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ABSTRACT
Since 7Li is easily destroyed in low temperatures, the surface lithium abundance decreases as stars evolve. This is supported
by the lithium depletion observed in the atmosphere of most red giants. However, recent studies show that almost all of red
clump stars have high lithium abundances A(Li) > −0.9, which are not predicted by the standard theory of the low-mass stellar
evolution. In order to reconcile the discrepancy between the observations and the model, we consider additional energy loss
channels that may come from physics beyond the Standard Model. A(Li) slightly increases near the tip of the red giant branch
even in the standard model with thermohaline mixing because of the 7Be production by the Cameron–Fowler mechanism, but
the resultant 7Li abundance is much lower than the observed values. We find that the production of 7Be becomes more active
if there are additional energy loss channels, because themohaline mixing becomes more efficient and a heavier helium core is
formed.
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1 IN T RO D U C T I O N

Since 7Li is a fragile nucleus which is easily destroyed by the
proton capture reaction, its surface abundance reflects detailed stellar
structure. In low-mass giants, stellar models predict surface lithium
depletion (Iben 1967). However, spectroscopic surveys have shown
that ∼1 per cent of giant stars have the lithium abundance as high
as A(Li) = log (Li/H) + 12 > 1.5 (e.g. Casey et al. 2016; Smiljanic
et al. 2018; Yan et al. 2018; Deepak & Reddy 2019). This is a long-
standing problem in our understanding of low-mass stars (Wallerstein
& Sneden 1982; Brown et al. 1989).

Stars in the red giant (RG) branch and the red clump (RC) have
the similar luminosity and the effective temperature, so the boundary
between them is ambiguous in the Hertzsprung–Russell diagram.
Some authors have suggested that a part of the lithium-rich giants
are RC stars (Silva Aguirre et al. 2014; Monaco et al. 2014). Recent
works (Singh, Reddy & Kumar 2019; Singh et al. 2019; Kumar et al.
2020) distinguished RC stars from RGs in data of spectroscopic sur-
veys with the help of asteroseismological data (Bedding et al. 2011;
Vrard, Mosser & Samadi 2016). They concluded that all of RC stars
have the lithium abundances of A(Li) > −0.9, which are higher than
the predicted values by stellar models. This implies that a ubiquitous
process produces 7Li during or before central helium burning.

� E-mail: kanji.mori@grad.nao.ac.jp

The mechanism of this lithium enhancement is under debate.
Some authors suggest engulfment of substellar objects that keep high
lithium abundances (e.g. Siess & Livio 1999; Lebzelter et al. 2012;
Aguilera-Gómez et al. 2016). Others discuss in situ production by the
Cameron–Fowler (CF) mechanism (Cameron & Fowler 1971). In the
hydrogen burning shell, 7Be is produced via the 3He(α, γ )7Be reac-
tion. The produced 7Be is conveyed to the stellar surface and decays to
7Li by the electron capture. In the standard model, the CF mechanism
is insufficient to reproduce the abundance in lithium-rich giants.
However, Casey et al. (2016) point out that extra mixing induced by
the tidal interaction with a binary companion can drive the lithium
production. Also, a recent study (Schwab 2020) focused on mixing
induced by the helium flash and claimed that it can naturally solve
the lithium problem in RC stars proposed by Kumar et al. (2020).

In order to explain the ubiquitous enhancement of lithium in RC
stars, we introduce the additional energy losses induced by physics
beyond the Standard Model. In this paper, as an example we focus
on the neutrino magnetic moment (NMM), which is denoted as μν .
The existence of neutrino masses was established by the detection
of the neutrino oscillations, starting with atmospheric neutrinos
(Fukuda et al. 1998) and later by solar and reactor neutrinos. In the
Standard Model of particle physics massive neutrinos have magnetic
moments that are too small to be detected by present and near-term
future experiments (Fujikawa & Shrock 1980; Shrock 1982; Giunti
& Studenikin 2015; Balantekin & Kayser 2018). The current best
experimental limit μν < 2.9 × 10−11μB, where μB is the Bohr
magneton, comes from the GEMMA experiment (Beda et al. 2013),
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which measured the scattering cross-sections of target electrons and
reactor anti-electron neutrinos.

The NMM induces the additional energy loss and affects various
stages of stellar evolution for wider mass-range of stars. The effect
on the evolution of intermediate-mass stars has recently been studied
in detail (Mori et al. 2020) and it was found that in the presence
of a sufficiently large NMM the duration of blue giants is shorter
and the blue loops are eliminated. Stellar plasma of low-mass stars
also is affected by NMM and the helium flash delays (Haft, Raffelt &
Weiss 1994). As a result, a heavier inert helium core is formed and the
luminosity of the tip of the RG branch (TRGB) increases (e.g. Raffelt
1996). This enables one to use low-mass stars in globular clusters to
give tighter constraints of μν < 1.5 × 10−12μB (Capozzi & Raffelt
2020) and μν < 2.2 × 10−12μB (Arceo-Dı́az et al. 2015). Also, the
delayed helium flash may result in activation of the CF mechanism
induced by thermohaline mixing (Sackmann & Boothroyd 1999;
Lattanzio et al. 2015). In this paper, we show that NMM needed
to enhance A(Li) in RC stars and reduce the discrepancy between
the observations and the theory is slightly higher than current
astrophysical limits, so other channels may be in the play.

Section 2 describes the stellar models and the treatment of the
NMM. Section 3 shows the results of our calculations and compares
them with the observational data. In Section 4, we summarize our
results and discuss the future perspective.

2 ME T H O D S

We use Modules for Experiments in Stellar Astrophysics (MESA;
Paxton et al. 2011, 2013, 2015, 2018, 2019) version 10398 to
construct one-dimensional low-mass stellar models. MESA adopts
the equation of state of Rogers & Nayfonov (2002) and Timmes
& Swesty (2000) and the opacity of Iglesias & Rogers (1996),
Iglesias & Rogers (1993) and Ferguson et al. (2005). The electron
conductivity is from Cassisi et al. (2007). We adopt nuclear reaction
rates compiled by NACRE (Angulo et al. 1999) and Caughlan &
Fowler (1988). If a reaction rate appears in both, the one tabulated
in NACRE is adopted. In particular, the rates for the triple-α
reaction and 14N(p, γ )15O are from NACRE. The adopted nuclear
reaction network is pp and cno extras.net, which includes
1, 2H, 3, 4He, 7Li, 7Be, 8B, 12C, 14N, 14, 16O, 19F, 18, 19, 20Ne, and
22, 24Mg. Treatment of electron screening is based on for the strong
regime and Graboske et al. (1973) for the weak regime. The mass-
loss formula in Reimers (1975) with the scaling factor η = 0.3 is
adopted.
MESA makes use of the mixing length theory (Cox & Giuli

1968) to calculate the convective luminosity from the temperature
gradient. We adopt the Ledoux criterion (Ledoux 1947) to calculate
the convective instability. Our model considers thermohaline mixing
as well because it affects the lithium abundance (Sackmann &
Boothroyd 1999; Lattanzio et al. 2015). Thermohaline mixing is
treated as a diffusive process with the diffusion coefficient (Paxton
et al. 2013)

Dthm = αthm
3K

2ρCP

B

∇T − ∇ad
, (1)

where αthm is a free parameter, ρ is the density, CP is the specific
heat, B is the Ledoux term (Unno et al. 1989), ∇T is the actual
temperature gradient, and ∇ad is the adiabatic temperature gradient.
K is the thermal conductivity written as

K = 4acT 3

3κρ
, (2)

Figure 1. The energy loss rates induced by the neutrino emission with μν

= 5 × 10−12μB. The density of ρ = 106 g cm−3 is assumed. The black line
shows the total standard rate and the other lines show the rates induced
by the NMM. The total energy loss rate is given by ε = εstd + ε

μ
plas + ε

μ
pair.

where a is the radiation density constant, c is the speed of light, T is
the temperature, and κ is the opacity.

The parameters in our models follow those in Kumar et al. (2020).
The initial mass is fixed to 1 M� and the initial metallicity is
fixed to be solar: Z = 0.0148 (Lodders 2020). However, the initial
lithium abundance in the pre-main sequence is set to A(Li) = 2.8.
Although there is no observational evidence, this value is used in
previous works (Kumar et al. 2020; Schwab 2020). We follow their
prescription to compare our result with theirs. The mixing length is α

= 1.6 and the thermohaline coefficient is αthm = 50, 100, and 1000,
because A(Li) after the RG branch bump is sensitive to thermohaline
mixing.

We consider the plasmon decay and neutrino pair production as
the additional energy loss induced by the NMM. The energy loss rate
due to the plasmon decay is given by (Haft et al. 1994; Heger et al.
2009)

ε
μ
plas = 0.318

( ωpl

10 keV

)−2
(

μν

10−12μB

)2

εplas, (3)

where εplas is the standard plasmon decay rate (Itoh et al. 1996) and
ωpl is the plasma frequency (Raffelt 1996)

ωpl = 28.7 eV
(Yeρ)

1
2

(1 + (1.019 × 10−6Yeρ)
2
3 )

1
4

, (4)

where Ye is the electron mole fraction and ρ is the density in units of
g cm−3. The energy loss rate due to the pair production is given by
(Heger et al. 2009)

εμ
pair = 1.6 × 1011 erg g−1 s−1

(
μν

10−10μB

)2
e

− 118.5
T8

ρ4
, (5)

where T8 is the temperature in units of 0.1 GK and ρ4 =
ρ/(104 g cm−3).

Fig. 1 shows the energy loss rates with μν = 5 × 10−12μB at ρ

= 106 g cm−3, which is the typical central density at the helium
flash. At the temperature of ∼108 K, the additional energy loss rate
is comparable with the standard rate. Also, it is seen that the pair
production is negligible in the temperature range of interest.
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3 R ESU LT

3.1 Evolution of the fiducial models

In this section, we describe the fiducial model with μν = 0. Fig. 2
shows the evolution of the stellar models in the L − A(Li) plane,
where L is the luminosity. The solid lines show the evolution of the
fiducial model. The upper panel adopts αthm = 50, the middle panel
adopts αthm = 100, and the lower panel adopts αthm = 1000.

The evolution starts from a low luminosity (the lower-left side
of Fig. 2). The lithium abundance A(Li) stays constant during the
main sequence. When the star reaches the main-sequence turnoff at
log (L/L�) = 0.4, A(Li) starts to decrease from 2.6 to 0.8. This is
because surface lithium is conveyed to the stellar interior due to the
first dredge-up (Iben 1967), and is destroyed by the proton capture.
The lithium depletion becomes slower as the star evolves, but A(Li)
starts to decrease again when the star reaches the RG branch bump
at log (L/L�) = 1.5. At this point, the star develops thermohaline
mixing between the convective envelope and the hydrogen burning
shell (Charbonnel & Zahn 2007; Lattanzio et al. 2015). This happens
because the mean molecular weight is inverted by 3He(3He, 2p)4He.
Because of thermohaline mixing, lithium in the envelope is conveyed
to the inner hot region and destroyed. One can see that A(Li) after
the RG branch bump is smaller when a larger αthm is adopted. In
particular, when αthm = 1000, lithium is depleted so much that the
model cannot reproduce the observed samples. Lattanzio et al. (2015)
calculated A(Li) in RGs with Ct = 102, 103, and 104, where Ct =
3αthm/2. Although the value of A(Li) varies by changing a stellar
evolution code adopted, they also reported that a larger αthm leads to
a larger variation of A(Li) during the evolution along the RG branch.

The decrease of A(Li) stops when log (L/L�) = 3.2 and it starts
increasing. This is because thermohaline mixing becomes more
efficient as the star expands (Lattanzio et al. 2015). The efficient
mixing helps the CF mechanism work and hence increases A(Li).
After the TRGB, the core becomes non-degenerate because of the
helium flash and L decreases suddenly. As a result, core helium
burning begins and an RC star is formed.

In order to understand the evolution of A(Li), we introduce three
time-scales. We denote the time-scale for the electron capture of 7Be
as tprod, the time-scale for 7Li(p, α)4He as tdest, and the time-scale on
which the material at a given radius is conveyed to the bottom of the
convective envelope by thermohaline mixing as tmix.

Fig. 3 shows the profile of the Dthm, the mixing and nuclear reaction
time-scales, and the 7Be and 7Li abundances in the region where 7Be
is produced. The solid lines indicate the time when MHe = 0.45 M�
and the broken lines indicate the time when MHe = 0.26 M�. 7Be
is produced by 3He(α, γ )7Be at R ∼ 10−1.3 R�. It is seen that
thermohaline mixing becomes more effective as the core grows. This
is because the density in this region decreases as a function of time.
The lower density leads to a larger K as we can see from equation (2)
and thus a larger Dthm (Lattanzio et al. 2015).

This efficient mixing below the convective envelope explains why
A(Li) decreases after reaching the RG branch bump and increases
near the TRGB. In order for the CF mechanism to work, mixing in
this region should be efficient enough to convey 7Be to the bottom
of the convective envelope. When MHe = 0.26 M�, 7Be decays into
7Li and is destroyed by the proton capture before being conveyed
to the convective envelope because tmix is much longer than tdest in
R < 10−0.2 R�. Rather, since 7Li in the envelope diffuses into the
thermohaline region, A(Li) decreases in time. On the other hand,
when M = 0.45 M�, tmix becomes shorter than before. As a result,
a part of 7Be is conveyed to the envelope before it decays and A(Li)
increases.

3.2 Dependence on the NMM

We perform stellar evolution calculations with μ12 = 1−5, where μ12

=μν /(10−12μB). The adopted parameters and results are summarized
in Table 1. A(Li) and L at the TRGB increase when a larger value
of μν is adopted. The argument that TRGB stars become luminous
when μν is adopted has been used to constrain μν (e.g. Raffelt 1996;
Arceo-Dı́az et al. 2015).

The temperature in the core gradually increases as the star evolves
because the gravitational energy is released. The energy released near
the TRGB is estimated to be ∼100 erg g−1 s−1 (e.g. Section 2.5.2 in
Raffelt 1996). Enhanced energy loss rates in the centre can result
in a more rapid evolution to advanced stellar burning and growth of
the helium core. If we assume μ12 = 5, the additional energy loss
rate induced by the NMM at the stellar centre is ε

μ
plas ≈ 6 erg g−1 s−1

just before the onset of the helium-core flash. Since this additional
energy loss is not negligible compared with the released gravitational
energy, the helium flash would be delayed.

The additional energy loss affects the structure of the helium core
just before the helium flash. Fig. 4 shows the temperature profile in
the helium core when the helium luminosity LHe reaches 100L�. The
solid line shows the fiducial model with μ12 = 0 and the other lines
show the models with μ12 = 2 and 5. Because neutrinos carry away
energies from the centre, the temperature inversion is developed in
the core. As a result, T is slightly higher in an off-center shell as seen
in Fig. 4. Since the core is degenerate and helium burning is highly
sensitive to the temperature, the helium flash is ignited in the hottest
shell. When the NMM is adopted, the location of the helium flash
shifts outward because the energy loss is higher (Sweigart & Gross
1978; Raffelt & Weiss 1992).

The previous works (e.g. Raffelt 1996) showed that core mass at
the TRGB is increased by the additional energy loss. Fig. 5 shows
the increase of helium core mass

δMHe = MHe(μ12) − MHe(μ12 = 0), (6)

where MHe(μ12) is the core mass when the helium flash occurs. The
solid line shows our model and the red crosses are 1 M� models with
Z = 0.01 in a previous study (Arceo-Dı́az et al. 2015). Although
physical inputs to the models are different, our result is similar to the
previous calculation.

Fig. 6 shows the evolution of A(Li) as a function of the helium
core mass MHe when αthm = 100. The peaks around MHe ∼ 0.5 M�
correspond to the helium flash. One can confirm that A(Li) at the
TRGB is higher when μν is larger.

The physical mechanisms of the lithium enhancement are twofold.
When μν > 0 is adopted, the helium core on the ignition of the helium
flash becomes heavier because of the additional energy loss. Because
the flash is delayed, the CF mechanism can continue to produce more
7Li and A(Li) in RC stars becomes higher. The more massive core
leads to a smaller density above the hydrogen burning shell and
hence a larger thermal conductivity (Lattanzio et al. 2015). Since
Dthm increases as a function of conductivity, thermohaline mixing
at the TRGB becomes more efficient with a larger NMM. Fig. 7
shows the profile of Dthm and the mass fractions of 7Be and 7Li at the
TRGB. It is seen that Dthm is larger if the NMM is larger. Therefore,
the CF mechanism can convey 7Be to the convective envelope more
effectively and A(Li) in RC stars becomes higher.

It is seen from Fig. 6 that A(Li) starts to deviate from the standard
model even before the helium flash. This is explained by changes of
stellar structure induced by the NMM. Fig. 8 shows the thermohaline
diffusion coefficient Dthm and the mass fractions of 7Li and 7Be for
the models with μ12 = 0, 2, and 5 in the region where thermohaline
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Enhancement of Li in RC stars 2749

Figure 2. The lines show the evolution of our models with μ12 = 0−5 in the L−A(Li) plane. The upper panel adopts αthm = 50, the middle panel adopts αthm

= 100, and the lower panel adopts αthm = 1000. The grey dots are GALAH DR2 samples (Buder et al. 2018) with reliable lithium abundances and the red dots
are RC samples selected by Kumar et al. (2020).
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2750 K. Mori et al.

Figure 3. The profile of (upper) Dthm, (middle) the mixing and nuclear
reaction time-scales, and (lower) the abundances of 7Be and 7Li. The NMM is
not adopted, and αthm = 100 is assumed. The solid lines show the model when
MHe = 0.45 M� and the broken lines show the model when MHe = 0.26 M�.

mixing is effective. In this figure, the helium core mass is fixed
to MHe = 0.45 M�. When a larger NMM is adopted, the radius of
the helium core becomes smaller and the density in the envelope
decreases. Since 7Be produced via 3He(α, γ ) is conveyed to the outer
region by thermohaline mixing, the more efficient mixing leads to a
larger A(Li).

Recently, the GALAH (Galactic Archaeology with HERMES)
survey second data release (DR2) provided spectroscopic data of
342 682 stars in the Milky Way (Buder et al. 2018). Kumar et al.
(2020) selected stars with log L/L� ∈ [1.55, 1.85] and the effective
temperature Teff ∈ [4650, 4900] K from the GALAH DR2 samples
and identified them as RC stars. Kumar et al. (2020) used GALAH
samples that overlap with an astroseismic catalogue (Ting, Hawkins
& Rix 2018) to distinguish RC and RG stars. They concluded that
the contamination of RGs in their RC samples accounts for only
∼10 per cent.

Kumar et al. (2020) found that the lithium abundance in RC
stars is distributed around A(Li) ∼ 0.71 ± 0.39. This ubiquitous
enhancement of lithium has not been predicted by stellar models.

Table 1. The parameters of the models. The zero age main sequence
mass and the initial metallicity are fixed to MZAMS = 1 M� and Z =
0.0148, respectively. αthm is the thermohaline coefficient, μ12 is the
NMM, MHe, TRGB is the mass of the helium core at the TRGB, LTRGB

is the luminosity at the TRGB, and A(Li)RC is the lithium abundance
of RC stars. Since A(Li) decreases during the evolution of RC stars,
the initial values just after the helium flash are shown.

αthm μ12 MHe,TRGB/ M� log (L/L�)TRGB A(Li)RC

1000 0 0.467 3.39 − 1.74
1000 1 0.471 3.41 − 1.60
1000 2 0.480 3.46 − 1.26
1000 3 0.490 3.51 − 0.91
1000 4 0.500 3.56 − 0.56
1000 5 0.509 3.61 − 0.28

100 0 0.467 3.39 − 1.08
100 1 0.471 3.41 − 0.98
100 2 0.480 3.46 − 0.75
100 3 0.490 3.51 − 0.46
100 4 0.500 3.56 − 0.18
100 5 0.509 3.61 0.07

50 0 0.467 3.39 − 0.73
50 1 0.471 3.41 − 0.70
50 2 0.480 3.46 − 0.57
50 3 0.490 3.51 − 0.36
50 4 0.500 3.56 − 0.13
50 5 0.509 3.61 0.10

Figure 4. The temperature profile in the core when the helium luminosity
reaches LHe = 100L�. The solid line shows the model without the NMM and
the other lines adopt μ12 = 2 and 5.

Figure 5. The core mass as a function of the NMM. The definition of δMHe

is shown in equation (6). The red crosses are 1 M� models with Z = 0.01
calculated by Arceo-Dı́az et al. (2015).
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Enhancement of Li in RC stars 2751

Figure 6. The evolution of the surface lithium abundance as a function of
the helium core mass. The thermohaline coefficient is fixed to αthm = 100.

Figure 7. Structure of our model at the TRGB with μ12 = 0, 2, and 5. The
upper panel shows the thermohaline diffusion coefficient and the lower panel
shows the mass fractions of 7Li and 7Be as a function of the radius. The
thermohaline coefficient is fixed to αthm = 100.

When the NMM is not adopted in our model, the lithium abundance
in RC stars is only A(Li) = −1.08 (− 0.73) when αthm = 100 (50).
We find that, if μ12 = 5 is adopted, A(Li) reaches 0.07 (0.10), which
is closer to the observed A(Li). When αthm is larger, 7Li is destroyed
to a greater extent after the RG branch bump and thus A(Li) in RC
stars becomes smaller. Although A(Li) is not sufficiently large when
μ12 = 2−4 in both cases, the discrepancy in A(Li) becomes smaller
if the NMM is adopted. The additional energy loss induced by the
NMM is thus a candidate of a ubiquitous mechanism of the high
A(Li) in RC stars.

Traditionally, giants with A(Li) > 1.5 have been called lithium-rich
giants (Brown et al. 1989). It is difficult to explain such extremely
high lithium abundances with the NMM only. Kumar et al. (2020)

Figure 8. Structure of our model when μ12 = 0, 2, and 5 and MHe =
0.45 M�. The upper panel shows the thermohaline diffusion coefficient and
the lower panel shows the mass fractions of 7Li and 7Be as a function of the
radius. The thermohaline coefficient is fixed to αthm = 100.

point out that lithium-rich giants with A(Li) > 1.5 account only
for ∼3.0 per cent of RC stars. The rare population implies another
mechanism that works only in a certain kind of stars.

3.3 Dependence on stellar mass

In Section 3.1, we investigated 1 M� models in detail because the
stellar samples (Kumar et al. 2020) are distributed around (1.0 ±
0.4) M�. In this section, we study 1.5 M� and 0.8 M� models to see
dependence on stellar masses. Fig. 9 shows the evolutionary tracks in
the plane of the luminosity L and A(Li) in the models with μ12 = 0,
2, and 4. Efficiency of thermohaline mixing is fixed to αthm = 50. In
the 1.5 M� models, the lithium enhancement near the TRGB is not
seen. Also, the effect of the NMM is smaller than in the 1 M� case.
This is because the lithium depletion due to the first dredge-up is less
significant in heavier stars. As a result, A(Li) in a more massive RG
is higher. Although thermohaline mixing works even in the 1.5 M�
model, the relative change in A(Li) during the evolution along the
RG branch is smaller and the contribution of the 7Be transport to
A(Li) is negligible. Such larger values of A(Li) in heavier RGs are
reported also in previous works (e.g. Schwab 2020).

On the other hand, the 0.8 M� models show large enhancements of
A(Li) even if μ12 = 0. The lithium enhancement becomes larger when
the NMM is considered as we saw in the 1 M� models. The model
with μ12 = 4 does not experience the helium flash. This is because the
larger luminosity near the TRGB results in a higher mass-loss rate and
thus the model loses the hydrogen envelope before the helium flash.
Such a star would become a massive helium white dwarf. Although
the lack of the flash would contradict observations of globular
clusters, it depends on mass-loss rates, which are still uncertain. We
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Figure 9. The evolution of our 1.5 M� and 0.8 M� models with μ12 = 0,
2, and 4 and Z = 0.148 in the L − A(Li) plane. Efficiency of thermohaline
mixing is fixed to αthm = 50.

Figure 10. The evolution of our 1 M� models with μ12 = 0, 2, and 4 and
Z = 0.00136 and 0.007 in the L − A(Li) plane. Efficiency of thermohaline
mixing is fixed to αthm = 50.

performed additional calculations of 0.8 M� models with (η, Z) =
(0.3, 0.007), (0.2, 0.0148), and (0.2, 0.007) to check the dependence
on the mass-loss. We found that all of the additional models undergo
the flash because of smaller mass-loss rates. Therefore, non-existence
of single massive helium white dwarfs does not necessarily constrain
the NMM.

3.4 Dependence on metallicity

In Section 3.1, we investigated Solar metallicity models in detail
because the stellar samples are distributed around [Fe/H] = (−
0.1 ± 0.2). In this section, we study Z = 0.00136 and 0.007 models
to see dependence on metallicities. The metallicity Z = 0.00136
corresponds to the metal-poor environment in the globular cluster
M5 (Viaux et al. 2013) and Z = 0.007 is between the solar and
M5 metallicities. Fig. 10 shows the evolutionary tracks in the plane
of L and A(Li) in Z = 0.00136 and 0.007 models. Efficiency of
thermohaline mixing is fixed to αthm = 50. It is seen that, if μ12 and
αthm are fixed, A(Li) in RC stars is larger when Z is lower. In the
metal-poor models, the lithium enhancement near the TRGB is not
seen if μ12 ≤ 2. In the Z = 0.00136 models, A(Li) is not enhanced
even if μ12 = 4. In the Z = 0.007 model, A(Li) slightly increases
near the TRGB when μ12 = 4, although the effect of the NMM is
smaller than in the Z = Z� case.

Figure 11. The evolution of A(Li) as a function of time. The black and red
lines show A(Li) in our model with μ12 = 0 and 5, respectively. The blue line
shows the 1 M� model with helium-flash induced mixing (Schwab 2020).
Efficiency of thermohaline mixing is fixed to αthm = 50 in our model.

4 D ISCUSSION

In this paper, we discussed the effects of additional energy loss
channels on A(Li) in RC stars. In the special case of NMM, we
found that the production of 7Li near the TRGB is activated when
μ12 = 1−5 is adopted. Although this value of the neutrino magnetic
moment is smaller than current limits obtained from the reactor
experiments, it exceeds the recent astrophysical upper limits. It is
therefore difficult to solve the lithium problem only with the NMM.
However, the additional energy loss can be induced by other physics
like extra dimensions (Cassisi et al. 2000) and axion-like particles
(Raffelt & Dearborn 1987; Ayala et al. 2014). Since they are expected
to result in the similar enhancement of A(Li), they can be a candidate
of the mechanism of the lithium enhancement.

The destruction and production of 7Li are dependent on deep
mixing including thermohaline mixing (Charbonnel & Zahn 2007;
Lattanzio et al. 2015) and magnetic buoyancy (Busso et al. 2007). It
is desirable to investigate these mechanisms in detail.

The enhancement of energy loss rate from neutrino emission
affects Li abundances on stellar surfaces through a change in stellar
structure, including He core mass and the mixing time-scale. This
characterizes the current theoretical prediction distinguished from
other possibilities. For example, in addition to the 7Be production via
the 3He(α, γ ) reaction operating deep inside the stars, stellar surfaces
can be polluted from outside by accretion of companion stellar ejecta
or nucleosynthesis via flare-accelerated nuclei on stellar surfaces. If
the observed high abundances of Li originate from nucleosynthesis
in companion asymptotic giant branch stars (Ventura & D’Antona
2010), observed stars can have enhanced abundances of carbon and
s-nuclei. On the other hand, if nuclear reactions of flare-accelerated
nuclei (Tatischeff & Thibaud 2007) are providing 6,7Li, the isotopic
fraction of 6Li is expected to be high. Furthermore, the observed
Li-rich stars must be associated with very strong flare activities
and simultaneous production of Be and B. In this way, respective
possibilities are associated with different astronomical observables
to be measured in future.

A recent study (Schwab 2020) showed that the lithium problem in
RC stars can be solved if mixing is induced by the helium flash. He
assumed that mixing with the diffusion coefficient D = 1012 cm2 s−1

is induced when the helium luminosity LHe exceeds 104L�. A major
difference between his and our models is the time-scale of the surface
lithium enhancement. Fig. 11 shows A(Li) as a function of time. The
black and red lines show our model, while the blue line shows the
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1 M� model in Schwab (2020). It is seen that A(Li) is enhanced in
∼100 yr during the helium flash in his model, while it occurs ∼1 Myr
before the flash in our model. Although the time evolution of A(Li)
near the TRGB is dependent on model parameters including αthm, it
is robust that the lithium enhancement in our model is much slower
than the model in Schwab (2020). Hence it might be possible to
distinguish the two models by searching for lithium-rich RGs with
A(Li) ∼ 0 near the TRGB. The model in Schwab (2020) predicts that
it would be impossible to find such stars, while our model predicts
that such stars would be found if A(Li) values of a sufficient number
of stars are observed.
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