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ABSTRACT

We investigate the properties of 1262 red giant stars with high photospheric abundances of lithium observed by the GALAH and
K2-HERMES surveys, and discuss them in the context of proposed mechanisms for lithium enrichment and redepletion in giant
stars. We confirm that Li-rich giants are rare, making up only 1.2 per cent of our giant star sample. We use stellar parameters from
the third public data release from the GALAH survey and a Bayesian isochrone analysis to divide the sample into first-ascent red
giant branch (RGB) and red clump (RC) stars, and confirm these classifications using asteroseismic data from K2. We find that
RC stars are 2.5 times as likely to be lithium-rich as RGB stars, in agreement with other recent work. The probability for a star
to be lithium-rich is affected by a number of factors, though the causality in those correlations is not entirely clear. We show for
the first time that primary and secondary RC stars have distinctly different lithium enrichment patterns. The data set discussed
here is large and heterogeneous in terms of evolutionary phase, metallicity, rotation rate, and mass. We expect that if the various
mechanisms that have been proposed for lithium enrichment in evolved stars are in fact active, they should all contribute to this
sample of lithium-rich giants at some level.
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matches its local interstellar medium, and that abundance is largely

1 INTRODUCTION preserved throughout the star’s main-sequence lifetime. The structure

Lithium-rich giants are a longstanding mystery in stellar evolution
(Burbidge et al. 1957; Wallerstein & Conti 1969; Trimble 1975,
1991). The first evolved star known to have a highly enhanced lithium
abundance is the carbon-rich asymptotic giant branch (AGB) star WZ
Cassiopeiae, which was noted by McKellar (1940, 1941), and the
first red giant branch (RGB) stars with elevated lithium abundance
were reported by Luck (1982) and Wallerstein & Sneden (1982).
Canonical stellar evolution predicts that a star with approximately
Solar mass forms with the atmospheric lithium abundance that

* E-mail: s.martell@unsw.edu.au

of Solar mass main-sequence stars, with radiative cores and fairly
shallow convective envelopes, means that the material in the stellar
atmosphere is never exposed to a high enough temperature to destroy
the lithium (2.6 x 10° K; Gamow & Landau 1933; Salpeter 1955).
Then, in the first dredge-up phase (Iben 1965), which happens
as a star evolves from the main sequence towards the RGB, the
convective envelope deepens dramatically. First dredge-up transports
atmospheric material through the hot stellar interior, which subjects it
to proton-capture fusion. This causes a sharp reduction in the surface
abundances of lithium and carbon, and reduces the '>C/!3C ratio (see
e.g. Gratton et al. 2000; Lind et al. 2009). As the star evolves along the
RGB, there is a further sharp drop in photospheric lithium abundance
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at the luminosity function bump. Then at the tip of the giant branch,
the helium flash causes a rapid and dramatic reconfiguration of the
star as it moves to the red clump (RC), establishing a helium-burning
core and a much more compact atmosphere. There is not a clear and
well-known effect on surface abundances due to the helium flash,
though it is reasonable to expect light elements such as lithium to
be affected if there is any transport between the surface and the
hydrogen-burning shell during this transition.

First dredge-up is a universal event in low-mass stellar evolution,
and so we would expect to observe low photospheric lithium
abundances in all red giant stars after this stage. However, a small
fraction of giant stars, roughly 1 percent (Gao et al. 2019), have
high photospheric lithium abundances, and some even exceed the
primordial lithium abundance (e.g. Yan et al. 2018). Previous studies
have uncovered a complex population of lithium-rich giants across
a range of evolutionary phases and throughout the Local Group
(references include Kraft et al. 1999; Pilachowski et al. 2000;
Gonzalez et al. 2009; Kirby et al. 2016). While the first lithium-
rich first-ascent RGB star was discovered in a globular cluster
(Wallerstein & Sneden 1982), only a small number of additional
lithium-rich globular cluster stars have been discovered (e.g. Kirby
etal. 2016). A fraction of lithium-rich giants exhibit features such as
high rotational velocity (e.g. Charbonnel & Balachandran 2000) or
infrared (IR) excess in their spectral energy distributions (e.g. Rebull
et al. 2015), but as a rule they have not been observed to differ in
any systematically significant way from lithium-normal giants with
the same stellar parameters and evolutionary phase (e.g. Martell &
Shetrone 2013; Casey et al. 2016; Smiljanic et al. 2018; Deepak &
Reddy 2019).

RGB stars that are not lithium-rich show a steady depletion in
lithium abundance as they ascend the giant branch (Lind et al. 2009).
This is generally interpreted as a result of internal mixing and can be
modelled as a combination of rotation and thermohaline instability
(e.g. Charbonnel et al. 2020). We implicitly assume that this type of
depletion through internal mixing also occurs steadily in lithium-rich
giants of all kinds, creating a natural time-scale for redepletion of
photospheric lithium.

In response to the observational data, a number of mechanisms
have been proposed for the acquisition or production of lithium
in evolved stars, though there have not been many discussions of
how the redepletion rate might depend on stellar evolutionary phase
or metallicity. The lithium enhancement models tend to focus on
planet engulfment (e.g. Carlberg et al. 2012; Aguilera-Gémez et al.
2016) or internal mixing in conjunction with the Cameron & Fowler
(1971) lithium production process (e.g. Sackmann & Boothroyd
1992; Charbonnel & Balachandran 2000). The models are often
closely tied to particular events in stellar evolution.

More recent work (e.g. Casey et al. 2019; Singh et al. 2019b)
has identified that lithium-rich giants are more likely to be in the
RC (i.e. stars that are core-helium burning) than on the first-ascent
RGB (i.e. stars that are hydrogen-shell burning). The study of Kumar
et al. (2020), which is also based on GALAH data, posits a universal
lithium production event at the helium flash based on the lack of
RC stars that are as lithium-poor as the stars at the tip of the RGB,
and Yan et al. (2021) find indications of accompanying nitrogen
enrichment in their large study of LAMOST data. To evaluate
arguments about the source of lithium enrichment it is critical to
know the evolutionary phase of the stars in question. It can be difficult
to confidently separate RC stars from RGB stars with similar surface
gravity based on photometry or spectroscopy. Asteroseismology
has the potential to provide crucial perspective on this problem,
as asteroseismic parameters are clearly distinct for RGB stars with
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degenerate hydrogen cores and RC stars with helium-burning cores
(Bedding et al. 2011).

With the availability of lithium abundances from large spectro-
scopic projects like the Gaia -ESO Survey (Gilmore et al. 2012), the
LAMOST survey (Cui et al. 2012), and the GALAH Survey (De
Silva et al. 2015), and the tremendous expansion in asteroseismic
sky coverage from the Kepler (Stello et al. 2013), K2 (Stello et al.
2017), and TESS (Silva Aguirre et al. 2020) missions, we can now
assemble and use large catalogues of lithium-rich giants with reliably
determined evolutionary states. Recent works (Casey et al. 2019;
Deepak & Reddy 2019; Gao et al. 2019; Singh et al. 2019b; Deepak,
Lambert & Reddy 2020) have identified thousands of lithium-rich
giants in the Milky Way, a major expansion from the previous small
samples.

The goal of this study is to expand the parameter space of the study
of lithium-rich giants. Combining the GALAH and K2-HERMES
catalogues provides a large initial set of red giant stars (described
in Section 2). From this data set, we identify RGB and RC stars
using a Bayesian isochrone classification scheme (Section 2.4). We
investigate the bulk properties of lithium-rich giant stars, including
the distribution in evolutionary phase and the occurrence rate as a
function of metallicity (Section 3.1) and other elemental abundances
(Section 3.2), and we consider observational factors discussed in
previous studies including rotational velocity (Section 3.3), binarity
(Section 3.4), and IR excess (Section 3.5). We close with a discussion
of our findings and make the case for careful theoretical studies of the
proposed pathways for lithium enrichment in giant stars (Section 4).
Appendices A and B consider the [«/Fe] distribution and kinematic
properties of the stars to investigate how lithium-rich giants are
distributed across Galactic populations.

2 THE DATA SET

In this section, we describe the overall data set (Section 2.1), our
giant star selection (Section 2.2), lithium abundance determination
(Section 2.3), and classification of stellar evolutionary phase (Sec-
tion 2.4).

2.1 Observation, reduction, and analysis

Our data set contains 588 571 stars, of which the vast majority come
from the merger of the results of the GALAH survey (Martell et al.
2017; Buder et al. 2018) with the K2-HERMES survey (Wittenmyer
et al. 2018; Sharma et al. 2019). These two projects use the same
instrumental setup — the HERMES spectrograph (Sheinis et al. 2015)
with the 2dF fibre positioning system (Lewis et al. 2002) at the 3.9-m
Anglo-Australian Telescope — to take high-resolution (R ~ 28 000)
spectra for stars in the Milky Way. HERMES records ~1000 A across
four non-contiguous sections of the optical spectrum, including the
region around the H « line, which contains the lithium resonance line
at 6708 A.

Each input survey has its own selection function. The main
GALAH survey (75 per cent of the combined data set) uses a simple
selection function to acquire a sample from which the underlying
properties of the Milky Way can be straightforwardly interpreted:
the target catalogue consists of all stars with 12.0 < V < 14.0, 6 <
10 deg, and |b| > 10 deg in regions of the sky that have at least 400
targets in ;v square degrees (the 2dF field of view), and all stars in the
same sky region with 9.0 < V < 12.0 and at least 200 stars per 2dF
field of view. The K2-HERMES survey (17 per cent of the data set)
is aimed at targets from the NASA K2 mission. This survey typically
observes stars in the range 10 < V < 13 or 13 < V < 14 with J —
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K5 > 0.5. Most K2-HERMES targets observed by K2 are from the
K2 Galactic Archaeology Program (Stello et al. 2017), which targets
stars with (J — Ks) > 0.5 (Sharma et al. 2019). A further 4 per cent
of the data set consists of open and globular cluster targets, and the
remaining 4 per cent is from other targets observed with HERMES
that were not part of any of these surveys.

The HERMES data were all reduced with the same custom IRAF
pipeline, which is described in Kos et al. (2017), and analysed with
the SPECTROSCOPY MADE EASY (SME) software (Valenti & Piskunov
1996; Piskunov & Valenti 2017). The analysis is described in detail
in Buder et al. (2020), but briefly, SME is used to perform spectrum
synthesis for 1D stellar atmosphere models. We use MARCS theoret-
ical 1D hydrostatic models (Gustafsson et al. 2008), with spherically
symmetric stellar atmosphere models for logg < 3.5 and plane-
parallel models otherwise. SME calculates radiative transfer under the
assumption of local thermodynamic equilibrium (LTE), and so we
incorporate non-LTE line formation for elements (including lithium;
Lind et al. 2009) where the effect on abundance determination is
known to be significant. In all cases, the non-LTE computations are
performed using the same grid of MARCS model atmospheres as the
LTE computations.

2.2 Giant star selection

For this work, we are using the GALAH Data Release 3 catalogue
of stellar parameters and abundances. This contains 588 571 stars,
all of which are found in Gaia DR2 (Gaia Collaboration 2016,
2018) and most of which are in the AI/WISE catalogue (96 per cent;
Wright et al. 2010; Mainzer et al. 2011). This cross-match used
the gaiadr2.allwise best neighbour table created by the
Gaia mission team.

We apply a number of selections in data quality and stellar
parameters to identify a sample of reliable lithium-rich giant stars.
We require that each star has:

(1) the GALAH flag f1ag_sp == 0: no problems noted in the
input data, reduction, or analysis;

(ii) the GALAH flag f1ag_fe_h == 0: no problems noted in the
iron abundance determination;

(iii) acalculated E(B — V) < 0.33, to avoid known difficulties with
the analysis of highly extinguished spectra (as discussed in Buder
et al. 2020);

(iv) a photometric measurement in the WISE W, band with a data
quality flag of A, B, or C, as the WISE photometry is used as part of
the identification of RC stars.

We also excluded stars in the Small Magellanic Cloud (SMC) or
Large Magellanic Cloud (LMC) based on their spatial and kinematic
properties. The LMC selection includes all stars within 5 deg of
(RA, Dec) = (78.00, —68.08) deg, with a proper motion within
1.5 masyr~!' of pra, pee = (1.80, 0.25) masyr~' and a radial
velocity larger than 215 kms~'. The SMC selection includes all
stars within 5 deg of (RA, Dec) = (11.83, —74.11) deg, with a proper
motion within 1.5 mas yr~! of juga, fipec = (0.85, —1.20) masyr~!,
aradial velocity larger than 80 kms™', and a parallax = < 0.08 mas.
These criteria retained 66.3 per cent (390 004/588 571) of the sample
as ‘good’ stars. Kiel and colour—-magnitude diagrams of these stars
are shown in Fig. 1.

We restrict ourselves to giant stars, selecting those stars found
to have effective temperature in the range 3000 K < T < 5730 K
and surface gravity in the range 3.2 > log g > —1.0 (red rectangle
in Figs la and c). Of our sample of ‘good’ stars, 28.0 percent
(109 340/390 004) were identified as giant stars.
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Figure 1. Kiel diagrams (left-hand column) and absolute colour—magnitude
diagrams (right-hand column) for the ‘good’ sample (i.e. no flagged problems)
of stars considered in this work. The dashed red rectangle in (a) and (c) shows
the Tefr, log g selection used to identify giant stars. In the bottom row (c and
d), we highlight giant stars with Ar; > {1.5, 2.7}, using red and black points,
respectively. This shows that Li-rich giants are found at all parts of the giant
branch, but the very Li-enhanced stars (Ar; > 2.7) tend to be found in the
RC region.

2.3 Lithium abundances

The lithium abundance of each star was determined as part of the
main analysis of the GALAH and K2 data sets from synthesis of the
6708 A lithium line. We report the lithium abundance value in the
form of Ar; (= [Li/Fe] + [Fe/H] + 1.05), where the Ax abundance
scale gives the number density of element X on a logarithmic scale
relative to hydrogen, with Ay = 12 by definition, and 1.05 is the
lithium abundance of the Sun reported in Asplund et al. (2009). We
follow the typical convention from the literature of considering a
giant star to be lithium-rich if its abundance Ay; > 1.5, and note
that Kirby et al. (2016) and Charbonnel et al. (2020) discuss whether
this Li-rich limit should be a function of stellar parameters. We also
highlight throughout this work the subset of these Li-rich giant stars
with Ap; above the primordial value of 2.7 (Cyburt, Fields & Olive
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2008; Fields et al. 2020), because it serves as a useful landmark in
the abundance space.

Each elemental abundance in the GALAH DR3 catalogue
has an associated reliability flag. For this work, we require
flag_li_fe == 0, which indicates a significant line detection with
no flagged problems. Of the 109 340 ‘good’ giant stars, 10 756 stars
(9.8 per cent) met this criterion. As with any spectral line, the strength
of the lithium line is a complicated function of the stellar parameters
and the lithium abundance of the star. In Fig. 2, we show example
HERMES spectra for giant stars of similar [Fe/H] across the range
of T and log g values covering the giant branch. Each panel shows
the spectrum of one Li-rich giant (red line; in all cases Ap; ~ 2.3),
compared to the spectra of 10 randomly selected stars with similar
stellar parameters (grey lines). This highlights that for most giant
stars, the 6708 A line of lithium is not detectable, and that the
sensitivity to lithium abundance decreases as T rises. This explains
why only 9.8 per cent of our giant star sample has a measured (and
non-flagged) value for Ay; , despite our high-quality spectra.

Very strong lithium lines are also challenging for the GALAH
data analysis pipeline to handle correctly, since at high abundance
the curve of growth becomes flatter and consequently small changes
in line strength would require larger changes in abundance. While our
data set includes a number of stars with Ay ; over 4.0, we would advise
caution when using abundances in this regime. Although we are
certain that these stars do have strong lithium absorption features and
therefore high abundances, we are less sure that the abundance values
reported in the GALAH DR3 catalogue are accurate. These stars will
require boutique analysis for accurate abundance determination.

For our giant star sample, 1262/109340 (1.2 percent) have
Ap; > 1.5. This is consistent with the 1.29 percent value found
independently in the LAMOST survey (Gao et al. 2019). Of our 1262
Li-rich giants, 323 stars lie above the primordial value of Aj; = 2.7 -
we refer to these stars throughout as ‘super-Li-rich’. Table 1 lists Gaia
DR2 source_id , sky locations, GALAH DR3 stellar parameters
and spectroscopic information, and RGB/RC classifications for this
sample of Li-rich giants.

The location of our Li-rich giants in the Kiel and colour—-magnitude
diagrams are shown with red and black points in Fig. 1. On the lower
giant branch (logg ~ 3), there is a dearth of Li-rich stars on the
cooler side of the giant branch. This has been previously observed
(Ramirez et al. 2012; Buder et al. 2018), and is caused by the deeper
surface convective envelopes of cooler stars, which extend to hotter
regions in the stellar interior and allow for more rapid depletion of
the surface lithium abundance.

2.4 Classifying evolutionary phase

The evolutionary state of lithium-rich giants is an essential piece of
knowledge for evaluating models to explain their enrichment. The
GALAH DR3 data set contains two main populations of low-mass
giants in the Milky Way:

(i) RGB stars, on their first ascent of the giant branch, with an
inert helium core and a hydrogen-burning shell. The RGB spans a
wide range in log g and luminosity.

(ii) RC stars, in the stage directly after the first ascent of the giant
branch, with a helium-burning core and a hydrogen-burning shell.
RC stars occupy only a small range of He core mass and therefore
luminosity, and they fall near RGB stars with the same log g in the
observable parameter space.

About one-third of evolved stars in a magnitude-limited survey are
expected to be RC stars (Girardi 2016). As noted by previous authors
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(Casey et al. 2019; Gao et al. 2019; Zhang et al. 2020), Li-rich giants
are more likely to be RC stars than RGB. As shown in the bottom
row of Fig. 1, there is a clear overdensity of stars corresponding to
the location of the RC, both for the Li-rich and super-Li-rich stars.

As discussed in Section 1, RC and RGB stars can be distinguished
using asteroseismology. Our ability to infer the interior properties of
stars has been greatly improved by the precise photometry recorded
by various space missions (e.g. CoRoT, Kepler, K2, and TESS). The
gravity-mode period spacing (AIl), the frequency offset (¢), and
the large frequency spacing (Av) can be measured from the power
spectra derived from these light curves, and these quantities take
very different distributions for RC and RGB stars (e.g. Kallinger
et al. 2012; Mosser et al. 2012; Stello et al. 2013; Vrard, Mosser &
Samadi 2016). This technique has been used for small samples of
Li-rich giants to get unambiguous classifications (Casey et al. 2019;
Singh et al. 2019b), and the asteroseismic quantities can be used
to train data-driven methods for spectroscopic classification (e.g.
Hawkins, Ting & Rix 2018).

Most of our giant stars do not have the necessary time-series
photometry for asteroseismic determination of their evolutionary
phase. The time-series photometry in K2 is not as extensive as
it was for the original Kepler mission, making measurements of
the seismic properties more difficult to obtain, especially for ATI.
However, classification of RC versus RGB stars can be done reliably
from K2 data using well-trained machine learning methods. For this
work, we used classifications performed using the method described
in Hon, Stello & Yu (2018), which has a 95 percent accuracy.
1002 of the K2 stars in our sample have reliable stellar parameters
and seismic classifications from this technique. Of these, 579 stars
are classified as RC and 423 are RGB, but only 8 of the 1002
stars are lithium-rich. We indicate the seismically classified stars in
figures throughout this work, but do not rely on them for any of the
conclusions.

Since only a small fraction of our Li-rich giants have seismic
classifications, for the majority of our stars we used RGB/RC
classifications from the BAYESIAN STELLAR PARAMETERS ESTIMATOR
(BSTEP). This is described in detail in Sharma et al. (2018), but briefly,
it provides a probabilistic estimate of intrinsic stellar parameters
from observed parameters by making use of stellar isochrones. BSTEP
results are available as a value-added catalogue in GALAH DR3. For
results presented in this paper, we exploit the PARSEC-COLIBRI
stellar isochrones (Marigo et al. 2017). The RC evolutionary state
is labelled in the isochrones and we make use of this information
to assign a probability for a star belonging to the RC based
on its observed stellar parameters (is_redclump_bstep). We
supplement these classifications by taking advantage of the fact that
RC stars are standard candles. The WISE W, absolute magnitude of
the stars was calculated using the conventional relationship M; = m;,
— Slog (rest) + 5, with the distance 7.y taken from Bailer-Jones et al.
(2018). The vast bulk of our RC stars were found in the range W, =
—1.63 £ 0.80, in line with expectations (Karaali et al. 2019; Plevne
et al. 2020). Our RC and RGB selections are made as follows:

(i) RC stars: BSTEP RC probability is_redclump_bstep > 0.5
and absolute magnitude |W, + 1.63| < 0.80,

(i) RGB stars: BSTEP RC probability 1s_redclump_-bstep <
0.5 or absolute magnitude |W, + 1.63] > 0.80.

In Table 2, we compare the results from the seismic and isochrone-
based BSTEP classifications. Considering, for instance, the RC stars,
the BSTEP classification recalls 87 percent (506/579) of RC stars
identified from asteroseismology. For the RGB stars, this recall rate
is 74 per cent. Conversely, of the 614 stars classified as RC stars by
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Figure 2. Examples of the spectral region containing the Li 6708 A line (indicated with the shaded blue region in each panel), as observed with HERMES,
for stars from a range of Tef and log g along the giant branch. In each panel, we highlight one Li-rich giant star (red line; also the source_id and stellar
parameters) and up to 10 other randomly selected stars with similar stellar parameters (grey lines) —namely A(7s) < SOK, A(log g) < 0.2, A([Fe/H]) < 0.03,
A([ae/Fe]) < 0.05, and vproad < 5 km s™1 . Inall panels except for the bottom right, the stars have approximately the same metallicity and Apr; . The bottom
right panel highlights the most Li-rich star in the sample. There are two things to note: first, for most of these giant stars, the lithium line is either weak or not
visible and second, for a given Ay , the lithium absorption line gets weaker with increasing Teff — which means that the minimum detectable Ap; in our data set
is higher at higher temperature.

Table 1. We identify 1262 Li-rich giants with reliable evolutionary stage classifications. Here, we give their Gaia DR2 source_id, sky locations, and GALAH
DR3 stellar parameters and spectroscopic information. The full version of the table is available online; the first five entries included here are the Li-rich stars
shown in Fig. 2, and the sixth entry is the star with the highest Ar; in our sample.

Gaia DR2 source_id RA Dec RV (kms™!) Tetr (K) log g [Fe/H] Ari RC or RGB
5371899834025124608 175.501 —48.171 1.43 & 0.67 4285 + 158 1.75 £ 026 —0.22 £ 0.17 221 £ 0.22 RGB
6100901881763791232 223933  —42.034 —18.00 £ 0.34 4429 £ 80 201 £ 120 —0.18 £ 0.05 2.40 = 0.08 RGB
6235140814020759808 236.883 —25259 —2343 £ 056 4681 £+ 127 231 £026 —0.18 £ 0.11 225 £ 0.16 RC
6129493448995721984 180.111 —50.437  —50.04 £ 0.33 4980 £ 80 2.55 £ 0.21 —0.21 £ 005 225 £ 0.08 RC
3155263089390175872 109.992 9.198 38.66 £ 0.59 5147 £ 127 272+ 024 —0.18 £ 0.11 229 £ 0.16 RC
6221353316163376768 217.790 —28.496 —115.60 = 0.41 4210 + 89 0.77 &= 0.45 —1.67 £ 0.07 4.80 = 0.11 RGB
BSTEP, 506 were classified as RC by the seismic method, giving a One of the most informative observables for Li-rich giants is
precision of 82 per cent. Similarly, for the RGB stars the precision is the distribution in evolutionary phase, since different models for
81 per cent. Li enrichment may be tied to particular processes — for example,

Using the BSTEP classification of RC and RGB stars for our full planet engulfment should happen during the RGB phase, while the
set of 109 340 giants, 38 997 (36 per cent) are on the RC, and 70 343 star is expanding dramatically, but not afterward. It is important to

(64 per cent) belong to the RGB —as expected for a magnitude-limited consider this distribution not just in the sheer number of stars at a
survey (Girardi 2016). These results are presented in Fig. 3 and in particular evolutionary phase, but rather in terms of the probability
Table 3. The expected morphologies in the Kiel and absolute colour— for a star at a given phase to be Li-rich. However, this statistic has
magnitude diagrams are recovered; namely, in the Kiel diagram, the not been reported previously. We find that p(Li|RC), the probability
RC can be divided into the primary RC and the secondary RC that for an RC star to be Li-rich, is 1.9 per cent (726/38 997). This is more
consists of slightly more massive stars, and the RGB shows evidence than twice as large as p(Li|RGB), the probability for an RGB star
for the luminosity function bump at a slightly higher log g than the to be Li-rich (536/70343; 0.8 per cent). This implies complexity in
bulk of the RC. the process of Li enrichment, perhaps indicating that it occurs in a
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Table 2. Comparison of the classifications of the RC and RGB stars for
those stars that have classifications from both Hon et al. (2018) and our
BSTEP selection, with recall and precision rates included. As an example, 579
stars were classified as RC stars using their seismic information and 506 of
these 579 were classified as RC stars using BSTEP: an 87 per cent recall rate.
Conversely, 614 stars were classified as RC by BSTEP, and the same 506 of
these were classified as RC from seismic information: an 82 per cent precision
rate.

RC (BSTEP) RGB (BSTEP) Total
RC (seismic) 506 (82 per cent; 87 73 579
per cent)
RGB (seismic) 108 315 (81 per cent; 74 423
per cent)
Total 614 388 1002
. -6
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_5 —
1.0 -
—4 —
1.5 - g
> ]
[ =)
o ©
2
<
v
> ]
o> =}
o ©
2
<
T T T
5500 4900 4300 0.50 0.75 1.00
Teff (K) J - Ks
1 10 100

Number of stars

Figure 3. Kiel diagrams (left-hand column; T.g versus log g) and absolute
colour—magnitude diagrams (right-hand column) for the stars selected to be
from (top row) RC, and (bottom row) RGB. For the RC stars both the primary
RC and the higher log g secondary RC can be seen. In the RGB panels, the
region of higher density on the lower giant branch is the RGB bump.

larger fraction of RC stars than RGB stars, or that there is a longer
time-scale for redepletion of Li from the atmosphere in RC stars, or
that the shorter lifetime of the RC phase is more similar to the lithium
depletion time-scale than the lifetime of the RGB phase. Assembling
a thorough sample of the intrinsic and observable properties of Li-
rich and Li-normal giants is crucial for constraining and improving
models for Li enrichment.
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Table 3. Counts of RGB and RC stars from our BSTEP classification, and the
number of stars that are Li-rich (Ar; > 1.5) and super-Li-rich (Ar; > 2.7).
Using the mass estimates from BSTEP, stars below 1.7 Mg, are classed as pRC
stars, and stars above this mass as sRC stars. Where there are two percentages
in parentheses, the first shows the proportion with respect to that of the total
population of that type — e.g. for Li-rich RC stars, 726/1262 = 58 per cent.
The second shows the percentage of the previous column value, e.g. there
are 109 super-Li-rich RGB stars, which is 20 per cent of the total number of
Li-rich RGB stars (536).

Star type Total stars Li-rich Super-Li-rich

All giants 109 340 1262 (1.2 percent) 323 (25.6 per cent)

RGB 70343 (64 536 (42 per cent; 109 (34 per cent; 20
per cent) 0.76 per cent) per cent)

RC 38997 (36 726 (58 per cent; 214 (66 per cent; 29
per cent) 1.9 per cent) per cent)

pRC 34938 (32 580 (46 per cent; 195 (60 per cent; 34
per cent) 1.7 per cent) per cent)

sRC 4059 (3.7 146 (12 per cent; 19 (5.9 percent; 13
per cent) 3.6 percent) per cent)

3 LITHIUM-RICH GIANTS AS A STELLAR
POPULATION

In this section, we compare and contrast Li-normal and Li-rich
giants in the fundamental stellar parameters 7., log g, and [Fe/H
(Section 3.1), elemental abundances (Section 3.2), rotation rates
(Section 3.3), binarity (Section 3.4), and IR excess (Section 3.5).

3.1 Lithium-rich giants across the stellar parameter space

Fig. 4 presents Ay; for our giants with respect to their basic stellar
parameters: Ty, logg, and [Fe/H]. The upper row shows only
RC stars, and the lower row shows only RGB stars. The same
stars are shown in all three columns, and stars with asteroseismic
classifications are represented with star shapes. Horizontal lines
mark the typical definition of ‘lithium-rich’ at Aj; = 1.5 and the
primordial lithium abundance, A;; = 2.7.

There is a T -dependent lower envelope to the lithium abundance
that can be measured for giant stars in our data set, which is a result
of a weaker 6708 A resonance line at higher T, for a fixed Ap; —
see the spectra plotted in Fig. 2 and the discussion in Section 2.3. It
is possible that we have failed to measure abundances for some of
the hotter Li-rich giants.

Using the mass estimated for each star by BSTEP, the RC sample
can be divided into pRC stars (M, < 1.7 Mg; Girardi 2016) and
SRC stars (M, > 1.7 Mg). There are 4059 sRC stars, of which 146
are Li-rich, but only 19 of these are super-Li-rich — 0.4 per cent of
sRC stars and 13 per cent of Li-rich sRC stars. Meanwhile, there are
34938 pRC stars, of which 580 are Li-rich and 195 are super-Li-rich
(0.6 percent; 33.6 percent). In the top panels of Fig. 4, these two
groups are distinguished by colour, with pRC stars plotted in blue
and sRC stars in orange.

The short time-scales relevant to RC stars, and the time-scale
differences between pRC and sRC stars, provide some useful insights
into lithium enrichment and redepletion. The helium-burning lifetime
of pRC stars is only ~100 Myr (Girardi 1999), so if there is
a universal lithium production process that occurs at the helium
flash, as suggested by Kumar et al. (2020), the lithium redepletion
must be fast enough that 98.4 percent of pRC stars descend to
0.5 < A;i < L.5 in that time. At the beginning of their helium-
burning phase, the sRC stars all have ages of ~1 Gyr because only
stars in a small range of mass and metallicity pass through the sRC,
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Figure 4. Comparing the Ap; abundances with respect to Tef (left-hand column), log g (middle column), and [Fe/H] (right-hand column). These are split into
the RC sample (upper panel of each column) and RGB sample (lower panel of each column). In all panels, we show the stars classified as RC or RGB by the
isochrone-based BSTEP method (dots) and the asteroseismic classifications (black-edged star symbols). The horizontal lines in all panels indicate criteria for
whether a star is Li-rich or super-Li-rich. In the T¢f panels, there is a clear lower envelope in Ay;, indicating a detection limit driven by line strength. In the
upper panels, we plot stars on the primary RC (pRC) as blue points and stars from the secondary RC (sRC) as orange points. This highlights that the distribution
in Ay, is different between the two groups, with proportionally fewer super-Li-rich sRC stars. In the [Fe/H] RC panel, there are also very few Li-rich stars with
[Fe/H] < —1, which is real and not a matter of sensitivity to lithium line strength.

and their helium-burning lifetime is another 1 Gyr. A higher fraction
of sRC stars exhibit lithium enrichment than pRC stars (3.6 per cent
versus 1.6 percent) despite the longer time they spend on the
RC. This suggests some difference between the lithium enrichment
process in the two groups: perhaps they receive a different amount
of initial lithium enrichment, or they have a different probability
of experiencing lithium enrichment, or they experience a different
depletion rate while on the RC. This suggestion is strengthened by
the fact that the pRC stars are more likely to be super lithium-rich
than sRC stars, which acts in the opposite sense to the difference in
lithium enrichment likelihood. Another possible contributor to these
differences is the wider range in mass and metallicity for pRC stars
compared to sRC stars, which may create or allow more diversity of
behaviour within the group of pRC stars.

The luminosity function bump may play an important role in the
study of Li-rich giants. As an event characterized by the introduction
of fresh fuel into the hydrogen burning shell and an opportunity
for increased mixing between the surface and the interior, it may
be responsible for both further lithium depletion (e.g. Lind et al.
2009) and lithium production through the Cameron—Fowler process
(e.g. Sackmann & Boothroyd 1992, 1999; Mazzitelli, D’ Antona &
Ventura 1999; Charbonnel & Balachandran 2000), depending on
the exact conditions. There does appear to be a dearth of Li-rich
RGB stars at the high-gravity end of the RGB star distribution.
However, this picture is complicated, as stars below the RGB bump
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will also be hotter and therefore closer to the lithium detectability
limit.

The right-hand column of Fig. 4 shows the behaviour of Ap;
with metallicity for our giant stars, separated into the RC and RGB
populations. The RC cohort clearly lacks stars with [Fe/H] < —1,
which is to be expected for RC stars in the Milky Way at the current
age of the Galaxy — there is a minimum mass for RC stars, and as
a result they are a moderately young and metal-rich population (e.g.
Ramirez et al. 2012). The evolution of metal-poor RC stars is also
faster than for more metal-rich RC stars (Girardi 2016), making them
less likely to be observed.

The metal-poor RGB stars are almost exclusively below the Li-
rich threshold, with a concentration at A;; =~ 1.0. These stars are
mainly located near the luminosity function bump, indicating that
first dredge-up has reduced their A;; abundance to around 1, and it
will continue to fall as they evolve along the RGB as a consequence
of deep mixing (e.g. Lind et al. 2009; Angelou et al. 2015).

There has been some tension in the literature between the
<1 per cent occurrence rates of Li-rich giants in the low metallicity
environments of globular clusters (see e.g. Kirby et al. 2012) and the
>1 per cent rate observed in the disc of the Milky Way. Recent works
with larger data sets (e.g. Casey et al. 2019; Deepak et al. 2020)
have quantified this as a more general increase in the occurrence
rate of lithium-rich giants with increasing metallicity. In Fig. 5, we
consider the occurrence rate of Li-rich giants with metallicity in our

120Z AINf 0Z Uo Jasn puejsusany ulayinosg 1o AlsisAlun Aq £2/6/229/0vES/v/S0S/e/onie/seiuwl/woo dnooiwapese//:sdiy woll pspeojumoq



15 = Li-rich RC =1 Li-rich RGB

Number of stars (/100)
=
o
1
S
|

rF = F*J— r( L
I

0 T T T T

10 - AllRC J AllRGB

Number of stars (/1000)
o
1

7 %Jﬁﬂuﬁj ]
4

[Fe/H]

Occurence rate (%)
N
1

I I
0 —

+
MHW”“***MJ
I I
2

-1 0
[Fe/H]

Figure 5. Comparing the occurrence rate of Li-rich giants with changing
[Fe/H] in the RC (left-hand column) and RGB (right-hand column) cohorts
(here just showing the BSTEP classification method results). In the top panel
of each column is the [Fe/H] distribution of Li-rich giants from each cohort;
the middle panel is the [Fe/H] distribution of all stars in each cohort (whether
or not they have a measured Ap;); and the bottom panel of each column is
the occurrence rate with [Fe/H] (i.e. the top panel ‘divided’ by the middle
panel). The uncertainty on each bin is calculated from Poisson statistics. The
occurrence rate of Li-rich giants in both groups rises at high metallicity, but
the distributions are quite different — for the RC stars there is a steady increase
of occurrence rate with metallicity, while for RGB stars the occurrence rate
is essentially flat below [Fe/H] = 0.

RC and RGB cohorts independently. The uncertainty in each bin is
calculated from Poisson statistics, i.e. the size of error is estimated
to be the fraction of stars that are Li-rich divided by the square
root of the number of Li-rich stars. The metallicity distribution of
the Li-rich giants is qualitatively similar to the distribution for all
giants. As would be expected for the GALAH DR3 sample, which is
comprised mainly of Galactic disc stars, the distribution peaks near
Solar metallicity. For the RGB sample, there is a tail of stars to low
metallicity.

The occurrence rate of Li-rich giants in both groups rises at
high metallicity, but the distributions are quite different. For the RC
stars, there is a steady increase of occurrence rate with metallicity,
while for RGB stars, the occurrence rate is relatively flat from
—2 < [Fe/H] < 0, and then increases dramatically for stars with
super-Solar metallicity (though with larger error bars due to the
smaller number of stars observed at these metallicities). We interpret
this increase as a sign of multiple lithium enrichment processes
at work, with the dominant mechanism for RC stars being quite
sensitive to stellar metallicity, the dominant process for RGB stars
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Figure 6. Carbon abundance [C/Fe] for the RC (left) and RGB (right) stars.
Carbon can only be measured in HERMES spectra for a small minority of
giant stars where it is abundant. The carbon abundance of Li-rich giants is of
interest because the two elements are depleted together during first dredge-up,
and carbon may also be destroyed by fusion processes at temperatures that
can destroy lithium. Only five of the Li-rich giants (all with 1.5 < Ap; < 2.7)
have a measured [C/Fe], and they follow the Ap; behaviour of the other stars
with measured [C/Fe].

with sub-Solar metallicity being independent of metallicity, and
potentially a third lithium enrichment process for metal-rich RGB
stars.

3.2 Other elemental abundances in Li-rich giants

The abundances of other elements in Li-rich giants could provide
information about the processes by which the lithium abundance of
some giants is enhanced. GALAH DR3, which provides abundances
for a wide range of elements from a variety of nucleosynthetic
pathways, provides an excellent opportunity to explore this.

There are only a few elements in GALAH DR3 that show any
obvious differences between the abundance patterns of Li-normal
and Li-rich giants. In this section, we discuss [C/Fe], as it was
recently highlighted by Deepak et al. (2020) as showing possible
correlations with lithium enrichment. Appendix A discusses an
apparent correlation between the occurrence rate of lithium-rich RC
stars and o enhancement that is driven by the metallicity dependence
discussed in Section 3.1.

Deepak et al. (2020) recently explored the other elemental abun-
dances of Li-rich and Li-normal giants using the GALAH DR?2 data
set. They found that for all the elements available, the only element
that showed an appreciable difference between the two populations
was carbon. Unfortunately, this result relied upon abundances that
had been identified by the GALAH team as unreliable (i.e. the quality
flags on the abundances were non-zero). Fig. 6 shows the non-flagged
(i.e. reliable) carbon abundances for RC and RGB stars in GALAH
DR3. The spectroscopic features of carbon captured in HERMES
spectra are quite weak in the bulk of giant stars, and therefore our
sensitivity to [C/Fe] is limited. This produces a clear detectability
trend that can be seen in the Figure, where lower [C/Fe] abundances
are only detected for more metal-rich stars. Only five of the Li-
rich giants (all with 1.5 < Ap; < 2.7) have a measured [C/Fe], and
they follow the Aj; behaviour of the other stars with measured
[C/Fe].

Interestingly, we do derive reliable (and high) carbon abundances
for a number of stars. First dredge-up and subsequent mixing
processes typically result in sub-Solar [C/Fe] for giant stars (e.g.
Lagarde et al. 2019). Carbon richness at this stage in stellar evolution
often indicates mass transfer from an AGB companion, and may
be accompanied by other chemical tags of AGB nucleosynthesis
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Figure 7. The vproaq distributions of the RC (top row) and RGB (bottom
row) samples. The quantity vproaq is @ broadening term measured from the
stellar spectra that encompasses macroturbulence and rotational velocity. The
left-hand column shows all giants from the RC and RGB cohorts, while the
right-hand column shows just the Li-rich stars (Ar; > 1.5). As in Fig. 4, in
the right-hand column we highlight the stars identified seismically as RC or
RGB with star shapes. On all panels, the vertical red dashed line indicates
Vbroad = 10 kms™!. We interpret stars to the right of the line as being rapid
rotators. Notably, Li-rich RGB stars are more likely to be rapid rotators than
Li-rich RC stars.

including s-process elements (e.g. Hansen et al. 2016; Karakas &
Lugaro 2016). The topic of carbon-enhanced giant stars in GALAH
DR3 is outside the scope of this paper, but bears further investigation.

3.3 Stellar rotation

The rotation rates of Li-rich giants are of interest because one of
the proposed modes of lithium enhancement is rotationally induced
mixing, which can raise the surface lithium abundance via the process
described by Cameron & Fowler (1971). As part of the spectroscopic
analysis in GALAH DR3, an overall spectral broadening parameter
Ubroad 18 calculated, which encompasses macroturbulence and rota-
tional velocity. Typically in RGB stars, the macroturbulence velocity
is of the order of 7 kms~! (Carney et al. 2008).

In Fig. 7, we show the distributions of vp,a With log g for RC
and RGB stars separately. We can see that most stars are found with
5 < Upraa < 10 kms™!, so most stars in our sample do not have
appreciable rotational velocity.
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Figure 8. Ap; versus vproad for the RC (top panel) and RGB (bottom panel)
samples. As in Fig. 4, in each panel we highlight stars asteroseismically
classified as RC or RGB. RC stars are not as extended in vpr0aq as RGB stars,
with most below 20 kms~!. The rapid rotators among the Li-rich RC stars
are mostly super-Li-rich.

We label stars with vproaq larger than 10 km s~ as ‘rapid rotators’.
In Table 4, we list the number of stars above this threshold. With this
rapid rotation definition, 3.7 percent (4054/109 340) of giants are
rapid rotators, which is consistent with the 2 per cent predicted for K
giants in the field by Carlberg et al. (2011). For just the RC stars, the
probability to be a rapid rotator p(RR|RC) = 0.048 (1866/38 997),
while for the RGB stars p(RR|IRGB) = 0.031 (2188/70343); that
is, RC stars are about 1.5 times as likely as RGB stars to be rapid
rotators. However, considering only Li-rich stars, the probability to
be a rapid rotator is very different, with p(RR|Li-rich, RC) = 0.122
(89/726) and p(RR|Li-rich, RGB) = 0.20 (106/536). Hence, for the
Li-rich stars, the RGB stars are nearly twice as likely as RC stars to
be rapid rotators.

Considering Li richness for a given evolutionary phase and state of
rotation (rapidly rotating versus non-rapidly rotating) provides more
insight into the above result, since it allows us to directly investigate
whether Li richness is correlated with rapid rotation, and whether
that connection is stronger for RC versus RGB stars. The probability
to be Li-rich for a non-rapidly rotating star is p(Li-rich|NRR, RC) =
0.017 (637/37131) for an RC star, and p(Li-rich|]NRR, RGB) =
0.0063 (430/68155) for an RGB star. However, the probability to be
Li-rich for a rapidly rotating star is much higher and is equal for
both RGB and RC stars: p(Li-rich|RR, RC) = 0.048 (89/1866), and
p(Li-rich|RR, RGB) = 0.048 (106/2188). This indicates that rapid
rotation is a mechanism for Li enrichment, for both RGB and RC
stars.

In Fig. 8, we explore the relationship between stellar rotation
and Ap;. Here, we plot the vp.g, noting those stars with values
> 10kms™' asrapid rotators. For both the RC and RGB populations,
the Li-normal stars (Ar; < 1.5) show a range in this vpsoad, though
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the RC stars are more restricted, with only a few above 20 km sl

Curiously, the rapid rotators in the RC group are quite skewed towards
being super-Li-rich, with only a few RC stars with 1.5 < Aj; < 2.7
being rapid rotators.

3.4 Binarity

Recent works have presented two models involving binary stars
to explain lithium enrichment on the RC. Casey et al. (2019)
used a large set of Li-rich giants from the LAMOST survey to
argue that the distribution of Li-rich giants in evolutionary phase
requires enrichment processes operating both at random points on
the first-ascent giant branch and at the helium flash, based on the
lithium depletion time-scale in stellar atmospheres. Their proposed
mechanism for lithium production in RC stars is tidal spin-up from
a binary companion driving internal mixing and therefore lithium
production via the Cameron & Fowler (1971) mechanism. In contrast,
Zhang et al. (2020) proposed that Li-rich RC stars are the result of
mergers in RGB—white dwarf binary systems.

These hypotheses are in principle testable by searching for binary
companions (or lack thereof) in Li-rich giants through variability
in radial velocity, photometry, and astrometry. Unfortunately, as we
discuss in this subsection, we are not able to draw any significant
conclusions on binarity in our data set from the available data. Recent
work by Traven et al. (2020) analysed the GALAH survey spectra
to identify spectroscopic binary stars, and found a handful of RC
binaries, including a few that were lithium-rich. Follow-up work to
rederive the lithium abundances of the individual stars could be quite
useful in understanding how important binary RC stars are in the
family of lithium-rich giants.

Casey et al. (2019) used a binary comprised of a 1.5 M, giant and
a 1.0 Mg dwarf as an example system, and calculated the range of
orbital periods capable of producing observable lithium enrichment
in the giant. The minimum orbital period of 279 d was set by the need
to avoid mass transfer through Roche lobe overflow. Such an orbit
would have observable spectroscopic and photometric signatures,
which would be less pronounced for the longer orbits that would also
be sufficient to produce lithium enrichment for this particular pair of
stars. For this system, we would expect radial velocity variations
of ~30 kms™! or less (as modelled by ELLC; Maxted 2016).
This is well within the precision of HERMES but we do not have
the necessary observational cadence to confidently identify these
periodic variations. Price-Whelan et al. (2020b) identified 19 635
candidate binaries in the APOGEE survey based on radial velocity
variations between multiple observations. Of these, 53 are in our
giant star data set, including 15 of our RC stars — one of which is
Li-rich. It has only three observations with APOGEE, indicating an
RV range of ~ 50 kms™'.

In terms of photometric signatures of binarity in the form of
transits, assuming random orbital inclinations and observed orbital
period distributions (e.g. Raghavan et al. 2010), 2.5 4 0.5 per cent
of our Li-rich RC stars should be in eclipsing binary systems. The
secondary star will block about 1 per cent of the disc of the primary
with an eclipse period of ~3 d. This does not require a very high
cadence in photometric monitoring, but none of our Li-rich RC stars
have so far had light curves in ASAS-SN (Kochanek et al. 2017) or
TESS (Ricker et al. 2014) that show evidence for eclipses.

The astrometry from Gaia is precise enough to measure the motion
of the photocentre of some binary systems (depending on heliocentric
distance and the binary properties). The model assumption underly-
ing the data processing for Gaia DR2 is that sources are single
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Figure 9. The IR colour—-magnitude diagram for stars in our data set with
reliable WISE photometry, showing (top row) RC stars, (bottom row) RGB
stars, and (left-hand column) all stars in each sample and (right-hand column)
Li-rich stars highlighted with red and black circles. Stars to the right of vertical
line at W; — W4 = 0.5 have an IR excess. Although most Li-rich stars do not
have an IR excess, the proportion of IR excess stars that are Li-rich (3/25;
12 per cent) is much higher than the proportion of the general population of
giants that are Li-rich (33/1862; 1.8 percent).

objects, and if there are photocentre shifts in binary systems these
are interpreted as larger than expected astrometric errors. Work by
Penoyre et al. (2020) and Belokurov et al. (2020) have used large
values of the Renormalized Unit Weight Error (RUWE), an astrometric
error metric reported by Gaia, to identify possible binaries. Our
data set excludes stars with large RUWE by construction (it is part
of £lag_sp), because parallax is an important prior in our stellar
parameter determination.

3.5 Infrared excess

A fraction of Li-rich RGB stars have been reported to have excess
flux in their spectral energy distribution in the IR, which has been
postulated as a sign of a physical connection between lithium
production and mass-loss. This can be seen in photometry from the
IRAS satellite (e.g. Fekel & Watson 1998) and from WISE, although
the latter’s wavelength coverage does not reach as far into the IR.
A close investigation by Rebull et al. (2015) found that the majority
of lithium-rich giants in the literature with reported IR excesses
were artefacts in the WISE catalogue or cases of source confusion.
However, they do confirm some as real cases of IR excess, and they
do find that the stars with the largest IR excess are lithium-rich K
giants.

Within our data set, there are only 1862 giants with clean WISE
detections; that is, they have the cc_flags confusion flag set to
0000 and the ph_qual photometric quality flag set to A for W, and
W,. Fig. 9 shows an IR colour—-magnitude diagram for these stars,
divided in the same way as Fig. 7 with RC stars in the upper panels,
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RGB stars in the lower panels, all stars in the left-hand panels, and the
lithium-rich stars highlighted in the right-hand panels. There are 549
RC stars (13 of which are Li-rich) and 1313 RGB stars (20 Li-rich).
Overall only a few stars have large IR colours (defined as W, — W,
> (.5): 8 of the RC stars and 17 of the RGB stars. Of the 33 Li-rich
giants with useful WISE photometry, three have large IR colours. All
are super-Li-rich, with two classified as RC stars. It is clear that IR
excess is not a requirement for lithium enrichment, but stars with
IR excess are more likely to be lithium-rich than stars without IR
excess. Since only a small subsample of our data have reliable WISE
photometry, we cannot draw strong conclusions about how mass-
loss, lithium enrichment, and evolutionary phase are related from
this data set.

3.6 Super lithium-rich stars

In our discussion and figures so far, we have been making a distinction
between lithium-rich stars, which have A;; > 1.5, and super lithium-
rich stars, which sit above the primordial abundance of Aj; = 2.7.
This is an important distinction for any model of lithium enrichment
that involves adding pristine gas to an evolved star to raise its
abundance, because that process can only raise a star’s abundance
towards the initial abundance in that gas but could not exceed
it.

For lithium enrichment models that require the production of
lithium within a star, this distinction is less important, but the question
of how to produce the observed amount of lithium is more difficult to
answer at higher abundance. Yan et al. (2018) attempt to model the
process for lithium production in the star TYC 429-2097-1, which
has an abundance of Aj; = 4.5. They find that meridional circulation
at the RGB bump, the current evolutionary stage of this star, is
capable of producing more than the observed amount of lithium.
The most lithium-rich giant in our data set has A;; = 4.8,' but as a
luminous giant (see Table 1 and Fig. 4) it does not fit within their
model.

Super lithium-rich RC stars in our data set have some interesting
properties. While the majority of our super lithium-rich stars are in
the RC phase (Section 2.4), very few of them are on the secondary RC,
indicating some difference between pRC and sRC stars in terms of
their ability to produce or retain large amounts of lithium. Expanding
the data set of precise asteroseismic masses for RC stars would be
extremely useful for future work investigating the source of this
difference. While the super-Li-rich RC stars are the most rapidly
rotating (Fig. 7) and the most metal-rich (Fig. A1), these two groups
of super-Li-rich RC stars are not the same set of stars: the most
metal-rich RC stars are not rapidly rotating.

3.7 Summary of observational phenomenology

In this study, we explore the properties of 1262 evolved stars from
the GALAH and K2 surveys with elevated photospheric abundances
of lithium (Ar; > 1.5). We find these main behaviours in the data
set:

(i) RC stars are 2.5 times as likely to be lithium-rich as RGB stars
(Section 2.4).

(ii) The less massive primary RC stars are 1.5 times as likely
to be super lithium-rich as the more massive secondary RC stars
(Section 2.4).

ISee Section 2.3 for a caution about the abundances of very lithium-rich stars.
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Table 4. Comparison of how many RC and RGB stars are rapid rotators.
Rapid rotators are defined as those stars with vproag > 10 km s~ In the last
column, the first percentage is the proportion of all stars of that class that are
Li-rich rapid rotators, and the second percentage is the proportion of Li-rich
stars in that class that are rapid rotators. RC stars are more likely than RGB
stars to be rapid rotators (4.8 per cent versus 3.1 per cent), but the proportion
of Li-rich stars that are rapid rotators is higher for RGB stars than RC stars
(20 per cent versus 12 per cent).

Total stars Fast rotators Li-rich fast rotators
All giants 109 340 4054 (3.7 195 (0.18 per cent;
per cent) 15 per cent)
RC 38997 1866 (4.8 89 (0.23 percent;
per cent) 12 per cent)
RGB 70343 2188 (3.1 106 (0.15 per cent;
per cent) 20 per cent)

(iii) The occurrence rate of lithium-rich giants with metallicity
is markedly different for RC and RGB populations: it increases
steadily with metallicity in RC stars, but it is essentially constant in
RGB stars below Solar metallicity and increases sharply thereafter
(Section 3.1).

(iv) The probability for a star to be lithium-rich is almost five
times as high for rapidly rotating stars as for slowly rotating stars
(Section 3.3).

(v) Lithium-rich RGB stars are 1.5 times as likely as lithium-rich
RC stars to be rapidly rotating, but the probability for a rapidly
rotating star to be lithium-rich is the same for RGB and RC stars
(Section 3.3).

(vi) The majority of lithium-rich giants do not have an IR excess,
but the stars with IR excess are five times as likely to be lithium-rich
as the stars with no IR excess (Section 3.5).

(vii) Rapidly rotating lithium-rich RC stars tend to be super
lithium-rich (Section 3.6).

A number of previous studies have discussed the fraction of
lithium-rich giants that are in the core helium burning phase versus
the first-ascent RGB phase. This distribution across evolutionary
state is a key piece of information for understanding the origin of
lithium enrichment, and it underlines the need for models that address
stars from first dredge-up through to core helium burning. It was
difficult to generalize from the data sets presented in earlier studies
to the overall population of lithium-rich giants, since selection effects
could drive them significantly towards one particular type of star (e.g.
luminous red giants, as in Gonzalez et al. 2009 and Lebzelter et al.
2012, or stars on the RC, as in Kumar, Reddy & Lambert 2011
and Singh et al. 2019b). Large-sample studies such as Deepak &
Reddy (2019), Casey et al. (2019), and Yan et al. (2021) found that
68 per cent, 80 per cent, and 86 per cent, respectively, of lithium-rich
giants belong to the RC.

In this study, we follow the lead of Casey et al. (2019) and
Deepak et al. (2020), and look at the probability for a star in a given
evolutionary phase to be lithium-rich, rather than the probability for
a lithium-rich star to be in a given evolutionary phase. The overall
occurrence rate is known to lie around 1 per cent, but subdividing the
data set into RC versus RGB stars and looking at the occurrence rate
as a function of metallicity brings out some interesting behaviours.
We recover the changing occurrence rate of lithium-rich giants with
metallicity noted by Casey et al. (2019) and Deepak et al. (2020).
We do find a smaller fraction of our Li-rich giants to be RC stars
than in Casey et al. (2019), 64 per cent versus their 80J_ré per cent. We
attribute this difference to a number of factors. The spectroscopic
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inference method for identifying RC stars in Casey et al. (2019) has
a precision of 97 per cent, while our isochrone method is 82 per cent
precise. Since the RC stars are more likely to be lithium-rich than the
RGB stars, any misclassification between the two groups will tend
to reduce the fraction of lithium-rich RC stars. With the different
spectral resolution and lithium abundance determination methods
between the two projects, there are likely different detectability
limits and abundance accuracies that could move stars near A; =1.5
across the lithium-rich dividing line. Finally, LAMOST and GALAH
have very different selection functions, which could easily result in
different proportions of RC and RGB stars in the observed data
sets.

Super lithium-rich stars in the literature (those with A(Li) > 3.3)
do have a tendency to be found in the RC phase, though the difference
we see in the occurrence rate between primary and secondary RC
stars and the correlation between rapid rotation and very high lithium
abundance in RC stars are not noted in previous studies. Studies with
asteroseismic classifications (Bharat Kumar et al. 2018; Deepak &
Reddy 2019; Singh, Reddy & Kumar 2019a; Singh et al. 2019b;
Ming-hao et al. 2021) identify 53 super lithium-rich stars belonging
to the RC, with an additional three in Deepak & Reddy (2019) that
appear to be early AGB stars. In studies without asteroseismic data,
Monaco et al. (2014) identify one super lithium-rich RC star in the
open cluster Trumpler 5, four of the seven super lithium-rich stars
in Smiljanic et al. (2018) have T and log g consistent with the RC,
and three of six super lithium-rich stars in Martell & Shetrone (2013)
have stellar parameters consistent with the RC, with the remaining
super lithium-rich stars being two subgiants and an AGB star. The
studies of Holanda, Drake & Pereira (2020), Zhou et al. (2018),
and Lyubimkov et al. (2015) each report one super lithium-rich ‘cool
giant’ or ‘K giant’, butin all cases the stellar parameters are consistent
with the RC.

We do not replicate the upper limit on RGB star lithium abundances
reported in LAMOST data by Yan et al. (2021) in our full data set,
but we do see a similar pattern in the asteroseismically confirmed
RGB stars, none of which are lithium-rich (Fig. 4, lower middle
panel). The asteroseismic classifications from Hon et al. (2018)
only apply for stars on the lower giant branch, since the oscillation
frequencies for the more luminous giants are too low to be well
determined from K2 data. The precision of BSTEP classifications for
stars near the luminosity of the RC is 82 percent, so there is a
possibility that the lithium-rich RGB stars without asteroseismic
data at that luminosity are misclassified RC stars. However, the
classification of our bright red giants is unambiguous even without
asteroseismology, and we do find stars on the upper giant branch with
enhanced lithium abundances, including some above the primordial
level. If this enrichment limit is real, it suggests that the enrichment
mechanism for RGB stars near the RGB bump may somehow be
constrained in the amount of lithium it can produce, while RGB stars
enriched later can receive larger enhancements. Another possible
interpretation is that stars that have recently undergone lithium
enrichment have asteroseismic power spectra that are more difficult
for the neural network method of Hon et al. (2018) to analyse.
It would be useful to check the known lithium-rich stars with
asteroseismic classifications from Kepler to see if this distinction
between lower and upper RGB stars is also found in that data
set.

Both rapid rotation and IR excess show some connection to lithium
enrichment, in that stars with those properties are more likely to
be lithium-rich than stars without them. However, the majority
of lithium-rich stars do not exhibit either of these features. As
was also observed by Zhou et al. (2019), the Li-rich stars with
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IR excess are not the same Li-rich stars as those that are rapid
rotators.

4 THE ORIGINS OF LITHIUM ENRICHMENT
IN EVOLVED STARS

The broad strokes of the proposed explanations for how a small
fraction of evolved stars have come to be enriched in lithium have
not changed substantially since the first lithium-rich red giant was
identified by Wallerstein & Sneden (1982). Models invoke either
some external reservoir of lithium (ingestion of a planet or substellar
companion or mass transfer from an AGB companion) or some
internal production channel (internal mixing driven by the RGB
bump phase, the He flash, or rotation). Binary interactions have
also been proposed as a way of inducing internal production, either
through the merger of an RGB star and a white dwarf or a tidal
interaction with a binary companion that spins up an RC star.

The prevailing opinion in recent observational studies is that
there are likely multiple processes responsible for enhanced lithium
abundances observed in stars near the RGB bump, luminous RGB
stars, and RC stars. Certainly, some of the proposed mechanisms,
such as planet engulfment or extra mixing at the RGB bump, are
not viable as the only source for lithium enrichment across such a
heterogenous group of stars. This study also finds that lithium-rich
giants are a diverse population, which is consistent with the idea of
multiple mechanisms, but does not absolutely require it.

The correspondence in RC stars between rapid rotation and the
highest levels of lithium enrichment implies quite strongly that
rotationally driven mixing processes are capable of causing lithium
production, and the relative lack of secondary RC stars with very
high levels of lithium enrichment suggests that they are less likely
to experience large amounts of lithium enrichment, or more likely to
redeplete it during their helium-burning lifetime.

Although spectroscopy allows us to measure surface rotation,” the
rotation profile throughout the star is a key factor in the strength of
rotationally induced mixing. Relatively rapid surface rotation can be
observed in some giant stars, but the cores and atmospheres of post-
main-sequence stars are mechanically decoupled, and the surface
rotation does not provide sufficient information on their internal
rotation. Asteroseismology presents an opportunity to measure the
internal rotation of evolved stars that have rotational axes aligned
appropriately to the line of sight (e.g. Deheuvels et al. 2012; Mosser
et al. 2012). Studies of additional Li-rich giants in the Kepler field
and the TESS continuous viewing zone would be very helpful in
understanding whether there is a connection between core rotation
and lithium enrichment.

For RGB stars, we find that there is a concentration of lithium-
rich stars near the luminosity of the RGB bump, which can be
explained as a result of internal mixing triggered by a change in
internal structure. We also find lithium-rich stars at all luminosities
and metallicities on the RGB. The occurrence rate for lithium-rich
RGB stars is essentially constant for all sub-Solar metallicities and
dramatically higher at super-Solar metallicity. This indicates that the
efficiencies of the processes that produce and then redeplete lithium
in these stars may be dependent on metallicity, or that there may be
an additional lithium production process at work in metal-rich RGB
stars. It is unclear how compatible a metallicity-dependent lithium
enrichment process on the RGB is with planet engulfment models,

2We note that in this study we are measuring the combination of rotation and
macrotuburbulence.
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since the planet occurrence rate for gas giants is not a straightforward
function of metallicity. Further abundance studies focused on boron
and beryllium could shed some light on this problem, since they
have similar burning temperatures to lithium and should be also be
enriched during planet engulfment (see e.g. initial work by Drake
et al. 2017; Carlberg et al. 2018). Planet engulfment is expected to
result in a different ratio of °Li/’Li compared to internal lithium
production processes, but measuring this will be observationally
challenging (Aguilera-Gémez, Chanamé & Pinsonneault 2020).

As in previous studies, the majority of our lithium-rich giants are
RC stars, and this requires a lithium enrichment process triggered at,
or after, the helium flash. The fact that the occurrence rate for RC
stars rises steadily with increasing metallicity may be a result of the
fact that the time spent on the RC is longer at higher metallicity, or
it may reflect a more effective mixing-driven lithium production
in high metallicity giant stars because of their less compressed
interior structure, or it may result from a higher binary fraction (with
the correct mass ratio and orbital separation) at higher metallicity.
With the present data set, we cannot comment directly on binary
interactions as the driver for internal mixing, but this is an avenue
for future work that may clarify the situation significantly.

Recent work by Kumar et al. (2020) indicates that lithium enrich-
ment at the helium flash may be compulsory, given the lack of very
lithium-depleted RC stars in their data set. This provides an intriguing
and testable prediction for RC stars as a population, and may provide
new insights into the internal rearrangement that happens as a result
of the helium flash. Both detailed modelling of stellar structure and
evolution, and population synthesis modelling similar to Casey et al.
(2019), will be essential for evaluating the mechanisms for lithium
enrichment and redepletion, and for understanding their dependence
on stellar mass, composition, and rotational velocity.
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APPENDIX A: ALPHA ENHANCEMENT AND
LITHIUM-RICH GIANTS

For GALAH DR3, [a/Fe] is the error-weighted combination of the
abundances determined from selected Mg, Si, Ca, and Ti lines.
Fig. A1 shows our data set in the [«/Fe] versus [Fe/H] plane, divided
into RC stars (upper panels) and RGB stars (lower panels), with the
number density of stars stars shown in the left-hand panels and the
Li-rich and super-Li-rich stars highlighted in the right-hand panels
with red and black dots, respectively. It is well known that this
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Figure A1l. Comparison of the [«/Fe] abundances of the RC stars (upper
panels) and RGB stars (lower panels). In the right-hand column, we indicate
the Li-rich and super-Li-rich giants with red and black dots, respectively. The
majority of super-Li-rich RC stars belong to the a-low ‘thin disc’ population.

particular abundance plane records Type II and Type la supernova
contributions to Galactic chemical evolution over time (e.g. Venn
et al. 2004). Old stars in the halo tend to have low metallicity and
high o enhancement, while above [Fe/H] &~ —1 the stars divide into
the thick disc, where moderately old stars are still o-enriched, and
the thin disc, where stars formed up to the present day have no «
enhancement. Each spectroscopic analysis has its own abundance
scale, so different surveys find this [«/Fe]-[Fe/H] bifurcation at a
slightly different level.

For our purposes, stars are labelled as ‘a-low’ if they have
[a/Fe] < 0.17 and ‘a-high’ otherwise. At a glance, it appears that
Li-rich (red dots) or super-Li-rich (black dots) RC stars appear to
be preferentially located at low [«/Fe] values and high [Fe/H], but
thin disc stars are dominant in the overall sample, and this may be
giving a false impression. To explore this further, we calculate p(Li-
rich|a-high, RC), the probability that an «-high RC star is Li-rich,
and p(Li-rich|a-low, RC), the probability that an «-low RC star is
Li-rich. We find that «-low RC stars are somewhat more likely to
be Li-rich than a-high RC stars are: p(Li-rich|a-high, RC) = 0.014
(185/13597), while p(Li-richla-low, RC) = 0.021 (540/25357).
For super-Li-rich stars, the probabilities are p(Li-super|a-high,
RC) = 0.004 (50/13597), while p(Li-super|a-low, RC) = 0.006
(163/25357). This does indicate a difference in the prevalence of
lithium-rich giants in the thin and thick discs. However, we hesitate
to make strong or quantitative statements about this, given the
uncertainties introduced by our classification of stars as RC or RGB,
and our rough division of the sample at [«/Fe] = 0.17.

The apparent affinity between high A;; and low [or/Fe] does not
happen because the lithium enrichment process destroys « elements,
or is hampered by their presence. Rather, it is related to the properties
of the Galactic components that are captured in our observational
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sample, similar to the effect seen by Ramirez et al. (2012). For stars
in the Milky Way disc, including the majority of our RC stars, [« /Fe]
is anticorrelated with metallicity. As shown in Fig. 5, the occurrence
rate of Li-rich RC stars increases with metallicity, with the result that
there are more Li-rich stars in the «-low population.

In contrast to RC stars, RGB stars in both the Li-normal and Li-
rich subsets extend to lower [Fe/H] and higher [«/Fe], and the
distributions of the Li-normal and Li-rich RGB stars in Fig. A1 look
quite similar to each other, with perhaps an excess of Li-rich stars
at [Fe/H] > 0. This is consistent with the occurrence rate of Li-rich
RGB stars shown in Fig. 5, which is flat for [Fe/H] < 0O but rises
thereafter. RGB stars have higher luminosities than RC stars, and as a
consequence in a magnitude limited survey like ours they are drawn
from a larger volume including more of the thick disc and the halo.
This, in addition to the dependence of occurrence rate on metallicity,
skews the distribution of Li-rich RC stars towards low [«/Fe] and
high metallicity relative to RGB stars.

APPENDIX B: SPATIAL AND ORBITAL
PROPERTIES

The kinematic and chemical properties of stars in the Milky Way
carry information about their origins and subsequent dynamical
evolution. Kinematic substructures and mismatches between the data
and a smooth distribution in an age abundance kinematics space can
indicate important events like minor mergers (e.g. Koppelman et al.
2018; Myeong et al. 2019; Borsato, Martell & Simpson 2020) and
radial migration (e.g. Buder et al. 2019; Hayden et al. 2020).

Here, we use orbital properties calculated for the stars as described
in Buder et al. (2020). This used GALAH DR3 radial velocities
and distances from the age and mass value-added catalogue, which
primarily incorporated distances found by the Bayesian Stellar
Parameters estimator (BSTEP; described in Sharma et al. 2018), which
calculates distance simultaneously with mass, age, and reddening.
The orbits are calculated using GALPY, with the MCMILLAN2017 po-
tential (McMillan 2017) and the values Rgc = 8.21 kpc and v¢jreutar =
233.1 kms™!'. We set (U, V, W)g = (11.1,15.17,7.25) kms~! in
keeping with Reid & Brunthaler (2004) and Schonrich, Binney &
Dehnen (2010).

The GALAH survey primarily samples the disc of the Milky Way,
with only 1 per cent of the observed stars belonging to the halo (De
Silvaetal.2015). The locations and metallicities of the Li-rich giants,
both the RC and RGB stars, are consistent with them being mainly a
disc population. This aligns well with our existing understanding of
lithium-rich giants as ordinary stars.

Fig. B1 shows Galactocentric rotational velocity versus perpen-
dicular velocity (i.e. a Toomre diagram). The red circle shows the
point where the total velocity relative to the Local Standard of Rest
is 220 kms~', which is a canonical division between the disc and
the halo (Helmi 2008). In our data set, RC stars as a whole are more
likely to be on disc-like orbits than halo-like orbits, and very few of
the Li-rich RC stars are on halo-like orbits. The majority of RGB
stars in our data set also orbit in the disc, but both Li-normal and
Li-rich RGB stars are more likely to be on halo-like orbits than RC
stars are. This is consistent with the different volumes these two sets
of stars sample in a magnitude-limited survey like GALAH.

We can further investigate the halo RGB stars in Fig. B2, which
shows the orbital energy E and the azimuthal action J4 (= L.; vertical
angular momentum). This is a coordinate space in which prograde
orbits are on the right-hand side of the plot and retrograde orbits
are on the left. The majority of stars in our data set, which follow
disc-like orbits, form the highly populated right-hand envelope of
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Figure B1. Galactic orbital velocities presented in the form of Toomre
diagrams for (left) all stars in each sample and (right) just Li-rich stars.
The top row shows RC stars; the bottom row is RGB stars. The red dashed
circle on all panels indicates the region of this velocity space within which
stars have disc-like orbits; stars outside of the circle have orbital velocities
typical for halo stars. As expected for the GALAH survey selection, most of
the stars observed have disc-like orbits, in the lithium-normal and lithium-rich
groups.

the distribution. This confirms the picture from Fig. B1 that most of
our Li-rich stars are found in well-behaved disc orbits — there are
few Li-rich giants in orbits with high energy relative to their angular
momentum, or with non-rotating or retrograde orbits.

The dashed red rectangle in Fig. B2 highlights the region of this
parameter space occupied by the remnant of the Gaia-Enceladus
merger event (Helmi et al. 2018; Koppelman et al. 2018). A handful of
the Li-rich stars in our data set are located in this region of kinematic
space. The recent study of Molaro, Cescutti & Fu (2020) investigates
the overall behaviour of lithium and beryllium in stars kinematically
consistent with Gaia -Enceladus. Only 1 of the 101 stars in that study
is Li-rich, which matches the 1 percent occurrence rate we find in
our overall sample. Simpson et al. (2021) expand on that work with
amore detailed investigation to chemically and kinematically tag the
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stars in our data set to Gaia -Enceladus using data from GALAH
DR3 and Gaia eDR3. The authors find that the overall evolution of
lithium abundance is similar to the chemical evolution pattern in the
Milky Way, suggesting that the Spite Plateau (Spite & Spite 1982) is
a universal upper limit for lithium abundance in low-mass stars and
is not a special feature of the Milky Way. Simpson et al. (2021) find
four metal-poor halo stars in the halo of the Milky Way with lithium
abundances at or above the primordial amount.
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Figure B2. The Jy versus orbital energy distribution for our stars, with panels
arranged the same as in Fig. B1. As also shown in Fig. B1, the majority of
our Li-rich giants have disc-like orbits — i.e. they are largely concentrated
on the right edge of the envelope with low eccentricity and in-plane motions
(-2 < E < —1110° km?s 2 and [0 < L. <4] Mpckms’l ). In all panels,
the red dashed rectangle indicates the region of parameter space where stars
from the Gaia-Enceladus merger event are found (Koppelman, Helmi &
Veljanoski 2018). A handful of our Li-rich RGB stars fall into this box, and
a more detailed investigation to chemically and kinematically tag these stars
to the Gaia -Enceladus merger event is planned.
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