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ABSTRACT
Increasing observed data indicate that part of giants has abnormally high lithium (Li) inside their surface, and their proportion is
around 1%. Instead of pursuing the feasible mechanisms for extra Li enrichment, we focus on how to inhibit Li depletion from
the main sequence (MS) phase of giants. With this in mind, we find that convective mixing is capable of achieving this goal and
forming Li-rich giants, which is mainly attributed to the convection model with the convective boundary defined by the Ledoux
criterion. Another factor in the formation of Li-rich giants in our convection models is related to the Li abundances of their
progenitors. If the Li abundances of the progenitors exceed the meteoritic value (3.3 dex), then the majority of giants will be rich
in Li. This is the general pattern of stellar Li abundance evolution without factoring in extra Li depletion. We propose that other
Li depletion processes should also be adopted in the future, as they may be the key to the 1% puzzle.
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1 INTRODUCTION

For the past few years, the GALAH (Buder et al. 2018, 2021) and
the LAMOST surveys (Cui et al. 2012) have provided a large amount
of observed samples on the Li abundances (𝐴(Li)1) of giants. The
samples show the same problem that the Li abundances of the giants
emerge a large-scale, more than four orders of magnitude, distribution
(Deepak & Reddy 2019; Kumar et al. 2020; Gao et al. 2021; Martell
et al. 2021). For the normal giants with the Li abundance within
the range of −1.0 to 1.5 dex, they have been already many extra
mixing models to try to explain (Schwab 2020; Mori et al. 2021; Li
et al. 2023). However, there are also some abnormal giants with the
Li abundance larger than 1.5 dex, i.e., so-called Li-rich giants (e.g.,
Wallerstein & Sneden 1982; Brown et al. 1989; da Silva et al. 1995;
Reddy & Lambert 2005; Kumar et al. 2011; Casey et al. 2016; Yan
et al. 2018; Singh et al. 2019; Holanda et al. 2020; Zhou et al. 2021;
Kowkabany et al. 2022). This definition originates from the upper
limit value obtained by the Li abundance of a star with 1.5𝑀⊙ and
solar metallicity, after assuming its convective envelope dilute the
Li abundance by about 60 times from 3.3 dex (e.g., Charbonnel &
Balachandran 2000; Tsantaki et al. 2023). Among them, Kowkabany
et al. (2022) had discovered the most Li-rich red giant branch (RGB)
star at present, 2MASS J05241392-0336543, its 𝐴(Li) is as high as
5.6 dex. In addition, Singh et al. (2019) also reported two red clump

★ E-mail: lixuefeng@ynao.ac.cn
1 𝐴(Li) =log(𝑁Li/𝑁H ) + 12, where 𝑁X is the atomic number densities of
X.

(RC) stars with a 𝐴(Li) of ∼ 4.0 dex. In general, the proportion of
the Li-rich giants is very low, only ∼ 1% (Brown et al. 1989; Gao
et al. 2019; Martell et al. 2021). Among the Li-rich giants, the RC
stars are majority (e.g., Martell et al. 2021; Singh et al. 2021; Yan
et al. 2021).

How the Li-rich giants form is unclear, while some attempts have
been made in this field, e.g., the element diffusion effects (Gao et al.
2022). It can be considered from two aspects: one is to increase
Li content on the stellar surface, such as the external action (e.g.,
Siess & Livio 1999; Lebzelter et al. 2012; Casey et al. 2019; Zhang
et al. 2020) and the internal process (Cameron 1955; Cameron &
Fowler 1971), and the other is to inhibit or weaken Li depletion. In
this article, we will focus on the weakening on the Li depletion and
explore whether it is possible to form the Li-rich giants.

Stars undergo the Li depletion at various stages, such as the pre-
main sequence (PMS) (see e.g. Iben 1965), the main sequence (MS)
(see e.g. Sestito & Randich 2005), and the first dredge-up (see e.g.
Iben 1967a,b). However, the standard convection model almost does
not exist the MS Li depletion processes (e.g., Dantona & Mazzitelli
1984; Deliyannis et al. 1990; Li et al. 2023). At the first dredge-up,
the stellar convective envelope extends inward, diluting the surface
Li by carrying it to hotter regions. Therefore, the calibration of the
bottom boundary of the convective envelope will greatly affect the
retained Li content. With regard to the two criteria of convective
boundary, i.e., the Schwarzschild and the Ledoux criterion, the main
difference is whether the mean molecular weight gradient is zero.
Nevertheless, the computation of the convective boundary is still
an open topic in stellar evolution code (Gabriel et al. 2014; Anders
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et al. 2022; Anders & Pedersen 2023). Recently, Chanamé et al.
(2022) explained the normal giant Li abundance distribution with
the help of the standard convection model but had been unable to do
so for the Li-rich giants. The convective zone during the first dredge-
up will penetrate into the region of chemical composition changes
caused by the central hydrogen-burning, which led us to explore
from the convection models how weakening Li depletion enables the
formation of the Li-rich giants.

In this paper, we will investigate the impact of the convective
mixing on the surface Li of the giants and the possibility of it in
the formation of the Li-rich giants. The input physics and the model
setting are presented in Sect. 2. Then, in Sect. 3, we analyze the effect
of the convective boundary selection, the stellar mass and metallicity
parameter, and the input Li abundance on the formation of the Li-rich
giants. Then Sect. 4 is the discussions about the convective boundary,
the thermohaline mixing, the 1% puzzle, and the Li enrichment.
Finally, major conclusions are situated in Sect. 5.

2 METHOD

2.1 Inputs

Using the Modules for Experiments in Stellar Astrophysics
(MESA; r11701 (Paxton et al. 2011, 2013, 2015, 2018, 2019))
to construct our stellar models. Our models are based on the
template provided by the MESA, and its path is ‘.../.../mesa-
r11701/star/test_suite/7M_prems_to_AGB’. We do not take into ac-
count rotation, element diffusion, mass loss, radiative levitation, etc.
We add a strong surface convective overshooting to all models to
ensure that the convective zone is uniformly mixed, which can avoid
the abundance differences caused by the selection of atmospheric
boundaries. The settings of the convective overshooting are as fol-
low:

overshoot_f0_above_nonburn_shell = 0.004
overshoot_f_above_nonburn_shell = 0.80

In order to simplify the calculation, we choose ‘simple_photosphere’,
which is the place where the optical depth is equal to 2/3 as the
atmosphere boundary. Time step and spatial resolution follow the
default settings of the MESA. The basic input physics for the stellar
models have been listed in Table 1. The nuclear reaction network we
selected is pp_extras.net, which includes 12 isotopes: 1,2H, 3,4He,
7Be, 7Li, 8B, 12C, 14N, 16O, 20Ne, and 24Mg. The mixing length
parameter follows the default value of the MESA code: 2.0.

For the overshooting model in Sect. 3.1.1, we solely consider the
overshooting from the convective envelope into the interior of the star
and do not involve core overshooting, and the overshooting coefficient
𝑓ov is 0.016 (Herwig 2000). In Sect. 3.1.2, we introduce thermohaline
mixing and semiconvection. About the thermohaline mixing model,
we use the thermohaline mixing module of the MESA code (Paxton
et al. 2013), which includes three options: ‘Kippenhahn’ (Kippen-
hahn et al. 1980), ‘Traxler_Garaud_Stellmach_11’ (Traxler et al.
2011), and ‘Brown_Garaud_Stellmach_13’ (Brown et al. 2013). The
option 1 is the physical method, and the options 2 and 3 are the re-
sults of numerical simulation. In this work, we use the ‘Kippenhahn’
method to calculate the diffusion coefficient of the thermohaline
mixing, and the mixing coefficient 𝛼th is 2 (Denissenkov 2010;
Traxler et al. 2011; Brown et al. 2013). With reference to template
‘.../.../mesa-r11701/star/test_suite/semiconvection’, we construct the
semiconvection model.

In this work, we do not investigate the evolutionary behavior of

surface Li at the PMS. However, we still use it as a reference, specif-
ically in terms of input Li abundance (see Sect. 2.2). Our models
have all evolved from the PMS, but our attention is on the stage from
zero-age main sequence (ZAMS) to the RGB tip, which ensures that
our low-mass star model has experienced the RGB bump. In addi-
tion, we have additionally included RC stars in order to compare our
model results with observations, so we evolve our basic models (see
Sect. 3.1) to the RC stage appropriately in Sect. 3.2. When the mass
fraction of the central hydrogen drops to 10−9, we mark this moment
as the MS turnoff.

2.2 The Setting for Initial Li Abundance

In our MESA models, initial Li abundance follows the following
rule: 𝐴(Li)ini = [Fe/H] + 3.4, and the 𝐴(Li)ini is 3.4 dex for solar
metallicity (𝑍 = 0.02, [Fe/H] = 0 dex). 𝐴(Li)ini is the Li abundance
at the beginning of the stellar model evolution, which will experience
the Li depletion process during the PMS. On the one hand, we do
not intend to evaluate the behaviour of the PMS Li evolution in the
current work, but only to serve as a reference when investigating
the effect of the stellar input Li abundance on the Li abundance in
their giant phase, and so we instead set the ZAMS Li abundance to
a certain value to allow the models to evolve.

On the other hands, given the differences in the actual MS Li dis-
tribution and the results of convection model prediction (e.g., Ses-
tito & Randich (2005) vs. Deliyannis et al. (1990)). Therefore, we
artificially supplement the Li abundance information on the ZAMS
(𝐴(Li)ZAMS). In short, using controllable inputs to replace and simu-
late the surface Li abundance in different low-mass stars. By changing
slightly the proportion of Li in 𝑍 , we can get disparate 𝐴(Li)ZAMS.
We apply the two Li abundance inputs to our stellar models in the
form of a cross-reference in Sect. 3.

2.3 Convective Boundary

Our aim is to investigate the impact of convective mixing on Li enrich-
ment; therefore, we will construct two types of convective models in
a comparative manner. Starting from limiting the convective bound-
ary, we set up two models, one by considering the Schwarzschild
boundary and the other by choosing the Ledoux boundary. In the
uniform region of chemical composition, the formation of the con-
vective instability needs to conform to the Schwarzschild criterion:

▽ad < ▽rad, (1)

while for the nonuniform region of chemical composition, the Ledoux
criterion needs to be meet:

▽𝜇 + ▽ad < ▽rad. (2)

Here, the mean molecular weight gradient ▽𝜇 = (𝑑 ln 𝜇/𝑑 ln 𝑃),
the adiabatic temperature gradient ▽ad = (𝜕 ln𝑇/𝜕 ln 𝑃)ad, and the
radiative temperature gradient ▽rad = (𝜕 ln𝑇/𝜕 ln 𝑃)rad.

3 THE FORMATION OF LI-RICH GIANTS

3.1 The Exploration of Convective Mixing on Li Enrichment

Recently, the study of Li abundances in low-mass giants has received
more and more attention from survey projects, with the peak values
for mass and [Fe/H] are approximately 1.2𝑀⊙ and −0.15 dex (𝑍 ∼
0.014) respectively (e.g., Pinsonneault et al. 2018; Deepak et al.
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Table 1. Input Physics

Items Values Descriptions/References

Mass 0.8 − 1.8𝑀⊙ Δ = 0.1
𝑌ini 0.24 + 2𝑍ini −
𝑍ini 0.001 − 0.039 Δ = 0.002
The equation of state − Rogers & Nayfonov (2002)
The OPAL opacity tables − Iglesias & Rogers (1993, 1996)
The chemical composition − Grevesse & Sauval (1998)
The treatment of convection − Cox & Giuli (1968)

2020; Zhou et al. 2022). Thus, we take the stellar parameter of our
models as 1.2𝑀⊙ and 𝑍 = 0.014, and the input Li abundance is
𝐴(Li)ZAMS = 3.3 dex, i.e., the meteoritic value (Anders & Grevesse
1989; Grevesse & Sauval 1998; Asplund et al. 2009).

Here, the models we built are convection models (there is no other
mixing, and convection is the only mixing process), including the
Conv.& Schwarzschild model (using the Schwarzschild criterion)
and the Conv.& Ledoux model (using the Ledoux criterion).

3.1.1 Convective Boundary Effect

In Fig. 1, we show the Li abundance evolution and structure informa-
tion for the two convection models. In Fig. 1 (1), we present the evolu-
tion trajectory of the Li abundance from the ZAMS to the RGB tip for
various models. Additionally, we supplement the overshooting model
(convection model + overshooting of the convective envelope into the
interior of the star) for reference. It should be noted that the variance
in Li abundances across these models is mainly due to the inconsis-
tent degree of Li depletion during the first dredge-up. At this stage, in
comparison with Conv.& Schwarzschild, the Conv.& Ledoux mod-
els have an effect on the Li abundance by shrinking the convective
zone size, while the overshooting leads to the opposite case. Com-
pared to the convection models, the overshooting model based on the
Schwarzschild boundary accelerates the Li depletion. This is because
the overshooting brings Li from the convective envelope to deeper
and hotter areas inside. In all of the convection models constructed,
the decrease of Li abundances only presents during the first dredge-
up, while the difference in the degree of Li depletion for the two
convection models is solely related to the choice of the convective
boundary. In addition, the Conv.& Ledoux model indicates that the
Li abundance during the RGB exceeds 1.5 dex, i.e., Li-rich giants are
formed.

The structural information of the relevant models is presented
in Figs. 1 (2), (3), and (4). It can be seen from Fig. 1 (1) that the
Li abundance difference between the two convection models remains
unchanged in the case of luminosity is over 10 𝐿⊙ . In order to present
the location discrepancy in the convective boundary between the two
models, we show the temperature gradient profile in mass coordinates
at a luminosity of 10 𝐿⊙ in Fig. 1 (2).

It can be observed from Figs. 1 (2) and(3) that throughout the
entire first dredge-up phase, the Conv.& Ledoux model has a more
outward position at the bottom of the convective envelope than the
Conv.& Schwarzschild model, and this difference is eliminated after
the RGB bump. As Fig. 1 (4) indicates, this difference is the key to
reducing the Li depletion. Above 2.6 × 106 𝐾 , Li is destroyed. As
the convective envelope deepens during the first dredge-up, its bot-
tom gets hotter, exacerbating the destruction of Li near the convec-
tive boundary. However, Li in the convective envelope is uniformly
mixed, resulting in a decrease in surface Li as the convective enve-

lope deepens. When selecting the Ledoux criterion for the convective
boundary, as opposed to the Schwarzschild boundary, its convective
boundary is nearer to the lower temperature region. Consequently,
the reaction rate of Li in the Conv.& Ledoux model is less high.
Thus, the manifested results are that the degree of Li depletion is
weakened.

The choice of the convective boundary is related to whether the
local chemical composition is uniform. During the first dredge-up,
the convective envelope can erode inward to approach the hydrogen-
burning shell, where a discontinuity of element abundance exists.
Then, employing the Ledoux criterion becomes a feasible option.

3.1.2 Effect of Metallicity and Mass

The temperature gradient and the opacity are closely related, and
higher metallicities mean higher opacities. Consequently, we need
to examine the impact of metallicity on the models. Additionally,
we add thermohaline mixing and semiconvection, as both necessi-
tate attention to the molecular weight gradient. The formation of the
thermohaline mixing requires the existence of an inverse molecular
weight gradient, i.e.,▽𝜇 < 0 (e.g., Ulrich 1972; Charbonnel & Zahn
2007), while the semiconvection meets ▽ad < ▽rad < ▽𝜇 + ▽ad
(Langer et al. 1983). The Li abundance over luminosity for the
Conv.& Schwarzschild, the Conv.& Ledoux, the thermohaline mix-
ing, and the semiconvection models are displayed in Fig. 2. Since
the Li abundances of our models output are almost constant after the
RGB bump, in order to show more detail on a limited scale, we show
the results from the MS turnoff to luminosity = 100 𝐿⊙ in Fig. 2.
This choice ensures that the models with different metallicities pass
through the RGB bump. The figure indicates a positive correlation
between the difference in Li abundance and metallicity caused by
the selection of the convective boundary. At lower metallicities, the
difference of the convective boundary has minimal effect on the giant
Li abundances; however, this effect grows with rising metallicity. The
introduction of the Ledoux boundary can significantly improve the
extreme Li depletion caused by the Schwarzschild criterion defined
boundary model in the case of high metallicity. Such as, in Fig. 2 (4),
the Conv.& Ledoux model improves the Li abundance by about three
orders of magnitude compared to the Conv.& Schwarzschild model.
In higher metallicity models, the opacity is correspondingly higher,
where higher temperature gradients are required for effective en-
ergy transfer, resulting in the convective boundary being closer to
higher temperature interior regions. As a result, the Li depletion is
more pronounced than in the lower metallicity models. On the other
hand, in the higher metallicity models, both the Schwarzschild and
the Ledoux boundaries are in the higher temperature region, which
makes their Li abundance depletion obvious, but in this case, a slight
discrepancy in the boundary can bring about a significant disparity
in Li abundance. Therefore, the obvious differences between their Li
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Figure 1. Li abundance evolution and structural information of stellar models. Panel (1): 𝐴(Li) vs. Luminosity, the Conv.& Schwarzschild model (using
the Schwarzschild criterion); the Conv.& Ledoux model (using the Ledoux criterion); the overshooting model considers overshooting from the bottom of the
convective envelope towards the interior of the star based on the convection model, and the overshooting coefficient 𝑓ov is 0.016 (Herwig 2000). Panel (2) shows
the temperature gradient profile in mass coordinates inside a star with 5.4 Gyr (i.e., log(𝐿/𝐿⊙ ) ∼ 1.0). Panel (3) presents the change of the bottom position of
the convective envelope from the MS turnoff to the RGB tip, and we use the mass label (i.e., the embedded mass of the convective envelope). In addition, we
show the evolution trajectory of the temperature at the bottom of the convective envelope in panel (4).

abundances occur at higher metallicities. Above results are precisely
to compensate for the shortcomings of the standard convection model
of Li et al. (2023).

Since the convective boundary lies between the Schwarzschild and
Ledoux boundaries for the semiconvection models, the influence of
the semiconvection effect on the Li depletion is between the two
convection models. While the thermohaline mixing model is in line
with the Conv.& Ledoux model. There are two possible reasons.
One is the numerical value of the thermohaline mixing coefficient
𝛼th. In our work, we choose the recommended value, 𝛼th = 2, of the
numerical simulation results (Denissenkov 2010; Traxler et al. 2011;
Brown et al. 2013). Obviously, it is inconsistent with the evolution
behavior of Li abundance at higher coefficient selection, such as the
thermohaline mixing showing significant Li depletion after the RGB
bump in the case of 𝛼th = 100 (e.g., Kumar et al. 2020; Li et al.
2023). Since the diffusion coefficient and the mixing coefficients
meet 𝐷th ∝𝛼th (e.g., Charbonnel & Zahn 2007; Charbonnel &
Lagarde 2010; Paxton et al. 2013), it can be seen that the model with
𝛼th = 2 can only provide a very low diffusion coefficient compared to
𝛼th = 100, which will make it difficult to achieve the transportation
of Li and beryllium, so the behavior of Li is as shown in Fig. 2. The
other is also worth thinking whether the thermohaline mixing zone
and the convective zone are connected. The diverse descriptions for
the thermohaline mixing will give different results, see Wachlin et al.
(2011) for more details.

The convection models seem to be limited by mass effects in ex-
plaining the giant Li abundances (e.g., Chanamé et al. 2022; Li et al.

2023), with higher masses generally holding more surface Li (Gilroy
1989; Tayar et al. 2023). Then the impact of mass is also brought into
our scope of concern. In addition, we also take two different Li abun-
dance inputs into account, i.e., 𝐴(Li)ini and 𝐴(Li)ZAMS. Fig. 3 shows
the Li abundances at the RGB tip predicted by two convection models
in the mass range of 0.8− 1.8𝑀⊙ . Contrary to the result of obtained
by considering the metallicity parameter in Fig. 2, the influence of
the two convection models on the Li abundance becomes weaker
with the increase of mass parameters. Compared with Figs. 3 (1) and
(2), the initial Li abundance is also a critical factor affecting the Li
content of the giants. Our models show a higher chance of forming a
Li-rich giant when the unified initial Li abundance is 3.3 dex. More-
over, the convection model with the convective boundary defined by
the Ledoux criterion also increases this probability.

As above and Sect. 3.1.1, we find that the treatment for the con-
vective boundary significantly affects the evolution of the giant Li
abundance, indicating a possible formation channel of the Li-rich
giants.

3.2 Effect of MS Li Abundances on the Li Abundances of
Giants

It is known from Fig. 3 that another factor contributing to the forma-
tion of Li-rich giants in our convection models is the Li abundance
of giant progenitor. Here, the giant progenitor refers to a star in the
foregone stage of the RGB, e.g., unevolved stars, MS stars, and MS
turnoff stars. Since low-mass stars will spend most of their lives dur-
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Figure 3. The Li abundances of giants vs. stellar mass. We take the Li abundance of the RGB tip to plot. The lower panels are the local enlarged image corresponding
to the upper panels. The Conv.& Schwarzschild and the Conv.& Ledoux models are marked in red and blue, respectively. Refer to Figs.A2 and A3 for the
related Kippenhahn diagrams with panels (1) and (2).

ing the MS, we take the MS stars as the main giant progenitors to
conduct the follow-up analysis. In this section, we will explore the
effect of the Li abundance of the MS stars on the formation of the
Li-rich giant with the Conv.& Ledoux model. Although the thermo-
haline mixing and the Conv.& Ledoux models are consistent in the
results, the main focus of this paper is to explore the role of convec-
tive boundaries on the Li abundance of giants. Therefore, Sect. 3.2
does not cover the thermohaline mixing process. Here, we would like
to clarify that the thermohaline mixing model is used only as a tool

for theoretical exploration (refer to Sect. 4.2), and not as a basis for
drawing specific conclusions about Li abundance in all giant phases.

Just like the work of Dantona & Mazzitelli (1984) and Deliyan-
nis et al. (1990), our models with the Ledoux boundary and input
𝐴(Li)ZMAS do not experience the Li depletion during the MS. Fur-
thermore, these models do not take the evolution of surface Li into
account during the PMS. Considering the limitations of the models,
we use a distribution with −0.5 − +4.0 dex as the input for Li abun-
dance. Fig. 4 presents the evolution of stellar surface Li for varying
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Figure 4. Luminosity vs. 𝐴(Li) . The evolution of Li abundance from the
ZAMS to the RGB tip for stellar models with different 𝐴(Li)ZAMS with 4.0,
3.8, 3.6, 3.4, 3.2, 3.0, 2.5, 2.0, 1.5, 1.0, 0.5, 0.0, and −0.5 dex. Non-black
lines indicate an initial Li abundance of 3.2 dex or greater.

𝐴(Li)ZAMS. Due to the inward migration of the convective envelope
during the first dredge-up, the Li depletion concentrates in this phase.
The depletion is about 1.5 dex for the stellar models with 1.2𝑀⊙ and
𝑍 = 0.014. If the Li abundance is ∼ 3.0 dex at the MS turnoff, a
giant star with a Li abundance of 1.5 dex will be finally formed. Our
models predict one possible outcome there is a strong correlation
between the Li abundance distribution of the giants and that of their
progenitors. Starting from our convection models, only the degree
of the Li depletion caused by the first dredge-up can affect the Li
abundance in the later period of the RGB. Therefore, for the given
initial Li abundance distribution input, whether it be our models or
the post-MS models, the final result will also obtain similar Li abun-
dance distribution. Since there is no Li enrichment process in our
models, the final result will be simple elementary arithmetic for the
initial Li abundance distribution. As a result, the distribution of the
obtained giants Li abundance is directly determined by the input.
However, the immediate consequence of this is that the weight of the
initial Li abundance distribution is the same as that of the Li abun-
dance distribution of the giants, which needs to be verified further by
exploring the correlation between the two by matching observations
in the future.

At present, the observation of giant Li abundance has shifted to
large-scale data surveys, which can provide a large amount of sample
data. The mass of the low-mass giant is mainly distributed in ∼
0.8 − 1.8𝑀⊙ (e.g., Casey et al. 2019; Zhou et al. 2022), while the
metallicity [Fe/H] is concentrated in the range of ∼ −1.2−+0.4 dex
(e.g., Gao et al. 2019, 2021; Martell et al. 2021). Therefore, we extend
Fig. 3 to a wider range of stellar parameters (i.e., the Mass and 𝑍
ranges in Table 1), and the results are presented in Fig. 5. In Fig. 5 (1),
only 1.5 and 1.8𝑀⊙ stars have more opportunities to form the Li-
rich giants, while Fig. 5 (2) expands the scope of such opportunities.
Their differences once again confirm that the Li abundances of the
giant progenitors are pivotal factor for the formation of the Li-rich
giants. As can be seen from Fig. 5 (2), the stars with lower masses
and metallicities can maintain higher surface Li during the RGB
instead. However, the problem also arises in the stars with lower
masses, especially the higher metallicity stars, which appears to be
difficult or impossible to become the Li-rich giants through natural
Li depletion of their progenitors. But more importantly, our models
propose a possible formation channel for the Li-rich giants, i.e., the
origin of the vast majority of the Li-rich giants is their super Li-rich
progenitors (𝐴(Li) > 3.3 dex).

In Fig. 5 (2), we find that the same Li abundance input will con-

tribute to disparate Li abundance values of the Li-rich giants with
different masses and metallicities. Therefore, we present in Fig. 6
the required 𝐴(Li)ZAMS value for the giants with a Li abundance
of exactly 1.5 dex. Interestingly, if the Li abundance input is close
to the meteoritic value (∼ 3.3 dex, e.g., Asplund et al. 2009), most
of the low-mass stars will naturally form the Li-rich giants with our
Conv.& Ledoux model (i.e., the Θ and Λ areas). Our models predict
that the stars with lower metallicities are more likely to form the Li-
rich giants for the Fig. 6 area Θ. The metallicity of the Li-rich giants
is concentrated in the range of −0.5 < [Fe/H] < +0.3 dex (Deepak
et al. 2020; Martell et al. 2021), with a peak of ∼ −0.15 dex (Gao
et al. 2019). The mass distribution of the Li-rich giants is more con-
centrated in the range of 1.0−1.5𝑀⊙ (Casey et al. 2019). Stars in the
range of [Fe/H] < 0 dex, i.e., the areas Γ and Θ, have a higher prob-
ability of becoming Li-rich stars, which is in good agreement with
Martell et al. (2021). However, when [Fe/H] > 0 dex (i.e., the areas
Ω and Λ), our model works for stars with higher masses (the area Λ),
whereas for stars with lower masses (the area Ω), higher 𝐴(Li)ZAMS
is needed for the formation of the Li-rich giants. As shown in Fig. 5,
lower mass stars are more sensitive to the opacity and, as a result, the
Li depletion during the first dredge-up is very significant, a defect
that our convective models find difficult to compensate for.

The Li-rich giants here can be divided into RGB and RC stars. We
present the evolution trajectory of luminosity and the Li abundance
with age from the MS turnoff to the end of the RC stage in Fig. 7. Our
models predict the same Li abundances in the late RGB and the RC
phases. In Li-rich giants, however, the proportion of the RC stars is
higher (e.g., Martell et al. 2021; Singh et al. 2021; Yan et al. 2021).
Perhaps the observed differences between the RGB and the RC stars
are due to some physical processes during the helium flash, such as
internal gravity waves (Schwab 2020). It can be seen from Martell
et al. (2021) that there is basically no special difference between the
Li-rich RGB and RC stars in the range of−1.2 < [Fe/H] < +0.4 dex,
and the result of Zhou et al. (2022) shows that the mass peaks of the
two are about 1.5 and 1.0𝑀⊙ , respectively. For the Li-rich RGB
stars, Martell et al. (2021) and Zhou et al. (2022) shown opposite
results, with Martell et al. (2021) predicting has a higher proportion
in the range of [Fe/H] > 0 dex, while Zhou et al. (2022) present
the opposite result. For the Li-rich RC stars, they predicted the same
result, with the higher the metallicity, the higher the proportion of
Li-rich RC stars. While in the [Fe/H] < 0 dex range, the Li-rich
RGB and RC stars are basically the same ratio. Therefore, the results
of the Conv.& Ledoux models are suitable for the most of Li-rich
RGB stars because our results show that more massive stars in our
metallicity range are more likely to form Li-rich giants. Due to the
peak mass of the Li-rich RC stars is around 1.0𝑀⊙ , however, only
area Θ is suitable for the Li-rich RC stars. It can be seen that extra
Li enrichment processes in the stages after the RGB tip are more
necessary for the formation of the Li-rich RC stars.

4 DISCUSSION

4.1 Convective Boundary

It can be seen from Fig. 1 (3) that the boundaries of two convec-
tion models coincide after the RGB bump, then the evolution of Li
abundance after this stage is expected to be insensitive to the two con-
vective boundary selection effects. We show the relative positions of
the two boundaries in Fig. 8. We choose eight points in time. As can
be seen from Fig. 8, the Schwarzschild and the Ledoux boundaries
coincide near the MS turnoff (i.e., Fig. 8 (1)). When the stars enter the
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Figure 5. The Li abundances at the RGB tip with different stellar parameters. The difference between upper panels is the initial Li abundance input. The lower
panels are the local enlarged image corresponding to the upper panels.
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Figure 7. Luminosity/𝐴(Li) vs. Age. The left y-axis: luminosity, and we
mark the evolution curve in purple. The right y-axis: 𝐴(Li) , we mark the
evolution curve in grey. We mark four moments or time periods with shaded
areas, namely the MS turnoff, the RGB bump, the RGB tip, and the RC stage.
In addition, we use a solid vertical line in the diagram to mark the time when
the mass fraction of the central hydrogen is 0 (i.e., 𝑋c = 0).

RGB, they begin to separate with the inward movement of the con-
vective envelope, and then when the luminosity rises to ∼ 101.4 𝐿⊙
(i.e., Fig. 8 (5)), the two begin to merge again to maintain the RGB
tip (i.e., Figs. 8 (6), (7), and (8)). The above behavior is closely re-
lated to the movement of the convective envelope, because at the
beginning, the inward migration will enter the region with uneven
chemical composition generated by the central hydrogen-burning,
where ▽𝜇 > 0. After the first dredge-up, the convective envelope
will rapidly retreat and its lower boundary will pass through the re-
gion covered by the previous convective envelope, and the chemical
composition near the boundary is uniform (i.e., ▽𝜇 = 0). The Ledoux
boundary is therefore the same as the Schwarzschild boundary. As
a result, our Conv.& Ledoux model actually has an effect on the Li
abundance only at the first dredge-up.

Anders et al. (2022) conducted hydrodynamical simulations on the
convective zone and its adjacent radiative zone, and pointed out that in
the absence of the convective flows moving into the stably stratified
region, the Schwarzschild and Ledoux boundaries are consistent.
Throughout the entire stellar evolution phase for our Conv.& Ledoux
model, the use of the Ledoux boundary is indicated into three stages:
1) the MS; 2) the first dredge-up; and 3) after the RGB bump.

In stage 1), the Ledoux boundary is equivalent to the Schwarzschild
boundary (e.g., Fig. 8 (1)). Gabriel et al. (2014) analyzed two incor-
rect methods for defining the convective boundaries, namely using
convective instability conditions in the radiation zone and utilizing
sign variations of discontinuous functions to select the convective
boundary, and pointed out that interpolations or extrapolations from
points within the convective zone for each iteration is a more appro-
priate method. From this point of view, the Schwarzschild and the
Ledoux boundaries of during the MS are equivalent, as the evolu-
tion time scale far exceeds the convective overturn time scale (e.g.,
Georgy et al. 2021; Anders & Pedersen 2023). Subsequent numerical
simulations also confirm this point (Anders et al. 2022). The con-
vective boundary may not be uniquely deterministic in the case of
utilizing sign variations of discontinuous functions to select convec-
tive boundary. The MESA code has this problem, which presents the
possibility of non-convergence during running. The MESA provides
a solution by adding the ‘predictive mixing’ (see Paxton et al. (2018)
for more details). Our models do not take the predictive mixing into
account because our results present the convergence, and reveal the
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Figure 8. Similar to Fig. 1 (2) . According to the evolution sequence of stars, we choose 8 time points from the MS turnoff to the RGB tip, which are the MS
turnoff, log(𝐿/𝐿⊙ ) = 0.7, log(𝐿/𝐿⊙ ) = 1.0, log(𝐿/𝐿⊙ ) = 1.2, log(𝐿/𝐿⊙ ) = 1.38, the RGB bump, log(𝐿/𝐿⊙ ) = 2.5, and the RGB tip. We have highlighted
it in bold in the figure. The Schwarzschild and Ledoux boundaries are represented by crosses and circles. The model parameter is 1.2 𝑀⊙ , 𝑍 = 0.014, and
𝐴(Li)ZMAS = 3.3 dex.
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Figure 9. Similar to Fig. 1 (1) . We consider only two convective con-
vection models and supply corresponding models that involve predictive
mixing. Conv.& Ledoux & Pred.: Conv.& Ledoux + the predictive mix-
ing. Conv.& Schwarzschild & Pred.: Conv.& Schwarzschild + the predictive
mixing. The predictive mixing is only applied to the surface convective zone.

equivalence of the Ledoux and the Schwarzschild boundaries except
for the first dredge-up. During the first dredge-up, it can be seen from
Figs. 8 (2), (3), and (4) that the selection of the convective boundary
obviously needs to place emphasis on ▽𝜇 , which is different from
the MS and the stage after the RGB bump.

In stage 2), more detailed and appropriate handling of ▽rad = ▽ad
will not bring significant differences. Joyce & Tayar (2023) pointed
out the Ledoux criterion can be simplified as the Schwarzschild
criterion when the chemical composition tends towards homog-
enization (i.e., ▽𝜇 → 0). Whereas, the mean molecular weight
gradient near the convective boundary is significantly greater than
the adiabatic temperature gradient during the first dredge-up (e.g.,
Figs. 8 (2), (3), and (4)), meaning that the Ledoux boundary and the
Schwarzschild boundary are separated prominently. We have added
the results of the predictive mixing in Fig. 9, and it can be seen that
the modified convective boundary (i.e., the Conv.& Ledoux & Pred.
and the Conv.& Schwarzschild & Pred. in Fig. 9) does not affect the
discrepancy between the Ledoux and the Schwarzschild boundaries.
In addition, the change of the modified boundary on Li abundance
can be ignored.

In stage 3), due to the retreat of the convective envelope, the lower
boundary is uniformly composed around it throughout the retreat
process, so the two boundaries are equally equivalent. At this stage,
the convective zone is far away from the hydrogen-burning shell, so
the standardization of the convective boundaries does not affect the
surface Li.
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Figure 10. The Kippenhahn diagram. The evolutionary stage is from the RGB bump to the RGB tip. The thermohaline mixing coefficient 𝛼th for panels (1) and
(2) are 2 and 667 respectively. Different colours represent different regions within the star. The bottom panels are partial enlarged view of the area near the RGB
tip.

4.2 Low-coefficient Thermohaline Mixing Model

Recently, Tayar & Joyce (2022) used the low-coefficient thermohaline
mixing (i.e., 𝛼th = 2) to explore the time difference in observed
decay of Li and carbon near the RGB bump. Their simulation results
indicate that the depletion of Li and carbon is simultaneous, which is
inconsistent with observations. Similar to their models, the mixing
coefficient is also 𝛼th = 2 in our thermohaline mixing model, and
differ from our models, they calculated more detailed spatial and
temporal resolutions. Nevertheless, their simulation results show a
slight Li depletion after the RGB bump due to the meet between the
thermohaline mixing zone and the convective zone. The increment
of surface log 7Li in their scale is about −0.0012. In our model,
this increment corresponds to a Li depletion of about 0.003 dex. Our
thermohaline mixing model has a Li abundance of 1.67 dex at the
RGB bump, and the depletion of 0.003 dex is negligible. Significant
Li depletion after the RGB bump can exist in the thermohaline mixing
model as long as the coefficient 𝛼th is appropriately increased (e.g.,
𝛼th = 667 for Charbonnel & Zahn 2007).

On the other hand, their results indicate that the effect of ther-
mohaline mixing alone is not sufficient to explain observations. If
combined with our Conv.& Ledoux model, it can be expected that the
Ledoux criterion may not be appropriate because the thermohaline
mixing has a homogenization effect, which may inhibit the formation
of ▽𝜇 > 0.

Tayar & Joyce (2022) emphasized that they do not attempt to pro-
vide predictions for the surface Li abundances but to explore relative
abundance variations. Similar to their views, our aim is not to use the
low-coefficient thermohaline mixing to predict the Li abundances
of giants, but only to discuss why does it produces the same re-
sult as the Conv.& Ledoux models. We introduce the thermohaline
mixing and the semiconvection because their implementation in the
MESA code requires switching the Schwarzschild boundary to the
Ledoux boundary. Within the confines of the MESA code, they both

have ‘use_Ledoux_criterion = .true.’. While the thermoha-
line mixing is driven by the mean molecular weight variation that is
induced by the 3He(3He, 2p)4He reaction, and it will form a mixing
zone (see the section 2 of Charbonnel & Zahn (2007)). Therefore, we
will take the thermohaline mixing zone into account.

On the other hand, the low-coefficient thermohaline mixing model
shows a nearly constant Li abundance beyond the RGB bump (see
Fig. 2), a result that differs from known observations (e.g., Kirby
et al. 2016; Magrini et al. 2021a,b). Therefore, we briefly discuss
the difference in coefficient choice here, and Fig. 10 shows the Kip-
penhahn diagram considering the thermohaline mixing. The critical
role of time step and spatial resolution in accurately modelling the
mixing process of red giants has been much discussed in the recent
literature, particularly with respect to the thermohaline mixing (e.g.,
Lattanzio et al. 2015; Fraser et al. 2022). We show the test results
in Figs.A4 and A5. It can be seen that increasing the time step does
not significantly affect our results, and the thermohaline mixing zone
still does not touch the convective envelope. However, increasing
the spatial resolution can narrow the thermohaline mixing zone. It
can be seen that for the low-coefficient thermohaline mixing model,
increasing the time step and the spatial resolution affect the Li abun-
dance on the order of 0.001 dex. However, the central focus of this
paper is not on thermohaline mixing, but the modelling accuracy of
thermohaline mixing is still very interesting and we will consider it
further in the future.

For Fig. 10, we continue to use the MESA default setup. The low-
coefficient thermohaline mixing does excite the mixing zone, but it
does not reach the convective zone (see Fig. 10 (1)), which is sim-
ilar to the results of Wachlin et al. (2011). In this case, the surface
Li is not transferred into the interior of the star by the thermoha-
line mixing. Thus, the evolution behaviour of 𝐴(Li) is similar to
the Conv.& Ledoux models and essentially unchanged beyond the
RGB bump. The opposite is true for the high-coefficient model (see
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Fig. 10 (2)), which can therefore cause the Li depletion after the RGB
bump (e.g., Lattanzio et al. 2015).

4.3 The 1% Puzzle

The evolution of super Li-rich progenitors is a possible formation
channel for Li-rich giants. Inspecting the Conv.& Ledoux models,
the 1% puzzle2 of giants Li abundance must be closely related to
the Li abundance of their progenitors. Fig. 6 shows that most stars
can naturally form the Li-rich giants through convective mixing,
convective boundary defined by the Ledoux criterion, when initial
Li abundance is around the meteoritic value. The reality, however, is
that only about 1% of giants are rich in Li, which means that more Li
depletion is the order of the day for stellar objects. The Li abundance
observations of giant progenitors also confirm the existence of Li
depletion (e.g., Soderblom et al. 1993; Thorburn et al. 1993; Pasquini
et al. 2008; Baumann et al. 2010; Takeda et al. 2010; Carlos et al.
2016; Kumar et al. 2020; Martos et al. 2023). Except for a few stars
that deplete a little Li before the MS turnoff, most cases are below
the meteoritic value at the MS turnoff, and end up their giants life
with a Li abundance of less than 1.5 dex.

At present, rotation may be a good explanation for the MS Li deple-
tion (Charbonnel & Lagarde 2010; Cummings et al. 2017; Deliyannis
et al. 2019). The intense MS Li depletion is brought about by higher
equatorial velocities (Charbonnel & Lagarde 2010; Charbonnel et al.
2020). Their low-velocity models predict slight Li depletion behav-
ior during the MS, indicating that high Li abundance still exists in
the MS turnoff even when considering possible the MS Li depletion
processes, which can provide support for our models.

The physical process involved in our models is incomprehensive
and limited. In stellar objects, however, there are many fascinating
stories on the Li of the giant progenitors, including the Li dip (Boes-
gaard & Tripicco 1986), the Li plateau (Spite & Spite 1982), and the
solar Li problem (e.g., Pinsonneault (1997) vs. King et al. (1997)).
Therefore, regarding the setting of 𝐴(Li)ZAMS, the real situation
must be considered, that is, more often than not, it is less than the
meteoritic value. Taking into account some extra mixing (such as
rotation, diffusion, overshooting, etc.), the probability of a star start-
ing out with an initial value of 3.3 dex forming a Li-rich giants will
drop sharply. Perhaps the extra mixing is precisely the key to the 1%
puzzle.

Our models predict that the giant progenitors with higher Li abun-
dances could naturally evolve into Li-rich giants without extra mix-
ing. Thus, to put it further, we need to be combined with extra Li
depletion to fit the 1% Li-rich giants of observed fact. This requires
the support of a large number of the MS Li abundance observed
samples. In addition, the sample also helps us to understand its cor-
relation with the formation of the Li abundance distribution of the
giants.

4.4 Li Enrichment

Li enrichment process may exist in giant progenitors. The extremely
high Li of the giant progenitors might come from the accretion of
circumstellar matter (Ashwell et al. 2005; Yan et al. 2022) and/or
from some binary effects (Koch et al. 2011). This further adds to the
mystery of the Li abundances of the progenitors and improves the
existence possibility of super Li-rich giant progenitors. Our models

2 We define as the 1% puzzle that the currently unexplained observed fact of
anomalous Li abundance for about 1% of giants.

are completely unexplainable for super Li-rich giants, though they are
a tiny minority of Li-rich giants (Gao et al. 2019; Zhou et al. 2022).
For those with a Li abundance of giants with more than 3.3 dex,
inhibiting Li depletion is not enough. What is needed is some mixing
processes that transports the inner beryllium to the stellar surface
and/or Li contamination from the outer celestial objects.

On the other hand, there may also be a process of Li enrichment
in the giant branch. Charbonnel & Balachandran (2000) had ana-
lyzed the evolution behavior of Li on Hertzsprung-Russell diagram
in detail, and two stages have caught our attention, one is the first
dredge-up, the other is the RGB bump. For low-mass stars, their
statistical results indicate the existence of Li-rich giants in the two
phases described above. However, the sample of Li-rich stars during
the first dredge-up is too small to determine whether there is Li en-
richment process. From Fig. 1 (1), we can find that the Li abundance
of stars during the whole first dredge-up is greater than 1.5 dex. The
reason for the difference with Charbonnel & Balachandran (2000) is
that it has almost no sample stars, while the explore for the open clus-
ter NGC 2506 shows many Li-rich subgiants (Anthony-Twarog et al.
2018). The existence of a significantly Li-rich giant near the RGB
bump (Charbonnel & Balachandran 2000), with the Li abundance in
the range of 2.5− 3.0 dex, is obviously not explained by our convec-
tion models. Because for stars with masses in the 1.0−1.2𝑀⊙ range,
in the case of relying only on the dilution during the first dredge-up,
the Li abundance can reach this range only if its 𝐴(Li)ZAMS is greater
than 4.5 dex, which can be inferred that there is a very high proba-
bility of Li enrichment processes taking place for this star. For now,
the research on the mechanism of Li enrichment is still in full swing.

5 CONCLUSION

In this paper, we investigate the impact of convective mixing on Li
in giants. Some of the main conclusions are as follows:

1. From testing the convection model for the location of the convec-
tive boundary, we find that when the boundary is determined by the
Ledoux criterion, the convection model can significantly damper the
Li depletion during the first dredge-up, especially for lower masses
and higher metallicities stars.

2. By examining the influence of convective mixing effects on
Li abundance, we propose a possible channel for the formation of
Li-rich giants: the evolution of their super Li-rich progenitors.

3. When the Li abundance input is more than the meteoritic value,
most low-mass stars will naturally form the Li-rich giants in our
convection models.

4. When extra Li depletion processes are taken into account, the
progenitor Li abundance usually falls below that of a meteorite at the
MS turnoff, and they will naturally evolve into a normal giant.
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APPENDIX A: ADDITIONAL KIPPENHAHN DIAGRAM

We supplement this section with Kippenhahn diagrams of all
the test models involving the comparison of the Ledoux and the
Schwarzschild boundaries in the main text. As this section contains
many structure plots and Kippenhahn diagrams, in order to show the
difference between the two boundaries during the first dredge-up as
much as possible. Similar to Fig. 2, in Figs.A1, A2, and A3 we show
only the evolution from the MS turnoff to the luminosity increase to
100 𝐿⊙ .
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Figure A1. Structural information (similar to Fig. 1 (3)) and the Kippenhahn diagram. We show information on the evolution of convective boundaries
corresponding to the Conv.& Schwarzschild and the Conv.& Ledoux models in Fig. 2 of the text. The small figures in the Kippenhahn diagrams are a partial
enlargement. Shadows are the convective envelope.
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Figure A2. Structural information (similar to Fig. 1 (3)) and the Kippenhahn diagram. We show information on the evolution of convective boundaries
corresponding to the Conv.& Schwarzschild and the Conv.& Ledoux models in Fig. 3 (1) of the text. The small figures in the Kippenhahn diagrams are a partial
enlargement. Shadows are the convective envelope.
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Figure A3. Structural information (similar to Fig. 1 (3)) and the Kippenhahn diagram. We show information on the evolution of convective boundaries
corresponding to the Conv.& Schwarzschild and the Conv.& Ledoux models in Fig. 3 (2) of the text. The small figures in the Kippenhahn diagrams are a partial
enlargement. Shadows are the convective envelope.
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Figure A4. The Kippenhahn diagram containing the low-coefficient thermohaline mixing (𝛼th = 2). Panel(A): same as Fig. 10 (1) , and time step and spatial
resolution are the default value for the MESA; (B): the time step is 104 yr and the spatial resolution is the same as in panel (A); (C): five times better spatial
resolution, same time step.
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Figure A5. Similar to Fig. 1 (1) . The three evolution lines correspond to the three models in Fig.A4. The small image in the picture is a partial enlargement.
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