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9 Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 0HA, UK

10 Dipartimento di Fisica e Astronomia, Sezione Astrofisica, Universitá di Catania, Via S. Sofia 78, 95123 Catania, Italy
11 Observational Astrophysics, Department of Physics and Astronomy, Uppsala University, Box 516, 75120 Uppsala, Sweden
12 INAF – Osservatorio Astronomico di Palermo, Piazza del Parlamento 1, 90134 Palermo, Italy
13 INAF – Padova Observatory, Vicolo dell’Osservatorio 5, 35122 Padova, Italy

Received 17 October 2022 / Accepted 25 November 2022

ABSTRACT

Context. Lithium (Li) is a fragile element that is produced in a variety of sites but can also be very easily depleted in stellar photo-
spheres. Radial migration has been reported to explain the decrease in the upper envelope of Li measurements observed for relatively
old metal-rich dwarf stars in some surveys.
Aims. We test a scenario in which radial migration could affect the Li abundance pattern of dwarf stars in the solar neighbourhood.
This may confirm that the Li abundances in these stars cannot serve as a probe for the Li abundance in the interstellar medium (ISM).
In other words, to probe the evolution of the Li abundance in the local ISM, it is crucial that stellar intruders be identified and removed
from the adopted sample.
Methods. We used the high-quality data (including Li abundances) from the sixth internal Data Release of the Gaia-ESO survey. In
this sample we grouped stars by similarity in chemical abundances via hierarchical clustering. Our analysis treats both measured Li
abundances and upper limits.
Results. The Li envelope of the previously identified radially migrated stars is well below the benchmark meteoritic value (<3.26 dex);
the star with the highest detected abundance has A(Li) = 2.76 dex. This confirms the previous trends observed for old dwarf stars (me-
dian ages∼ 8 Gyr), where Li decreases for [Fe/H]& 0.
Conclusions. This result is supporting evidence that the abundance of Li measured in the upper envelope of old dwarf stars should
not be considered a proxy for the ISM Li. Our scenario also indicates that the stellar yields for [M/H]> 0 should not be decreased,
as recently proposed in the literature. Our study backs recent studies that claim that old dwarfs on the hot side of the dip are efficient
probes of the ISM abundance of Li, provided atomic diffusion does not significantly lower the initial Li abundance in the atmospheres
of metal-rich objects.

Key words. Galaxy: abundances – Galaxy: evolution – Galaxy: stellar content – stars: abundances – ISM: abundances

1. Introduction

The chemical abundances estimated from stellar atmospheres
can reveal many details about the origin of stars, includ-
ing the composition of their original gas clouds. However, a
few elements, such as lithium (Li), are fragile and subject
to changes because of stellar evolution (see Smiljanic 2020;
Randich & Magrini 2021, for recent overviews on this topic).

For over three decades, the upper envelope of the Li abun-
dance distribution of warm dwarf stars (i.e., Teff & 5700 K)

has been customarily used as a good tracer of the evolu-
tion of the Li abundance in the interstellar medium (ISM) of
the Milky Way (MW; see Rebolo et al. 1988). The trend of
increasing Li abundance with increasing metallicity ([Fe/H] or
[M/H]), from the Spite plateau value (interpreted as the pri-
mordial Li abundance; see Spite & Spite 1982) to the higher
meteoritic value, was thence attributed to the Li pollution from
both stars and cosmic rays (e.g., Romano et al. 1999). Lately,
several studies have reported an unexpected decrease in this
envelope for [M/H]> 0 (i.e., the super-solar metallicity regime;
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Delgado Mena et al. 2015; Guiglion et al. 2016; Bensby & Lind
2018; Fu et al. 2018).

Guiglion et al. (2019) suggested that such a decrease is due
to old dwarfs that migrated from the inner regions of the MW
disc while depleting their photospheric Li during their travel to
the solar neighbourhood. One implication of such a scenario is
that the upper envelope of Li is, therefore, not a robust tracer
of the ISM Li abundance. This has recently been confirmed by
Charbonnel et al. (2021) using dwarfs observed by the GALac-
tic Archaeology with HERMES (GALAH; De Silva et al. 2015)
survey. These authors selected dwarfs on the hot side of the Li
dip that preserved their original Li due to a very narrow con-
vective zone (see, for instance, Smiljanic et al. 2010, Sect. 4
therein). Using open clusters and field stars from the Gaia-ESO
Survey sixth internal Data Release (GES-iDR6), Romano et al.
(2021) also showed that young (ages< 1–2 Gyr) dwarf and pre-
main-sequence stars do not show any decrease in the upper
envelope of Li abundances in the metal-rich regime (see also
Randich et al. 2020). Additionally, Bensby et al. (2020) anal-
ysed a sample of microlensed dwarfs of the bulge and reported a
decrease in the abundance of Li in the old (ages> 8 Gyr) metal-
rich regime.

In this Letter, using GES-iDR6 (Gilmore et al. 2012, 2022;
Randich et al. 2013, 2022) Li i abundances [A(Li)], we demon-
strate the validity of the Guiglion et al. (2019) scenario. To that
end, we use a sample of old super-metal-rich stars currently
inhabiting the solar vicinity that seem to have migrated from the
inner regions of the MW. We also discuss the differences and
similarities for two cases of Li measurements (detections and
upper limits) and verify the effects of age. This Letter is struc-
tured as follows: in Sect. 2 we present the data and methodology
applied; in Sect. 3 we present and discuss our results; and in
Sect. 4 we present the conclusions and final remarks.

2. Data and methodology

In this study we made use of the large dataset of dwarf stars
described in Dantas et al. (2022), selected from over 1400 targets
observed with the Ultraviolet and Visual Echelle Spectrograph
(UVES; Dekker et al. 2000) available in GES-iDR6. Their atmo-
spheric parameters were computed with the codes described in
Smiljanic et al. (2014) and combined with the Bayesian method-
ology described in Worley et al. (in prep.; see also a summary
in Gilmore et al. 2022). The Li abundances were derived as
described in Franciosini et al. (2022).

We ordered the stars in a sequence of chemical enrichment
steps and separated groups of stars that have similar abundances.
We did that in a space of 21 dimensions. This includes 18 ele-
ments, three of which are represented by both neutral and ionised
species; they are as follows: C i, Na i, Mg i, Al i, Si i, Si ii, Ca i,
Sc ii, Ti i, Ti ii, V i, Cr i, Cr ii, Mn i, Fe1, Co i, Ni i, Cu i, Zn i,
Y ii, and Ba ii. This analysis was done using hierarchical cluster-
ing (HC; e.g., Murtagh & Contreras 2012; Murtagh & Legendre
2014). We stress that Li i was not used in this classification. In
Level 1 of this separation, we have 6 main groups; 11 subgroups
in Level 2; and 48 subgroups in Level 3 (for more details, we
refer the reader to Fig. 1 and Table 2 in Dantas et al. 2022).

It is worth mentioning that we tested the non-local thermo-
dynamic equilibrium effects for A(Li) by using the prescrip-
tion of Wang et al. (2021). For the super-solar sample (described

1 The abundance of Fe was estimated via the [Fe/H] provided by
GES-iDR6. Hence, there is no ionisation level associated with this
abundance.

in Sect. 3.2, which includes the most-metal-rich sample), the
median corrections are at 0.04 and 0.05 depending on the sub-
group, with a standard deviation of 0.01 in all cases. Therefore,
we did not apply these corrections to our sample, as they are too
small. In any case, we display the corrections in Table A.1.

We use, in the current discussion, four subgroups with super-
solar metallicity ([Fe/H]& 0) identified in Level 2 of the HC
classification. These subgroups are numbered 10, 1, 2, and 3
(in order of increasing 〈[Fe/H]〉). For consistency, we adopted
the same numbering of groups and subgroups as in Dantas et al.
(2022). Each subgroup was cleaned for missing Li i data, and
no constraints in terms of signal-to-noise ratio or uncertainty
requirements were applied to the A(Li); these groups have
respectively 192, 220, 78, and 91 stars2. Subgroups 2 and
3 compose the most-metal-rich (MMR) sample of stars (i.e.,
[Fe/H]≥ 0.15) explored in detail by Dantas et al. (2022).

The ages used here were estimated using unidam
(Mints & Hekker 2017, 2018); unidam is a Bayesian code
that uses PARSEC isochrones (Bressan et al. 2012) to esti-
mate stellar ages by fitting photometric and spectroscopic data
from each star. Typical errors are usually around 1–2 Gyr (see
Mints & Hekker 2017, 2018).

3. Results and discussion

In Dantas et al. (2022) we analysed a sample of super-metal-
rich stars, with median ages (t) of ∼8 Gyr. These stars show
orbital features that suggest that they moved from their origi-
nal birthplace in the inner Galaxy to the solar vicinity. Dynam-
ical processes that can relocate a star from the inner regions
of the MW to the solar vicinity are ‘blurring’ and ‘churning’
(see e.g., Schönrich & Binney 2009; Halle et al. 2015). Blurring
is the epicyclic movement of a star around the Galactic cen-
tre in eccentric orbits with no change in angular momentum;
churning is the stellar movement characterised by the change in
angular momentum due to the interaction between the star and
non-axisymmetric structures (such as the bar and spiral arms).
Churning is what is usually meant when the term radial migra-
tion is used. Indeed, the group of super-metal-rich stars that we
discuss in this work seems to have mostly suffered from churn-
ing. The features that support this hypothesis include low orbital
eccentricities, a large variation in vertical Galactic scale heights,
and an incompatibility with radial metallicity gradient models
(see the full discussion in Dantas et al. 2022).

We analysed the A(Li) in the stars, which migrated from
the inner Galaxy, with the goal of probing the hypothesis pro-
posed by Guiglion et al. (2019). In their scenario, the decrease
in the upper envelope of the A(Li) observed for super-solar-
metallicity dwarfs is due to an interplay between stellar evo-
lution and radial migration. Stars formed in the inner Galaxy
should exhibit higher A(Li) when compared to their counter-
parts at solar radii. This is due to a higher star formation effi-
ciency, which results in a higher abundance of all chemical ele-
ments, including Li (see Fig. 2 in Guiglion et al. 2019; Fig. 8 in
Romano et al. 2021; and Chiappini et al. 2009 for more details
on the underlying chemical evolution model). However, stellar
evolution acting while the stars are ageing on their path towards
the solar neighbourhood leads to strong Li depletion in their
atmospheres. They are, therefore, observed with sub-meteoritic
A(Li), creating an inversion in the observed A(Li) upper enve-
lope for [M/H]> 0.

2 All the stars in each group with Li measurements. The groups have,
in total, 194, 221, 78, and 93 stars.
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Fig. 1. A(Li) vs. 〈[Fe/H]〉 and 〈Teff〉 respectively for the super-solar groups. Left panel: 〈A(Li)〉 vs. 〈[Fe/H]〉 for the super-solar groups of the
sample, split into those with a direct detection of Li (LiD – round markers) and those with an upper limit estimate (LiUL – inverted triangle
markers). In this representation, only the median of the top six stars with the highest A(Li) is shown in each marker. Dark magenta markers
have been added to represent the meteoritic (

⊗
) and solar photospheric (

⊙
) values. The median ages of the stars represented by each marker

are displayed on the legend. The black star-shaped markers display the data from Guiglion et al. (2016). It is worth mentioning that the errors
associated with A(Li) are very small, and that is why they are not seen. Right panel: 〈A(Li)〉 vs. 〈Teff〉. It is possible to see that A(Li) seems to
decrease with decreasing Teff . Indeed, the warmer temperatures seem to have a protective effect on A(Li) due to their thinner convective layers. A
straight dotted black line is added to depict an approximate estimation of Teff (i.e., at ∼5700 K) for unmodified A(Li), as shown in Romano et al.
(2021).

We note here that in the discussion below two bench-
mark values for A(Li) are used: the Li content of meteorites
(A(Li) = 3.26 dex, which is indicative of the ISM Li abundance at
the Sun’s birth; Lodders et al. 2009), and the current photospheric
solar abundance (A(Li) = 1.05 dex, Grevesse et al. 2007).

In the following subsections, we discuss the results for
the super-solar sample ([Fe/H]& 0) found in the HC clustering
(Sect. 3.1) and for the MMR subgroups (Sect. 3.2).

3.1. Super-solar sample

The left panel of Fig. 1 depicts the median values of A(Li) vs.
[Fe/H] (〈A(Li)〉× 〈[Fe/H]〉) for the four MMR subgroups (Level
2 division for the HC described in Dantas et al. 2022). We
split the sample in two based on the type of Li measurements:
detected (LiD) and upper limit (LiUL).

It is noteworthy that the behaviour seen in the data from
Guiglion et al. (2016) is very similar to that seen in the
Dantas et al. (2022) star sample: A(Li) declines for increasing
[Fe/H] at super-solar values (〈[Fe/H]〉 & 0). This similarity is
especially important for LiD stars. It is worth mentioning that
these subgroups are quite chemically homogeneous; their stan-
dard deviation for [Fe/H] and [Mg/Fe] is typically around one
order of magnitude lower than their median values. The reader
can assess their homogeneity using Table A.2.

The right panel of Fig. 1 is the same as the left panel but with
〈Teff〉 instead of 〈[Fe/H]〉. The right panel helps us understand
the potential cause for this depletion. Indeed, A(Li) increases
with increasing Teff as warmer stars tend to deplete less Li
because of their thinner convective regions. It is also worth not-
ing that there is an age difference between LiD and LiUL stars
(t is displayed on the label of Fig. 1). The values of t seem to
be systematically higher for LiUL stars compared to their LiD
counterparts. This decrease in Li with increasing age could be
due to its destruction in the interior of these stars as they age;
it could also be an effect of Teff , as we will discuss further in
Sect. 3.2.

3.2. Super-metal-rich subsample (MMR subgroups)

Figure 2 shows the individual stars in each MMR subgroup seen
in Fig. 1 (which is represented by groups 2 and 3 in the Level 2
division of the HC), as well as their respective 2D-Gaussian ker-
nel densities. These stars are the MMR sample from Dantas et al.
(2022), with the same colours as those therein. Additionally,
Table 1 shows the general characteristics of the MMR subgroups
(〈[Fe/H]〉, 〈A(Li)〉, and t). It seems that the older the group, the
farther the Li abundances of the stars get from the meteoritic
value.

As discussed in Dantas et al. (2022), these different sub-
groups seem to have migrated from different radii in the inner
Galaxy. The stars in subgroup 10 are especially interesting, as
they seem to have migrated from the innermost regions of the
MW; they have the highest t (along with subgroup 63) and are the
ones most depleted in Li as well. It is noticeable that MMR sub-
group 9 is the second youngest subgroup of our sample, but its
members have very low A(Li). This is probably due to the effects
of radial migration, since this group migrated from the one of
the innermost regions of the MW (second only to subgroup 10).
This reinforces the role of radial migration in Li depletion in
old metal-rich stars. The upper Li envelope of radially migrated
stars then shows a decrease, as reported in Guiglion et al. (2019),
while the recent literature reported a constant Li ISM abundance
in the super-solar-metallicity regime when younger stars are
included in the sample (Randich et al. 2020; Charbonnel et al.
2021; Romano et al. 2021).

In Fig. 3 we display A(Li) against the Teff for all the
stars in the MMR subgroups. It is noticeable that the temper-
atures of these stars are not high enough to have their initial
A(Li) fully preserved. This image supports the idea that old and
cooler dwarf stars cannot be used as proxies for the ISM A(Li).
By contrast, the samples analysed in Randich et al. (2020) and

3 Subgroup 10 has a slightly lower age than presented in Dantas et al.
(2022), and that is due to the removal of a few stars with missing Li
measurements in the current paper.
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Fig. 2. A(Li) vs. [Fe/H] in the shape of a scatter plot and a 2D-Gaussian kernel density plot of the MMR subgroups (from 6 to 10) in order of
increasing 〈[Fe/H]〉. Round and inverted-triangle markers depict, respectively, LiD and LiUL measurements. The 2D-kernel densities are either
in the same colour as the scatter markers (for LiD) or in grey (for LiUL). 2D-kernel densities are not shown for subgroups 9 and 10 in the case
of LiD due to the low number of stars with detected Li in each of these subgroups (two and one, respectively). As in Fig. 1, additional markers
were added to depict both the meteoritic and solar photospheric A(Li). The MMR group colours are the same as in Dantas et al. (2022). The errors
are omitted to ease the visualisation. The median ages of each MMR subgroup are depicted at the top of each subplot; it is worth noting that
subgroup 10 (purple) has a smaller t than depicted in Dantas et al. (2022). The reason for this difference is due to the removal of stars with missing
Li measurements.

Table 1. Median values for a few selected parameters of the MMR sub-
groups.

MMR subgroup t 〈[Fe/H]〉 〈A(Li)〉 LiD 〈A(Li)〉 LiUL
(Gyr) (dex) (dex) (dex)

7 (dark green) 6.92 0.27 1.90 0.69
6 (orange) 8.91 0.29 2.46 0.47
8 (pink) 8.13 0.34 2.00 0.82
9 (light green) 7.76 0.39 1.86 0.78
10 (purple) 8.91 0.49 1.05 0.62

Notes. Columns list ages (t), metallicities (〈[Fe/H]〉), and Li abun-
dances (〈ALi〉) for both detected (LiD) and upper limit (LiUL) measure-
ments. The subgroups are listed in order of increasing 〈[Fe/H]〉. We note
that the median age for subgroup 10 (purple) is smaller than described
in Dantas et al. (2022). This difference is due to the stars removed with
missing Li in the current paper.

Romano et al. (2021) also include some young stars (ages< 1–
2 Gyr), which prevented the detection of an A(Li) decrease in
the metal-rich regime. Additionally, according to the analysis
performed by Romano et al. (2021, see Fig. 4 therein), there is a
strong Li depletion at temperatures around 5700 K, which is due
to the effects of the stellar convective envelope. It is noteworthy
that the stars in subgroup 10 in this work (see its main features
in the above paragraph) do not reach temperatures above 5672 K
(hottest star therein). Therefore, its Li depletion could be caused
by both stellar evolution and radial migration. For more details
on these stars (such as the Kiel diagram), the reader is referred
to Dantas et al. (2022).

In summary, the works of Randich et al. (2020) and
Romano et al. (2021) explored the values for A(Li) in metal-
rich stars with younger ages, in the field and in open clusters,
which can naturally have higher A(Li). On the other hand, in
Dantas et al. (2022) we identified a sample of old super-metal-
rich stars that depict several dynamical features that indicate they
were formed in the inner Galaxy. This sample is the best to use to
probe the hypothesis proposed by Guiglion et al. (2019). Indeed,
this scenario, in which the decrease in the upper envelope of Li

abundances is caused by an interplay between radial migration
and stellar evolution, is supported by the Li pattern of our (likely)
migrated MMR stars. This is especially the case for the stars in
subgroup 10.

4. Conclusions

In this Letter we have probed the scenario described by
Guiglion et al. (2019), by checking whether old radially migrat-
ing dwarfs are responsible for the observed decrease in the
Li envelope for [M/H]& 0 seen in some stellar samples. We
used the sample of stars available in GES-iDR6 that was pre-
viously analysed by Dantas et al. (2022). The super-metal-rich
stars ([Fe/H]≥ 0.15 dex) in this sample show several chemo-
dynamical characteristics expected for stars that have migrated
from the inner regions of the Galaxy, such as low eccentricities
and incompatibility with radial-metallicity gradient models. The
upper envelope of the Li abundance for these groups of migra-
tors indeed decreases with increasing [Fe/H]. The implications
of this validation are diverse:
1. MMR subgroup 10 is the subgroup that has, overall, the

largest Li depletion among the MMR subgroups. It is also
one of the oldest subgroups (along with subgroup 6) and the
one that seems to have migrated from the innermost regions
of the Galaxy.

2. Considering the validity of the Guiglion et al. (2019) sce-
nario, there is no need for reducing the stellar yields of red-
giant branch stars at super-solar metallicities, which was a
possibility explored by Prantzos et al. (2017).

3. Consequently, the upper envelope of Li as traced by old
metal-rich stars is not representative of the true Li content
of the ISM.

4. The age and the effective temperature play a role in the deple-
tion of Li, as seen in both the super-solar and the MMR sam-
ples. Stars with an upper limit for A(Li) seem to be system-
atically older compared to those with detected Li.

5. The most solid tracers of Li evolution in the ISM appear to
be younger main-sequence stars on the hot side of the Li dip
(Randich et al. 2020; Romano et al. 2021); yet, the effects of
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Fig. 3. A(Li) vs. Teff for all MMR stars. Stars with LiD are represented by the round markers, whereas those with LiUL are displayed using
inverted triangles. The colours that differentiate each MMR subgroup are the same as in Fig. 2. A straight dotted black line is added to depict an
approximate estimation of Teff (i.e. at ∼5700 K) for unmodified A(Li), as shown in Romano et al. (2021).

atomic diffusion on the surface composition of the MMR
dwarf stars still need to be fully assessed (Charbonnel et al.
2021).
In the near future, the 4-m Multi-Object Spectroscopic

Telescope (4MOST; de Jong et al. 2019) and the William
Herschel Telescope Enhanced Area Velocity Explorer
(WEAVE; Dalton et al. 2018) will provide Li abundances for
millions of stars, allowing us to put more constraints on its puz-
zling chemical evolution. Additionally, these surveys will allow
us to find more examples of stars that may have migrated from
the inner Galaxy to the solar neighbourhood.
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Appendix A: Additional material

In Table A.1 we display the summary statistics for the estimated
non-local thermodynamic equilibrium Li corrections stratified
by super-solar group. It is worth noting that the super-solar sam-
ple includes the MMR sample. The table shows that the correc-
tions would have been very small, and therefore, we decided not
to use them in our analysis. These corrections were performed
by using the code described in Wang et al. (2021).

In Table A.2 we display the standard deviation (σ) for the
metallicity parameters ([Fe/H] and [Mg/Fe]) for the super-solar
groups in order of increasing 〈[Fe/H]〉: G10, G01, G02, and G03
(G02 and G03 being the MMR group). It is possible to find
σ([Fe/H])tot, σ([Fe/H])top6, σ([Mg/Fe])tot, and σ([Mg/Fe])top6,
respectively, therein, where ‘tot’ refers to the total sample and
‘top6’ to the top six Li-rich stars.

Table A.1. Summary statistics for the Li NLTE corrections.

Lithium NLTE corrections for our super-solar sample.
Level 2 subgroup mean σ min 25% 50% 75% max

(dex) (dex) (dex) (dex) (dex) (dex) (dex)

G01 (green) -0.05 0.01 -0.06 -0.05 -0.05 -0.05 -0.01
G02 (orange) -0.04 0.01 -0.06 -0.05 -0.05 -0.04 -0.01
G03 (blue) -0.04 0.01 -0.06 -0.04 -0.04 -0.04 -0.02
G10 (purple) -0.05 0.01 -0.07 -0.06 -0.06 -0.05 0.00

Notes. The summary statistics for the Li NLTE corrections for the super-solar sample are displayed above. The table includes the mean, standard
deviation (σ), minimum correction, 25th percentile, 50th percentile, 75th percentile, and maximum correction. These values were not applied to the
Li abundances, but they show that such corrections would have been marginal for our stars.

Table A.2. Standard deviation (σ) for [Fe/H] and [Mg/Fe] for all the groups with super-solar metallicity.

Level 2 subgroup Li detection σ([Fe/H])tot σ([Fe/H])top6 σ([Mg/Fe])tot σ([Mg/Fe])top6

G10 (purple) LiD 0.044 0.034 0.049 0.049
LiUL 0.047 0.076 0.064 0.047

G01 (green) LiD 0.047 0.034 0.072 0.085
LiUL 0.050 0.019 0.067 0.028

G02 (orange) LiD 0.038 0.038 0.058 0.054
LiUL 0.036 0.038 0.064 0.061

G03 (blue) LiD 0.050 0.019 0.043 0.038
LiUL 0.056 0.039 0.057 0.039

Notes. The values are stratified by the type of Li detection and given both for the entire sample within the four groups and for the stars with the
top 6 highest Li detection. The groups are listed in order of increasing 〈[Fe/H]〉. The Table is useful in order to evaluate the level of chemical
homogeneity of the super-solar groups (Level 2 of the HC).
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