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ABSTRACT
Context. It has recently been suggested that all giant stars with masses below 2 M suffer an episode of surface lithium enrichment between the
tip of the red giant branch (RGB) and the red clump (RC).
Aims. We test if the above result can be confirmed in a sample of RC and RGB stars that are members of open clusters.
Methods. We discuss Li abundances in six open clusters with ages between 1.5 and 4.9 Gyr (turn-off masses between 1.1 and 1.7 M ). We compare
these observations with the predictions of different models that include rotation-induced mixing, thermohaline instability, mixing induced by the
first He flash, and energy losses by neutrino magnetic moment.
Results. In six clusters, we find close to 35% of RC stars have Li abundances that are similar or higher than those of upper RGB stars. This can
be a sign of fresh Li production. Because of the extra-mixing episode connected to the luminosity bump, the expectation has been for RC stars to
have systematically lower surface Li abundances. However, we cannot confirm that this possible Li production is ubiquitous. For about 65% of
RC giants, we can only determine upper limits in abundances that could be hiding very low Li content.
Conclusions. Our results indicate the possibility that Li is being produced in the RC, at levels that would not typically permit the classification
of these the stars as Li rich. The determination of their carbon isotopic ratio would help to confirm that the RC giants have suffered extra mixing
followed by subsequent Li enrichment. The Li abundances of the RC stars can be qualitatively explained by the models including an additional
mixing episode close to the He flash.
Key words. stars: abundances – stars: evolution – stars: low-mass – open clusters and associations: general

1. Introduction
The existence of lithium-rich giants has been known for many
years (see, e.g. Brown et al. 1989; Charbonnel & Balachandran
2000; Monaco et al. 2011; Kumar et al. 2011). However, their
nature continues to stand as a mystery that has not yet been
fully resolved. Many studies have shown that they amount
to ∼1−2% of all giant stars (see, e.g. Casey et al. 2016;
Smiljanic et al. 2018; Deepak & Reddy 2019; Martell et al.
2021; Charbonnel et al. 2020). Recent results based on a combination of spectroscopic and asteroseismic observations have
indicated the predominance of Li-rich giants in the core-heliumburning ‘red clump’ (RC) phase (Silva Aguirre et al. 2014;
Casey et al. 2019; Kumar & Reddy 2020; Deepak & Lambert
2021; Yan et al. 2021; Singh et al. 2019, 2021). Kumar et al.
(2020) performed a large-scale investigation of the Li content
in field stars at the RC phase and claimed that most of them
show high levels of surface Li abundance for their evolutionary

?

Full Tables 2 and 3 are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/655/A23
??
Based on observations collected with the FLAMES instrument at
VLT/UT2 telescope (Paranal Observatory, ESO, Chile), for the GaiaESO Large Public Spectroscopic Survey (188.B-3002, 193.B-0936,
197.B-1074).

stage, with A(Li)1 > −0.9. Hence, these authors have suggested
that a systematic production of Li in low-mass stars (i.e. those
with mass below 2 M ) is present between the tip of the red
giant branch (RGB) and the RC. The Li abundance in cluster
giants was originally discussed by Pasquini et al. (2001), who
presumed that RC stars could have more Li than stars during the
first ascent of the RGB. Subsequent observations of giant stars
in the open cluster IC 4651 (Pasquini et al. 2004) supported this
hypothesis, since they observed only upper limits for the stars
that are found away from the RC, while they could measure the
Li in the RC stars.
Here, we take advantage of the sixth internal data release of
the Gaia-ESO Survey (idr6, Gilmore et al. 2012; Randich et al.
2013) to explore the problem of Li abundances in RC stars from
the point of view of open clusters. These objects give us the
possibility to determine the ages and main-sequence turn-off
(MSTO) masses with a high level of accuracy from isochrone
fittings of their evolutionary sequence. The MSTO masses can
be further used as proxy of the masses of the evolved stars. The
comparison with isochrones also allows us to separate the RC
stars from the RGB stars. We can thus study the evolution of the
Li surface abundance along stellar evolutionary phases across
different mass ranges.

A(Li) = log( X(Li)
·
X(H)
the atomic mass.
1
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Table 1. Six open clusters with well populated giant branches.
Cluster

Age
(Gyr)

D
(kpc)

RGC
(kpc)

[Fe/H]
(dex)

MSTO
(M )

RC
(M )

1.5
1.9
2.1
4.3
4.4
4.9

4.3
5.2
6.4
3.0
3.7
3.1

12.6
13.3
14.7
11.2
10.6
11.1

−0.16 ± 0.05
−0.06 ± 0.07
−0.21 ± 0.04
−0.35 ± 0.04
−0.44 ± 0.09
−0.28 ± 0.08

1.7
1.6
1.5
1.1
1.1
1.1

1.8
1.7
1.6
1.2
1.2
1.2

NGC 2158
NGC 2141
Berkeley 21
Trumpler 5
NGC 2243
Berkeley 32

Notes. Age, distance, and Galactocentric distance are from
Cantat-Gaudin et al. (2020). Mean [Fe/H] are from the members
observed with the UVES spectrograph in Gaia-ESO idr6. MSTO
and RC masses are obtained using Parsec isochrones (Bressan et al.
2012).

2. Sample selection
For our analysis, we used a selection of member stars from the
sample of 57 open clusters with stellar parameters from GaiaESO idr6 and analyzed in Magrini et al. (2021, hereafter M21).
We refer to that paper for a description of the Gaia-ESO analysis
and the membership selection procedure.
We defined two different samples: the first is composed of all
cluster members with 1 M ≤ MMSTO ≤ 1.8 M and a restricted
range of metallicity, namely: −0.2 ≤ [Fe/H] ≤ +0.2 dex, belonging to the clusters Col 261, Be 39, NGC 6791, M 67, Haf 10,
Cz 24, NGC 2425, Trumpler 20, NGC 2141, NGC 2420,
NGC 2158, NGC 2154; we use this sample for a first global
comparison with the models. For the second sample, we select
six open clusters with well-populated giant branches for a
more detailed comparison with the models. These clusters have
an age between 1550 and 4900 Myr, hosting at least ∼20 red
giant stars for which Li abundance is available, presenting
a clearly distinguishable RC, and they are characterised by
1.1 M ≤ MMSTO ≤ 1.7 M (Table 1).
Lithium in the selected clusters was measured from UVES
spectra for RC stars, and either from UVES (if available) or
GIRAFFE data for the remaining members (see Fig. A.1 for
two examples of spectra). When the line was too weak and
barely visible (or not at all), upper limits were provided (see
M21 for details). Lithium abundances in Gaia-ESO are derived
using one-dimensional (1D) model atmospheres in local thermodynamical equilibrium (LTE). M21 estimated that the abundance corrections based on more realistic 3D non-LTE model
atmospheres (Wang et al. 2021) are within ±0.1 dex, depending
on T eff , and almost negligible for MSTO stars and for giant stars
hotter than 4200 K. We thus adopted the 1D LTE Gaia-ESO Li
abundances.

3. Li abundance in RC stars
Recently, Kumar et al. (2020) investigated Li abundances in field
RC stars with masses below 2.0 M , using the results of the
GALactic Archaeology with HERMES (GALAH) survey (DR2,
Buder et al. 2018). They found the RC stars to have enhanced
Li when compared to stars at the RGB tip, and with respect to a
1.0 M model that includes effects of extra mixing (thermohaline
instability and rotation-induced mixing). This led to the suggestion that Li production is a general phenomenon that affects all
low-mass stars between the RGB tip and the RC.
To test the above hypothesis, we identify RC stars in our first
sample of cluster members by comparing their location in the
A23, page 2 of 8

Hertzprung-Russel diagrams with isochrones. We chose the RC
stars in our sample as those with 4600 ≤ T eff (K) ≤ 5000 and
1.5 ≤ log(L/L ) ≤ 1.9 (see Fig. 1). With this selection, there
might still be some contamination from RGB stars, but the probability is low. A star with a mass between 1 and 1.8 M , during
the RGB phase, spends approximately 0.2−0.4 × 108 yr with the
same luminosity of a RC star, while it stays in the RC phase 2−5
times longer (see also Singh et al. 2021 for an estimate of the
timescales of the RC phase). In addition, the difference in T eff
between the two phases at the luminosity of giant stars varies
from ∼300 K at 1 M to ∼150 K at 1.8 M , which is considerably
larger than our typical errors (30−60 K) and allows us to separate
the two phases. In our sample, we have 53 RC stars with A(Li)
measurements and 50 with upper limits. The identifying names
based on the equatorial coordinates, called CNAMEs, cluster to
which they belong, stellar parameters, lithium abundances, and
MSTO masses of the selected RC stars are reported in Table 2.
In Fig. 1, we plot the stars in the A(Li)–log(L/L ) plane. Two
sets of models at solar metallicity for 1.5 and 2 M stars from
Lagarde et al. (2012) are shown. One set includes only effects
of mixing due to convection. In addition, the second includes
rotation-induced mixing and thermohaline instability (hereafter,
the RT models). The figure shows the evolution of the lithium
abundances: on the left, we have stars at the end of the main
sequence, where A(Li) is between 2.5 and 3.4 dex. Afterwards,
there is a first episode of dilution at the first dredge-up (FDU)
which, in classical models, gives a value of A(Li) ∼ 1.3−1.5,
almost independent of stellar mass. In the RT models, the FDU
results in lower Li because of the effects of rotation during the
main sequence. In addition, there is a further dilution of Li at the
RGB bump when the thermohaline instability is activated. After
that, stars evolve towards the RGB tip and then drop in luminosity, reaching the RC at log(L/L ) ∼ 1.5−1.8. The models suggest
Li abundances as low as −0.3 dex in the RGB phase. Further evolution during the clump can deplete Li down to −1 dex before the
stellar luminosity increases again.
The RC stars in our sample with 1 M ≤ M < 1.8 M
have −0.9 ≤ A(Li) ≤ 1.3. This is higher than predicted by RT
models but lower than predicted by classical models (excluding the two Li-rich giants). The mean A(Li) of the RC stars is
A(Li) = 0.78 ± 0.55 dex (only measurements, no upper limits).
This value is close to the peak of the distribution obtained by
Kumar et al. (2020), A(Li) ∼ 0.7 dex. These data are thus consistent with their findings and suggest that there might be a further
Li enrichment during the RC phase.
Figure 2 shows, separately, the six clusters of Table 1 in
the log(L/L ) versus the A(Li) plane and in the HR diagram.
Properties such as their CNAMEs, cluster to which they belong,
stellar parameters, lithium abundances, MSTO mass, and the
evolutionary phase of the selected RGB and RC stars are
reported in Table 3.
As discussed in M21, for low-mass solar-type stars with
relatively extended convective envelopes, hydrodynamic processes induced by rotation, such as meridional circulation and
shear mixing, predict large rotation gradients within the interior, which, for instance, require internal gravity waves or other
mechanisms, such as penetrative convection, tachocline mixing,
and additional turbulence to explain the rotation profile and the
surface abundance of lithium in solar-type stars of various ages.
These additional mechanisms are not included in the RT models of Lagarde et al. (2012) for 1 M stars. Since in RT models for 1 M stars at solar metallicity, the depletion of Li in the
RGB phase reaches extremely low values not corresponding to
the observed abundances, we consider more suitable to compare

L. Magrini et al.: Li abundance in red clump stars

Fig. 1. Lithium abundance and stellar parameters of member stars of open clusters with 1 M ≤ M ≤ 1.8 M and −0.2 ≤ [Fe/H] ≤ 0.2. Left panel:
log(L/L ) versus A(Li); grey circles show the whole sample of member stars and coloured circles the stars at the RC. Triangles show the upper
limits on A(Li). The red and green continuous curves are the RT models at solar metallicity for 1.5 M and 2 M , respectively, while the red and
green dotted curves are the classical models for the same masses from Lagarde et al. (2012). The vertical black line indicates the limit for Li-rich
giants A(Li) ≥ 1.5 dex, while the vertical blue line at A(Li) ≥ −0.9 dex shows the RC-RGB limit of Kumar et al. (2020). The locations of the RC in
the RT models of Lagarde et al. (2012) are shown with arrows. Right panel: HR diagram with the sample stars and the Parsec isochrones for 1.5
and 2.0 M , in red and green, respectively, at solar metallicity.
Table 2. Red clump member stars of open clusters with 1 M ≤ MMSTO ≤ 1.8 M and −0.2 ≤ [Fe/H] ≤ 0.2.
CNAME
07465009–0436004
07470378–0439141

Cluster

T eff (K)

log g

[Fe/H]

A(Li)

Berkeley 39
Berkeley 39

4820 ± 30
4700 ± 30

2.62 ± 0.05
2.52 ± 0.05

−0.14 ± 0.17
−0.14 ± 0.05

0.64 ± 0.05
1.17 ± 0.06

ULA(Li)

(a)

0
0

log (L/L )

MSTO (M )

1.64 ± 0.03
1.62 ± 0.03

1.2
1.2

Notes. The full table is available online at the CDS. (a) Upper limits are indicated with 1, detections with 0.

the observations of all our sample clusters with the models for
1.5 M .
The stars are divided in lower RGB (if below the luminosity
bump when compared to an isochrone), upper RGB (if above the
bump), and RC. It is clear that the distributions of Li abundances
in the RC stars of each cluster show values that are either similar or even higher than those of the upper RGB stars. In standard models, the Li abundance reaches ∼1.5 dex after the first
dredge-up, with no further changes up to the RC. Traditionally,
only giants with A(Li) > 1.5 are considered to be Li-rich. In the
RT model, rotation-induced mixing brings A(Li) down to ∼0.4
after the first dredge-up and thermohaline mixing reduces it to
∼−0.3 dex after the bump. Figure 2 shows that each evolutionary
stage in each cluster is characterised by a spread in Li abundances. This can be explained by a spread in the initial stellar
rotation and thus in the effects of the rotation-induced mixing
(e.g. Charbonnel et al. 2020). In other words, the fact that a given
star, at any evolutionary stage, has an observed Li abundance
above the model prediction does not immediately imply that Li
was produced. Observed values above the model prediction can
be explained by a weaker action on the part of rotation-induced
mixing since initial rotation is a property that is known to vary
considerably from star to star (e.g. Gallet & Bouvier 2013).
To determine whether or not there is Li production in the RC,
it is necessary to investigate the general properties of the abundance distributions in each evolutionary stage. The differences
in the distribution of Li abundances between lower RGB and RC

stars indicates a certain level of Li depletion by thermohaline
mixing. The brighter RGB stars in NGC 2158 and NGC 2141
show signs of extra Li depletion after the bump. It seems fair to
assume that the depletion will increase before the stars reach the
RGB tip and the RC. Therefore, it does indeed seem that fresh
Li production is needed in order to explain how the RC stars can
have similar or higher Li than the upper RGB stars.
This finding is in agreement with the conclusions of
Kumar et al. (2020). However, we remark that about 65% of our
RC stars have Li upper limits; some at the same level of the
detected abundances. The remaining 35% RC stars have Li measurements at the level of the lower RGB abundances and higher
than the upper RGB ones. Thus, strong Li depletion in some of
the giants cannot be excluded. Either the Li-rich stage is shortlived (see Singh et al. 2021) or Li production is not ubiquitous.
In the GALAH data used by Kumar et al. (2020), upper limits
are not flagged. If some of the Li abundances these authors discuss are actually the upper limits, then perhaps not all of their
RC stars have high Li abundance.

4. Possible mechanisms to explain Li in RC stars
4.1. Mixing induced by the first He flash

Motivated by the Li discrepancy highlighted by Kumar et al.
(2020) between tip-RGB and RC stars, Schwab (2020) recently
proposed a model where the He flash is connected to the
A23, page 3 of 8
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Fig. 2. Lithium abundance and stellar parameters of member stars in our sample clusters. Left panels: log(L/L ) versus A(Li); yellow circles are
lower RGB stars – prior to the RGB bump –, cyan circles are upper RGB stars – after the bump – and red circles are RC stars. The red continuous
curves are the models with rotation-induced mixing at solar metallicity for 1.5 M . The red dotted curves are the classical models with only
convection from Lagarde et al. (2012). Right panels: HR diagrams with the Parsec isochrones (Bressan et al. 2012) at the age and metallicity of
each cluster. The error bars on luminosity are of the order of the symbol size.

surface Li enhancement. The model of Schwab (2020) is constructed using Modules for Experiments in Stellar Astrophysics
(mesa, see e.g. Paxton et al. 2019). Thermohaline instability is
included, but rotation-induced mixing is not taken into account,
as this approach is different from that of the RT models. Lithium
production is a result of the Cameron-Fowler (CF) process
(Cameron & Fowler 1971), resulting from the decay of 7 Be produced in internal regions with temperatures above ∼107 K. In
their model, the mixing in the envelope is triggered by the first
and strongest He sub-flash. The physical mechanism that induces
A23, page 4 of 8

this mixing might be due to internal gravity waves (see Schwab
2020 for a discussion).
In Fig. 3, we compare A(Li) in our sample of six clusters with
the results of models with and without the flash-induced mixing from Schwab (2020)2 . The effect of thermohaline-induced
mixing and of the flash-induced mixing both depend on mass
and are stronger for lower masses. For the three younger clusters (NGC 2158, NGC 2141, and Be 21), the models without the
2

https://doi.org/10.5281/zenodo.4688026
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Table 3. RGB and RC member stars of the six open clusters of Table 1.
CNAME

Cluster

T eff (K)

log g

[Fe/H]

A(Li)

ULA(Li)

05513791+2143345
05515065+2148321

Berkeley 21
Berkeley 21

5223 ± 64
5127 ± 66

3.63 ± 0.18
3.21 ± 0.18

−0.34 ± 0.06
−0.07 ± 0.05

0.83
1.53 ± 0.12

1
0

(a)

log (L/L )

MSTO (M )

Phase

1.39 ± 0.03
1.37 ± 0.03

1.5
1.5

LRGB
LRGB

Notes. The full table is available online at the CDS. (a) Upper limits are indicated with 1, detections with 0.

Fig. 3. Luminosity versus A(Li) in NGC 2158, NGC 2141, Be 21, Trumpler 5, NGC 2243, and Be 32. Symbols are the same as in Fig. 2. The blue
continuous curves are the mesa models with thermohaline mixing. The blue dotted curves are the models with flash-induced mixing of Schwab
(2020). The stellar mass of the models is indicated in each panel.

flash-induced mixing for 1.4 M can reproduce quite well the
A(Li) in the RC stars. The extra mixing during the He flash is
not totally necessary to explain A(Li) in the RC. The results
are similar to those obtained with the RT models presented in
Fig. 2. We note, however, that upper RGB stars have lower A(Li)
than predicted by the models of Schwab (2020); this is probably
because the effect of rotation is not included. However, our aim
is to make a qualitative comparison and introducing the effect
of rotation goes beyond what we set out to do in this paper. For
the oldest clusters (Trumpler 5, NGC 2243, Be 32), A(Li) in RC
stars is definitively higher than the prediction of models without
flash-induced mixing. The agreement is better with models that
include the new extra-mixing after the tip of the RGB. Nevertheless, our data seem to indicate a slightly lower efficiency of the
diffusive mixing process than the one adopted in Schwab (2020).
4.2. Mixing induced by neutrino magnetic moment

To explain the ubiquitous enhancement of Li in RC stars,
Mori et al. (2021) introduced an additional energy loss related to
the neutrino magnetic moment (NMM), µν (see also Mori et al.
2020). These authors used the mesa code to build a fiducial
model with µν = 0 and a set of models with µ12 ranging from
1 to 5, where µ12 = µν /10−12 µB and µB is the Bohr magneton.
Assuming µν > 0, the He flash is delayed and the CF mechanism can continue to produce Li. The delayed He flash results in

stars with heavier He core and increased luminosity at the RGB
tip. More massive cores have a smaller density above the hydrogen burning shell and, consequently, a larger thermal conductivity (Lattanzio et al. 2015) and a more effective thermohaline
mixing. The enhanced mixing increases the amount of 7 Be transported to the surface convective layer, resulting in higher Li in
RC stars.
In Fig. 4, we compare our observations with the Mori et al.
(2021) models. The effect of NMM for the younger clusters
is limited, and there are negligible differences with respect to
the standard models. As in the models of Schwab (2020), the
standard model is not able to reproduce the depletion observed
towards the RGB tip. For the three older clusters, the standard
models would predict lower A(Li) in the RC stars, while models with higher µ12 cover quite well the observed range of A(Li).
However the highest values of NNM are slightly higher than current astrophysical limits for this quantity; thus, also other channels may play a role in explaining the behaviour of RC stars.
Both the models of Schwab (2020) and Mori et al. (2021)
appear to be equipped to explain the observations of A(Li)
in low-mass RC stars (M ∼ 1 M ). The two scenarios, however, differ in the timescales of the processes, as described
in Mori et al. (2021). In the He-flash mixing model, A(Li) is
enhanced during the helium flash. In the NMM model, the
enhancement happens on a longer time scale, namely, about
1 Myr before the flash. As suggested by Mori et al. (2021), it
A23, page 5 of 8
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Fig. 4. Comparison of log(L/L ) versus A(Li) in NGC 2158, NGC 2141, Be 21, Trumpler 5, NGC 2243, and Be 32: symbols and colours are the
same as for the observations as in Fig. 3. The orange continuous curves are the mesa models with thermohaline mixing for the masses indicated
in each panel, and µ12 = 0. The dotted curves are the models with NMM mixing of Mori et al. (2021) for 1 M and different µ12 , from 1 to 5, from
right to left.

might be possible to distinguish between the two models by
searching for lithium-rich giant stars with A(Li) ∼ 0 near the tip
of the RGB.
We briefly remark that Masseron et al. (2017) identified significant N depletion in field stars between the RGB tip and the
RC, supporting the need for extra mixing between these phases.
In this case, nitrogen has to be burnt near or at the He flash
episode before the material is mixed to the surface.

5. Summary and conclusions
Here, we investigate the evolution of A(Li) from the MSTO to the
RGB and RC phases using a sample of red giants in open clusters
from Gaia-ESO idr6. We find RC stars where Li is detected at
a level consistent with or above those of upper RGB stars. This
suggests that there might be some Li enrichment between these
phases that results in stars that would typically not be classified
as Li-rich. Going forward, it would be useful to determine the
carbon isotopic ratio in these RC stars and to confirm that they
have gone through the extra mixing after the luminosity bump.
Nevertheless, our sample has several RC giants with Li upper
limits, across the whole mass range. These limits are, for about
65% of our RC stars in individual clusters, at the same level of
the detected Li abundances (the lines are always very weak and
hard to detect; see Appendix A). Upper limits could be hiding
strong Li depletion in these stars. It appears that upper limits
are not properly flagged in the data used by Kumar et al. (2020).
Therefore, their sample might also include RC stars with strong
Li depletion. However, for 35% of our RC stars in the clusters
of Table 1, the Li abundance is at the level of that in lower
RGB stars, and usually higher than in upper RGB stars. Given
these percentages, we cannot conclude that Li enrichment is
ubiquitous in RC stars, as their Li abundances could be much
A23, page 6 of 8

lower, but that it might happen in a large percentage of them:
from at least one third up to one half of them (see the sample in
Fig. 1).
The comparison with models that include additional mixing processes, for instance, the He-flash mixing (Schwab 2020)
and the NMM mixing (Mori et al. 2021), is very promising and
has the capacity to qualitatively explain the behaviour of the RC
stars. Both models work quite well to explain the behaviour of
low-mass stars (M ∼ 1 M ). While they differ in terms of the
description of the processes that activate the CF mechanisms and
their timescales, they do agree on the requirement of a process
of mixing during the He flash that is needed to activate the production of Li.
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Appendix A: Detection of weak Li lines
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In Fig. A.1, we show two examples of the Li lines in a red clump
star and in an upper RGB one observed with the UVES spectrograph. The observed spectra are compared with two sets of
synthetic spectra, computed for the corresponding set of stellar
parameters, but with different Li abundances: the measured one
and A(Li) = −1.0. Although the observed Li lines are very weak,
the figure clearly shows that a non-negligible amount of Li is
present in the RC star, while the RGB one is compatible with
A(Li) = −1.0.
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Fig. A.1. Spectral region around the Li doublet for an RC star (upper
panel) and an upper RGB star (lower panel), both members of Berkeley
32. The observed spectra are in black. The red lines show the synthetic
spectra at the corresponding measured stellar parameters and A(Li)
(+0.3 and −0.8 dex, respectively); the green lines show the synthetic
spectra for the same parameters and A(Li) = −1.0. The vertical lines
indicate the location of the two Li lines.
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