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            Abstract
The vast majority of stars with mass similar to that of the Sun are expected to destroy lithium (Li) gradually over the course of their lives, via low-temperature nuclear burning. This has now been supported by observations of hundreds of thousands of red giant stars1,2,3,4,5. Here we perform a large-scale systematic investigation into the Li content of stars in the red clump phase of evolution, which directly follows the red giant branch phase. Surprisingly, we find that all red clump stars have high levels of Li for their evolutionary stage, with an increase of a factor of 40 over the end of the red giant branch stage, on average. This suggests that all low-mass stars undergo an Li production phase between the tip of the red giant branch and the red clump. We demonstrate that our finding is not predicted by stellar theory, revealing a stark tension between observations and models. We also show that the well-studied1,2,4,5,6 very Li-rich giants, with A(Li)â€‰>â€‰+1.5â€‰dex, represent only the extreme tail of the Li enhancement distribution, comprising 3% of red clump stars. Our findings suggest a new definition limit for Li-richness in red clump stars, A(Li)â€‰>â€‰âˆ’0.9â€‰dex, which is much lower than the limit of A(Li)â€‰>â€‰+1.5â€‰dex used over many decades1,5,6,7,8,9.
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                    Fig. 1: Hertzsprungâ€“Russell diagram of the Galah DR2 sample used to locate the RC stars.[image: ]


Fig. 2: Asteroseismic properties of giant stars.[image: ]


Fig. 3: Our Galah stellar sample in the Li-luminosity plane.[image: ]
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Extended data

Extended Data Fig. 1 Li versus temperature of giants.
Li versus Teff of giants (\(\mathrm{log}\,(g)<3.1\)). The Galah sample is shown without reduction by Li quality flag (dark grey crosses, 50,690 stars), and with Li quality flag as used in manuscript (light grey crosses, 26,751 stars). The respective red clump (RC) sub-samples are highlighted by blue and cyan symbols. Our Li detection curves, computed using spectral synthesis, are shown by the solid lines (see text for details). It can be seen that the vast majority of stars, in all samples, are above the detection limits. See also Extended Data Fig. 2, which provides a cross-section histogram of this diagram in the RC Teff range.


Extended Data Fig. 2 Histograms of giants per A(Li) bin.
Histograms showing number of giant stars per A(Li) bin. The stellar sample has restricted Teff = 4,650 âˆ’ 4,900 K, which matches our RC Teff range. We have not restricted the samples in any other way, that is, they contain all stars in this range, regardless of evolutionary state (RC or RGB). The largest sample is the full Galah DR2 (35,800 stars), the next largest is the sample for Fig. 1 (27,847 stars), and the smallest is from our Fig. 3 sample (15,469 stars). The vertical lines show our computed detectability limits (see Extended Data Fig. 1, and text for details). It can be seen that the bulk of the distribution is well above the detection limit, and that the location of the peak is unchanged through each sub-sampling.


Extended Data Fig. 3 Li versus luminosity of giants.
Li versus luminosity of giants. Colour gradient shows the temperature distribution. Red circles are Kepler RC stars, with the lower-Li sample36,37 and super-Li-rich sample4 taken from separate studies. Light blue circles are individual RC stars from OCs8. Li detection limits computed for GALAH and the lower-Li Kepler RC sample are shown in blue and red dashed lines, respectively. It can be seen that the peaks of these literature distributions are much higher than the RGB tip value of about âˆ’1.0 dex, as found in our Galah sample. The peaks are also well above the respective detectability limits.


Extended Data Fig. 4 Comparison of Li abundances between Galah DR2 and the literature.
Comparison of Li abundances between Galah DR2 and Gaia-ESO survey34 DR3 (â€˜GESâ€™). A total of 78 stars were found in common (circles). A very slight offset between Gaia-ESO and Galah is found: + 0.059 dex (Ïƒ = 0.37). The common sample includes two RC stars, indicated by squares. These RC stars straddle the peak of the Galah RC distribution at A(Li) = 0.71 dex. Also shown are two RC giants found in a cross-match between Galah DR2 and the LAMOST survey13 (triangles). As LAMOST is a low-resolution survey, Li is only detectable in very Li-rich stars. The colour gradient shows the temperature distribution.
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