline mixing models along with the ob-
served samples at the core He-burning stage. When the
thermohaline mixing is taken into account, the models
present different Li abundance distribution characteris-
tics from those of the convection models, and they are
closer to the observed data. Nevertheless, the Li abun-
dances still deviate from the observed range, e.g., the
Li abundances of 1.2M models are lower than the ob-
served values (Figure5 (a)), while it is opposite for the
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Figure 4. Comparison of overshooting and convection
models. The situation is consistent with that described in

Figure 2. The dashed lines represent the convection models,
and the dotted lines are the results of adding overshooting.

case of 2.0My models. It can be seen that the ther-
mohaline mixing models are still mainly regulated by
convection.

4.2.3. The internal gravity waves models

As discussed in Section 3, the internal gravity waves
models are affected by the coefficient A. Montalban &
Schatzman (2000) carried out a 2-dimensional descrip-
tion of the plume perturbation. They took more number
of plumes into consideration and estimated the magni-
tude order of A at 1072 (A ~ 0.08) during the MS, com-
pared with the 1-dimensional description in Montalban



Table 1. Li abundance in different models

Model Initial mass Initial Z Initial Ar; ZAMS MS turnoff RGB tip The core He-burning phase
(Mg) (dex) (dex) (dex) (dex) (dex)
2.0 0.02 3.40 3.39 3.39 1.63 1.63
only 1.5 0.02 3.40 3.35 3.35 1.36 1.36
convection 1.2 0.02 3.40 3.14 3.12 0.40 0.40
1.0 0.02 3.40 2.66 2.46 —2.08 —2.08
2.0 0.02 3.40 3.39 3.39 1.63 1.63
convection + 1.5 0.02 3.40 3.30 3.30 0.76 0.76
overshooting® 1.2 0.02 3.40 2.80 2.67 —1.96 —1.96
1.0 0.02 3.40 1.68 1.19 —6.10 —6.10
2.0 0.02 3.40 3.39 3.39 1.59 +1.59 — +1.54
convection + 1.5 0.02 3.40 3.35 3.35 1.26 +1.26 — +0.93
thermohaline mixingb 1.2 0.02 3.40 3.15 3.12 0.17 +0.17 — —-0.27
1.0 0.02 3.40 2.66 2.46 —0.97 —0.95 — —1.43
@ for = 0.016
b The mixing efficiency: 100
Table 2. The influence of coefficient A on Li abundance at the core He-burning stage
A the mass fraction of central He 0.1 0.08 0.05 0.04 0.03 0.02 0.01 0.005 0.002
ALimin (dex) 0.10 —651 —599 -3.33 —231 —1.21 -0.14 0.65 0.41 —0.86
AvLimae (dex) 0.98 0.52 0.57 1.00 1.20 1.45 1.70 155 0.84 -0.70
i:gg_ o 115 2125w, N . v (@) to smaller value of A. In order to further ascertainment,
__1.50p Model mass =1.2Mo *° . " o N we probe the influence of diverse A values on Ay, dur-
g i:gg: “.: «“§%$Q’: ing the core He-burning stage, and Table 2 displays our
F0.75- * ‘%“ o ®. o results. When the value of coefficient A is around 0.01,
8:22: M ) the distribution of Ar; in the core He-burning stage is
0.00H4+5——43 _6‘_"6"" 51—t 0?5* e B between ~ 0.65 and ~ 1.55 dex, which is consistent with
i:gg_ e 1.95-2.05M, (b) the observed results (Zhang et al. 2021). Therefore, in
_ 150~ Model mass=2.0Mo : our models, we choose A = 0.01.
éi:gg: N It needs to be pointed out that, for the internal grav-
:30.75— ¢ ity waves models, the internal gravity waves only work
g:gg: when the mass of He core increases to 0.3Mp, and the
0.00H 545 b6 =ba =05 oo o5 04 Li abundances in previous stages is regulated by con-

[Fe/H]

Figure 5. Comparison of the thermohaline miximg models
with observations. The blue areas are model results. Panels
(a) and (b) are the cases with masses of 1.2M¢ and 2.0M
respectively.

(1994). However, the stellar envelope expands and the
number of plumes increases during the RGB, which leads

vection. As shown in Table 1, the low-mass stars have a
large degree of Li depletion during the MS as discussed
by Gilroy (1989).

Figure6 displays the model results of four different
masses, and the Li abundances of RC samples with cor-
responding mass are also shown for comparision. In
these four cases, the model results cover almost all the
corresponding observed Li abundance areas. Although
the Li abundances of some stars are beyond the pre-
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Figure 6. The distribution of observed RC Li abundances vs those of predicted by internal gravity waves models at the core
He-burning stage. The sample mass are marked with diverse shapes, and the masses of the models in the four panels are 0.8 M),

1.0My, 1.2My and 1.5M¢, respectively.

dicted range of the models, they are in good agreement
with the models, as the observed results with a typical
error of 0.2dex. The Li abundance range given by the
models is around 0.0dex to 1.5dex, which covers the
normal values for most of the RC stars of Zhang et al.
(2021), Kumar et al. (2020) and Martell et al. (2021).
However, we note that the Li abundances predicted by
our models are generally lower than those of observed
ones for RC stars of mass 2.0M, as shown in Figure7.

4.3. The impact of initial Li abundances on the results

Before studying the Li abundance of RC stars, it is
important to consider the Li depletion of the stars dur-
ing the pre-MS and MS, which is exactly what Chanamé

2.00
¢ 1.95-2.05M,

1.75

T

Model mass = 2.0M,
1.50

g1.25— . z’ ;
S.1.00- , .
E g

osal .

0.25-

ey | |
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
[Fe/H]

0.00

Figure 7. Similar to Figure6, but with a model mass of
2.0Mo.

et al. (2022) did. In Figure3, all four cases show Li de-
pletion during the pre-MS, and there is almost no Li
change during the MS in these models. However, MS
stars deplete Li far in excess of standard predictions,
with much evidence suggesting this is a result of rota-
tional mixing induced by angular momentum loss (Boes-
gaard & Tripicco 1986; Cummings et al. 2017; Deliyannis
et al. 2019; Boesgaard et al. 2020). Based on this, we
take the observed Li abundances of stars at MS as the
initial physical input to inspect the impacts of initial Li
abundances on our results.

Referring to the work of Chanamé et al. (2022), the Li
abundance of MS stars with 1.2M¢ is mainly distributed
between 0.0 — 2.5 dex, while around 0.5 to 2.5 dex for 1.2
to 2.0M stars. Using the observed Li abundances as
initial parameters and applying the extra mixing, we
obtain the following results, as shown in Figure8. In
the upper three panels of Figure8, we take five initial
Li abundances of 2.5dex, 2.0dex, 1.5dex, 1.0dex, and
0.5dex for stars with 1.2Mg, 1.5Mg, and 2.0Mg. It
is obviously that stars with higher mass retain more
Li during the MS. As shown in the lower three pan-
els, we take the input Li abundances of 0.5dex, 1.5 dex,
and 2.5 dex for these three masses, respectively. In the
convection-only case, the evolution of the Li abundance
depends on the initial Li abundance, mass, and metal-
licity. For diverse initial Li abundances, the similiar



4
(A1) (A2) (A3) (A4)
A:Mass=12M,, Z=0.02
2 Au=25dex, Aj=2.0dex
A =1.5dex, A;=1.0dex
.
go
E
-2
-4
05 10 15 20 25 30 35 05 10 15 20 25 30 35 05 10 15 20 25 30 35
4 (81) ) (83)
B:Mass=15Mo, Z=0.02
3 Au=2.5dex, A = 2.0dex
2 Aii=1.5dex, A =1.0dex
=
g1
< o0
-1
-2
405 10 15 20 25 30 35 05 10 15 20 25 30 35 05 10 15 20 25 30 35 05 10 15 20 25 30 35
C:Mass=2.0Mo, Zo002 (D (€2 (€3) (ca)
3 A =2.5dex, A =2.0dex, A =1.5dex
Aii=1.0dex
2
%
§ 1]
< o
-1
-2
05 10 15 20 25 30 35 05 10 15 20 25 30 35 05 1.0 15 20 25 30 35 05 10 15 20 25 30 35
2 (D1y (D2) (D3)
1
0
=-1
3
)
<-3
. :Mass = 1.2M, Z=0.01
-5 A
-6
05 10 15 20 25 30 35 05 10 15 20 25 30 35 05 10 15 20 25 30 35 05 10 15 20 25 30 35
2 (E1) (E2) (E3) (E4)
—
1] vz
L
% 0 k‘*ﬁ;—_--_—.-_-,-
§ N ——— T r———
<
“2f E:Mass=1.5M,, Z=0.01
S Ay=15dex, 7=002
7=003
405 10 15 20 25 30 35 05 10 15 20 25 30 35 05 1.0 15 20 25 30 35 05 10 15 20 25 30 35
2.5 (F1) T (F2) . (F3) (F4)
2.0 ali i
15 i
% 10 4\
g - A e —— )
= os
< 00
F:Mass=2.0My, Z=0.01
—05 Ay=2.5dex, Z=002
-1.0 z=0.03
. . . , . .

05 1.0 15 20 25 30 35 05 10 15 20 25 30 35 05 10 15 20 25 30 35 05 10 15 20 25 30 35
log(L/Lo) log(L/Lo) log(L/Lo) log(L/Lo)

Figure 8. The evolution trajectory of Li abundance with luminosity changes from the ZAMS to the end of the core He-burning.
For input mass, there is panels (A) and (D): 1.2M¢, panels (B) and (E): 1.5M, and panels (C) and (F): 2.0My. Upper
three panels: initial input: Z=0.02 and the observed Li abundance distribution is used as the initial input at the ZAMS. In the
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2 (dashed line): Convection + Overshooting, Number 3 (dash-dotted lines): Convection + Thermohaline mixing, and Number
4 (dotted lines): Convection + Internal gravity waves.
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degree of depletion is found in Figures 8 (A1), (B1), and
(C1). More Li is retained for stars with higher mass in
the case of specific initial Li abundance. It can be noted
that stars with lower mass and higher metallicity will de-
plete more Li (see Figures8 (D1) and (E1)). However,
the Li depletion is not sensitive to metallicity for 2.0Mg
star (see Figure8 (F1)). The final RC Li abundance is
similar to the result of Chanamé et al. (2022).

The introduction of overshooting will accelerate the
depletion of Li, but it only works for stars with lower
mass and higher metallicity (see Figures8 (A2), (B2),
(D2), and (E2)). Similar to convection, it slightly de-
pends on metallicity for the 2.0M star (see Figure8
(F2)). It can be seen from Figures8 (A3), (B3), and
(C3), the thermohaline mixing is very sensitive to mass,
and the higher the mass, the more Li will also be re-
tained. However, as shown in Figures8 (D3), (E3), and
(F3), the Li depletion is not sensitive to metallicity for
all mass stars.

For the model of the internal gravity waves considered,
the RC Li abundances do not depend on the initial Li
content, while rely on the stellar mass. Similar to the re-
sults of Figure 6, in Figures 8 (A4) and (D4), the models
with mass of 1.2 and 1.5 Mg, the Li abundance of RC
stars distribute in the observed range of 0.0 — 1.5 dex,
and it does not sensitive to the differences in the MS
Li content. However, the capacity of enrich Li of in-
ternal gravity waves, which are evident in the low mass
stars, becomes virtually useless for a mass of 2.0M, (see
Figures8 (C4) and (F4)).

Although the Li abundance of most RC stars can be
explained by convection, we find that internal gravity
waves can also achieve this result. We note that the Li
depletion during the pre-MS and MS has little impact
on the results for internal gravity waves model.

4.4. The evolution of Li abundance

The internal gravity waves models predict the ob-
served Li abundances well, so we further explain how
Li abundance evolves in these models. The profiles of
the diffusion coefficient and the mass fraction of “Be and
“Li in the four different stages, i.e., M. =0.3Mg, the
turning point, the RGB tip, and the core He-burning,
have been described in Figure9.

As shown in Figure9, the diffusion coefficient of mix-
ing processes induced by internal gravity waves at the
bottom of convective envelope decreases inward, and in-
creases with the increasing luminosity and thermal dif-
fusivity along RGB. However, at the core He-burning
stage, the diffusion coefficient becomes very low relative
to that of the RGB stage due to the low luminosity. The
differences of diffusion coefficient at different evolution

stages indicate the complexity of Li abundance evolu-
tion, as presented by model D in Figure 3.

The evolution of Li abundance is determined by the
content of Li and Be in the convective envelope, and the
distribution of Be reflects the operation of Cameron-
Fowler mechanism. The position, where the mass frac-
tion of H equals to 0.65, is a little bit deeper than that
of the peak Be production position at the H-burning
shell, which can ensure that enough Be is transported
to the envelope. From the MS to the stage where inter-
nal gravity waves can operate, the convective envelope
gradually approaches the interior, and destroys Li by
transporting Li from the envelope to the stellar interior
with higher temperatures, therefore, the Li abundance
reduces continuously.

After the stage where internal gravity waves being ac-
tivated, the mixing process makes Be produced by the H-
burning shell be transported to the convective envelope
continuously. With the increase of the diffusion coeffi-
cient, the content of Be in the envelope becomes higher
and higher. The turning point, near log(L/Lg) = 2.7,
appears when Be transported to the envelope is in bal-
ance with Li consumed in the stars as shown in the
model D of Figures3 and 9(b). Before this point, the
Li abundance decreases gradually, after that point, it
begins to increase significantly until the RGB tip. Once
the star enters the He flash phase, the rapid decline in
luminosity leads to the diffusion coefficient going down
quickly by orders of magnitude, which finally results in
a very small increment in Li abundance.

After entering the core He-burning stage, as shown in
Figure 9(d), the content of Be in the convective envelope
decreases to a very low level around 1073%, which is a
result that mixing effect becomes weaker. Nevertheless,
the diffusion coefficient is still large in the range of a lit-
tle outward from the bottom of the convective envelope,
so Li is carried from the envelope into the interior of
the star. As a result, the Li abundance will eventually
reduce.

The evolution of Li abundance during the core He-
burning is presented in Figure 10. It can be seen that the
attenuation of Li abundance mainly occurs in the late
RC stage. In the early stage of RC stars, the core He-
burning process is relatively slow, and our models show
that the Li abundance does not change much, which is in
line with the observed results (see their Fig3. in Zhang
et al. (2021)). However, when the rapid core He-burning
process occurs in the RC stars, the Li abundance will
decline rapidly. During the life cycle of RC stars, our
models predict a continuous Li depletion process, which
is consistent with the evolutionary characteristics of RC
stars.
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burning stage of the internal gravity waves models.
X-axis represents the age of RC stars.

The

The enrichment of Li mainly occurs from the turning
point to the RGB tip under the action of internal gravity
waves. However, the Li abundance dwindles constantly
and finally occupies a larger range of distribution at the
core He-burning stage.

The rapid enrichment of Li occurs after the turning
point. As shown in Figures9(b) and (c), the diffusion
coeflicient at the H-burning shell can reach as large as
108 cm?s~!. In this case, a rapid Be transfer process is
induced, which will make the Li content increases from
~ 1071 to ~ 1070 during the evolution along RGB.
However, when the diffusion coefficient at the H-burning
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Figure 11. The luminosity vs Li abundance in stars for dif-
ferent models. The orange circles are 9,284 RC stars screened
by Kumar et al. (2020).

shell is lower than this value, the Li abundance will de-
crease (see Figure 9(d)). As a result, only when the dif-
fusion coefficient at the location, where Be is generated,
is close to 108 cm? s~ 1, the stars can enrich efficiently Li.

4.5. The joint action of internal gravity waves and
thermohaline mixing

As shown in Figure 3 of Kumar et al. (2020), the
observed evolution trend of Li abundances can be ex-
plained by the thermohaline mixing in RGB stage, how-
ever, it deviates from the observations at the core He-
burning stage. For the internal gravity waves models,
the corresponding mixing takes into effect only when the
mass of He core increases to 0.3M. Before this point,
the Li abundance of a star is regulated by convection.
Comparing the models C and D in Figure3, we can
see that the internal gravity waves models deviate from
the observation in the early RGB stage. The predicted
Li abundances are different from the observations on the
whole evolution path when only one of the two mixing
processes is considered, therefore, it is important to take
both of them into account.

The evolution trajectory of Li abundance under both
effects considered is shown in Figure 11. It can be seen
that the Li abundance during RGB stage is regulated by
thermohaline mixing, and the Li enrichment due to the
internal gravity waves is gradually manifested. When
entering the RC stage, they form a larger distribution
of around 0.0 — 1.5 dex, which is also the most densely
distributed Li abundance region of Kumar et al. (2020).
The synergistic effects of the two mechanisms can ex-
plain the Li abundances of most giants.

5. DISCUSSION

In Figure 1, we can find that there are very few stars
with masses greater than 1.5Mg, and they have differ-
ent distribution characteristics of Li abundances from

those with masses less than 1.5Mg. The lower limit of
Li abundance of such mass stars increases gradually with
the mass. As shown in Figure 7, for stars with 2.0Mg),
the range of predicted Li abundances is below the ob-
servations, which is exactly the opposite of the results
of the other three models. For these stars, our model
results show a characteristic of Li depletion, which is
contrary to the above results (see Figure 7) and deserves
our further consideration.

At the moment, the number of these massive stars
with observed Li abundance is small, thus, it is difficult
to obtain a clear distribution characteristic. It is impor-
tant to derive Li abundances for more such type of stars,
and to investigate this discrepancy.

6. CONCLUSION

We investigate the distribution of Li abundances in
RC stars with low mass progenitors using the convection
and some extra mixing models. The conclusions are as
follows:

1. The internal gravity waves excited at the bottom
of convective envelope are not sensitive to the depletion
of Li at pre-MS and MS stages. Meanwhile, they can ef-
ficiently enhance Li, and the maximum of Li abundance
can reach 1.5dex. The enrichment occurs in the late
RGB stage.

2. Over a relatively long evolution time at the core He-
burning stage, the Li abundance predicted by our mod-
els would be almost without change, while at the end
of the core He-burning stage it would decreases quickly
from 1.5dex to 0.0 dex.

3. A significant enhancement of Li can be guaranteed
only when the diffusion coefficient at the H-burning shell
reaches ~ 108 cm?s™!.

4. The thermohaline mixing can efficiently regulate
Ar; in the early RGB stage, and the combination of
the thermohaline mixing and internal gravity waves can
explain the observed Li abundances of most giant stars.
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