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Abstract

To understand the underlying mechanisms of high Li abundances among core He-burning or red clump (RC) giants,
we analyzed a sample of 5227 RC giants of mass M < 2 M, using spectra and asteroseismic data. We found 120 RC
giants (~2%) with a lower limit of A(Li) = 0.7 dex, a factor of 40 more than their predecessors close to the red giant
branch tip. Of the 120 RC giants, we could measure actual rotations for 16 RC giants using stellar spots from the
Kepler light-curve analysis. We found that most of the high-rotation RC giants are also very high Li-rich RC giants,
and the rotation seems to decline rapidly with Li abundance depletion, suggesting that both the high rotation and
high Li abundance are transient phenomena and associated with a single source. Further, we found a significantly
high occurrence of 15% and 12% of Li-rich RC giants among extremely low-mass RC giants and RC giants with
anomalous [C/N] ratios, respectively. The extremely low mass, fast rotation, and anomalous [C/N] values of RC
giants are attributed to their past binary interaction/merger history. The results pose the question of whether the
binary interaction/merger is a prerequisite, along with the He flash, for Li enhancement among RC giants.

Unified Astronomy Thesaurus concepts: Chemical abundances (224); Stellar rotation (1629); Helium burning

(716); Stellar mergers (2157); Stellar mass loss (1613)

1. Introduction

Understanding the production and evolution of Li abun-
dance, A(Li)4, in stars is important to gain insights into the
stellar interior processes and probably to account for the Li
enrichment of the Galaxy. Stellar theoretical models predict
the depletion of A(Li) during their evolution along the red
giant branch (RGB; I. Iben 1967). The very high A(Li) seen in
1%—-2% of red giants (J. A. Brown et al. 1989; A. R. Casey
et al. 2019; Deepak & B. E. Reddy 2019; H.-L. Yan et al.
2021) has been an unsolved problem since its discovery in a
typical red giant (G. Wallerstein & C. Sneden 1982).

Rapid progress has been made in the last decade owing to the
availability of large data sets of spectra from surveys like
GALAH (G. M. De Silva et al. 2015), Large Sky Area Multi-
Object Fiber Spectroscopic Telescope (LAMOST; X.-Q. Cui
et al. 2012; G. Zhao et al. 2012), and APOGEE (Abdurro’uf
et al. 2022) and the time-resolved photometry from space
missions, e.g., Kepler (W. J. Borucki et al. 2010) and TESS
(G. R. Ricker et al. 2015) for asteroseismic analysis
(A. R. Casey et al. 2019; R. Singh et al. 2019; H.-L. Yan
et al. 2021). These studies suggest that the Li-rich giants are
common in the He-core burning phase (red clump (RC)) with an
average A(Li) = 0.7 dex, which is a factor of about 40 more
than their counterparts near the tip of the RGB, before the He
flash, for which model predictions and observations agree with
an upper limit of A(Li) ~ —0.9 dex (Y. B. Kumar et al. 2020).
These results, combined with the results that high A(Li) is only

4 A(Li) = 12 + log(N(Li)/N(H)), where N represents the number density of
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prevalent among RC giants (A. Mallick et al. 2023), reinforced
the hypothesis that the He flash may be the most likely site for
Li production. Further, the study by R. Singh et al. (2021) has
shown that A(Li) decreases steeply with an asymptotic period
spacing value, a proxy for time evolution for the transition from
a degenerate core to a fully convective He-burning core. The
relation suggests that RC giants with high A(Li) have undergone
the Li enrichment process very recently, and they are young
compared to RC giants with normal A(Li) (<1.0 dex).

In general, it is known that Li gets synthesized via the
Cameron-Fowler (A. G. W. Cameron & W. A. Fowler 1971)
process, in which the initial reaction He (a, ) "Be occurs in
deeper layers of the He-burning shell, and the second reaction
"Be (e, v) 'Li occurs in sufficiently cool regions that the Li has
enough time to mix with the outer atmosphere. However, the
theory of nucleosynthesis and mixing processes during the He
flash are not well understood. A few attempts have been made
recently to explain the occurrence of high A(Li) among RCs
due to single stars’ evolution (J. Schwab 2020) and also due to
binary interactions (X. Zhang & C. S. Jeffery 2013; X. Zhang
et al. 2020; N. Z. Rui & J. Fuller 2024).

The new observational results are emerging, showing a
significant number of RC giants with extremely low mass
(Y. Li et al. 2022), which are also found to have anomalous
carbon-to-nitrogen ([C/N]) ratios (E. Bufanda et al. 2023).
Models of binary star evolution predict significant mass loss
due to the evaporation of a common envelope (M. Matteuzzi
et al. 2024), which influences the [C/N] values (R. G. Izzard
et al. 2018). The binary interactions may result in high surface
rotation (J. Tayar et al. 2015) and extremely low mass. In light
of these new insights into the properties of RC giants, we have
performed spectroscopic and light-curve analysis of a large
sample of giants and discussed whether the Li-rich giants
correlate with the giants of high rotation, extremely low mass,
and anomalous [C/N].
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2. Sample Selection and Analysis

We collected a sample of 7110 low-mass (M < 2 M) RC
giants from published catalogs (B. Mosser et al. 2014; M. Vrard
et al. 2016; J. Yu et al. 2018; P. Gaulme et al. 2020). The mass
and evolutionary phase information are based on asteroseismic
analysis of Kepler data. We crossmatched the Kepler sample
with the LAMOST (G. Zhao et al. 2006, 2012; X.-Q. Cui et al.
2012) DR10 publicly available catalogs and found 5227 giants
having spectra of low (R = 1800) or medium resolution
(R = 7500). The spectra were inspected for detectable Li
features at A6707 and 120 RC giants were found with weak to
very strong Li lines. The radial velocity, carbon, and nitrogen
abundances were adopted from the APOGEE DR17 catalog
(Abdurro’uf et al. 2022). Of the 5227 RC giants in our sample,
we found C and N abundances for 3640 RC giants. We also
made use of the Gaia DR3 astrometry (Gaia Collaboration et al.
2016, 2018) and radial velocity data to understand the binary
status of the sample RC giants. We have subjected the 120 RC
giants to the measurement of Li abundances and rotation period.
The sample stars have a mass range of 0.52-1.7 M., with a
mean mass of 1.1 M. They are mostly solar-metallicity RC
giants with a mean value of [Fe/H] = 0.0 dex.

Li abundance. Measurement of Li abundance from spectra
requires stellar atmospheric parameters (Teg, log g, and [M/
H]), atomic and molecular data, and a radiative transfer code.
We used log g values derived from asteroseismically derived
mass and radius. The metallicity and temperature values were
adopted from the LAMOST catalog. We generated 1D local
thermodynamic equilibrium models suiting the sample stars’
parameters by interpolating the Kurucz model grids’
(F. Castelli & R. L. Kurucz 2004). The parameter micro-
turbulance velocity was derived using an empirical relation

;= (2.13+£0.05) — (0.23 £0.03)logg km s~ (E. N. Kirby
et al. 2009). The atomic and molecular data required for
spectrum synthesis were adopted from the Linemake® code
(V. M. Placco et al. 2021). The spectra were continuum-
normalized and corrected for radial velocity using template
spectra in IRAF’ (D. Tody 1986). Model spectra for stars’
parameters were generated using the 1D LTE radiative
transfer code MOOG?® (C. A. Sneden 1973) using an
appropriate parameter of FWHM for line widths. We obtained
Li abundances by matching the model spectra with those of
the observed spectra. The Li abundances range from 0.7 to
4.2 dex, see Figure 1. The lower limit is due to spectral
resolution and the quality of spectra. The measured abun-
dances are corrected for non-LTE effects (K. Lind et al. 2009).
Among the 120 RC giants, we found 30 of them as super
Li-rich giants (SLR, A(Li) > 3.3 dex). Most of them, ~94%,
have higher Li than A(Li) ~ 1.5 dex, the classical lower limit
for Li-rich giants on the RGB.

Rotational velocity measurement of stars: stellar
rotation manifests in the form of broadening of spectral
lines and quasiperiodic brightness variation in the light
curve. Deriving stars’ Vi, values using spectral line broad-
ening is not possible due to the low spectral resolution
(40-160 km s~ ). Further, the derived values are a function of
an inclination angle between the line of sight and the axis of
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Figure 1. Comparison of computed spectra (red solid line) with the observed
spectra (empty circle) around the Li doublet line at 6707.7 A for a few
representative stars for LAMOST spectra of R = 1800 and 7500.
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Figure 2. Rotational period estimation from Kepler data. Left panel: long-
cadence Kepler light curves of four stars. Right panel: corresponding Lomb—
Scargle (LS) periodogram of stars. The estimated rotation period, which is the
tallest peak in the periodogram, is marked with the red dotted vertical line.

the stars’ rotation, for which we do not have information. We
made use of the fact that the magnetic activity manifests spots
on the stars’ surfaces similar to sunspots. The latter has an
added advantage for measuring actual rotation if the radii of
the stars are obtained.

We analyzed Kepler long-cadence (time = 29.42 minutes)
photometric data of many quarters; a few of the sample giants
have 17 quarters, to detect rotation modulation in the flux
caused by star spots. The QO, Q1, and Q17 quarters have
shorter lengths, so we excluded them from the analysis. The
presence of spots provides sinusoidal fluctuations in the stellar
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Table 1

Stellar Parameters of the Rapidly Rotating Li-rich Giant Stars
Star Tetr log g [Fe/H] A(Li) M R Prot Vot
KIC (K) (cm s™?) (dex) (dex) (M) (Re) (days) (kms™"
2305930 4858 £ 42 2.35 £0.02 —0.47 £ 0.03 391 +£0.2 0.72 £ 0.12 9.44 +£0.72 33+1.1 1455+1.2
3534438 4999 + 38 2.43 +0.02 —0.06 + 0.03 395 £0.15 0.52 +£0.10 7.28 £ 0.1 I5£.5 24.6 +0.88
3937217 4810 £ 53 2.38 £0.02 —0.21 +£0.04 3.0+0.1 0.97 £ 0.09 10.78 £ 0.39 56.9 + 3.1 9.6 + 0.62
4743066 4811 £ 27 2.36 £0.02 —0.18 £0.02 235+£03 1.06 £ 0.26 11.62+72 50.51+3.1 11.6 £ 1.01
5021453 4754 £ 34 2.41+0.01 —0.07 £ 0.02 4.05+0.12 1.02 £ 0.14 10.48 + 0.58 30.35 £ 0.7 17.5 £ 1.04
5879876 4618 £ 100 2.37 +£0.03 —-0.6+0.3 38+02 0.93 +£0.23 10.4 £ 0.97 45£5 1.7+ 1.7
7899597 4715 £ 37 241 £0.02 —0.09 +0.03 3.55 +0.08 1.28 £0.23 11.76 £ 0.95 50 £ 3.1 1190 £ 1.2
8869656 4775 £ 30 2.40 +0.01 —0.31 +£0.03 3.61 £0.07 1.09 £+ 0.09 1091 £+ 0.37 50+2 11.04 +£ 0.6
8879518 4778 £ 47 2.57 £0.01 0.01 £0.03 3.51 +0.08 1.61 £0.11 10.89 £ 0.29 40.1 £ 0.5 13.8£0.5
9364778 5000 + 22 2.45 +0.01 —0.16 £ 0.01 3.43 £0.03 1.7+0.14 12.93 +£ 0.44 356 £0.3 18.4+0.7
9833651 4678 £ 32 2.48 +0.01 0.14 +0.03 341 £0.11 1.27 £ 0.10 10.75 + 0.33 47.4 +3.06 11.54+09
9843104 4665 + 38 2.36 +0.02 —0.02 +0.03 2.5+0.25 1.16 £ 0.21 11.78 £ 0.73 27 £3.1 22.1+£2.8
9899245 4700 + 29 2.44 £0.03 0.09 £ 0.02 37+04 1.435 £0.28 11.99 £ 0.8 15+03 40.5+2.8
10081476 4457 £ 42 2.33 +£0.01 0.16 +0.03 38+03 1.17 £ 0.18 12.3 £ 0.85 202 31.1 £3.8
11658789 4995 + 41 2.37£0.03 —0.69 £+ 0.04 39+0.1 0.87 £0.14 9.51 £0.59 25.55£02 18.8 £ 1.2
11129153 4830 £ 100 2.42 +£0.02 —0.37 £0.15 1.45+0.2 0.96 + 0.09 10.84 £+ 0.39 44 +41 12.5 £ 1.25

brightness. Light-curve data for stars are retrieved from
MAST? using the lightkurve package'® (Lightkurve Colla-
boration et al. 2018). The data from individual quarters were
stitched together for each star’s light curve after normalization.
We followed the Lomb-Scargle periodogram (N. R. Lomb
1976; J. D. Scargle 1982) method to estimate the rotational
period of the stars. The periodogram of the light curve with
spot modulations shows a large-amplitude peak at a short
frequency. We only chose stars with clear peaks with high
power (>0.01) corresponding to brightness variation in
Fourier spectra. We selected the highest peak as a rotational
period of the star; see Figure 2. We searched for rotation
periods ranging from 1 to 150 days. Uncertainty in the
rotational period is measured by fitting a Gaussian to the high-
amplitude low-frequency peak; see Figure 2. The equatorial
rotation velocity (V,o) of stars is measured by V.o, = (27R)/
P.o. Uncertainty in the derived rotation values stems from the
uncertainty in the measurement of radius and rotation period.
The extracted period ranges from 16 to 60 days; see Table 1.
With the derived precise asteroseismic radii of stars, we could
derive the V values in the range of 1040 km s L

3. Results and Discussion

The derived rotational velocities, along with A(Li), and
values of mass for the 16 RC giants are given in Table 1. The
values of V, are well above the typical red giant rotation
velocity (J. R. de Medeiros et al. 1996). The values of V,,, for
RC giants are expected to be low even after taking into account
the expected spin-up of stars due to the sudden drop in the size
of the red giants after the He flash and mass loss (A. Sills &
M. H. Pinsonneault 2000; A. R. Casey et al. 2019; R. Singh
et al. 2024). For giants with M < 1.1 M, the expected rotation
is quite low and probably undetectable, whereas stars with
mass 1.1 < M(M.) < 1.7are expected to have a maximum
rotation of V,o, = 10 km s~ ' at RC phase (J. Tayar et al. 2015).
We have RC giants with a wide range of masses, and nine of
them are below ~1.1 M., and seven of them have a mass
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Figure 3. Distribution of stars’ surface rotation with Li abundance for 16 red
clump giants (top panel). The bottom panel is the plot of surface rotation
against Li abundance. The color bar indicates the mass of the stars. The dotted
vertical line separates SLR giants (A(Li) > 3.2 dex) from Li-rich giants
(1.0 < A(Li) < 3.2). We find a moderate positive correlation (Pearson
coefficient, r = 0.36) between A(Li) and Vs. In the SLR group, surface
velocity is scattered with a standard deviation of 8.2 km s, and in the LR
group, stars are clustered with a standard deviation of 1.9 km s~ '.

between 1.1 < M (M,) < 1.7. All the 16 RC giants have
Vot > 10 km s, falling in the category of rapid rotators.
This is the largest sample of Li-rich RC giants for which V,,
values were measured based on stellar spots. The higher surface
rotation may be due to internal processes or external events. The
internal process is related to the He flash and the consequent
stars’ transition from the RGB tip to the RC phase. Post-He
flash, stars undergo a sudden decrease in size that may increase
the stars’ surface rotation. This aspect has been probed by
the R. Singh et al. (2024) study, which found that the
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Figure 4. In the left panel, mass vs. metallicity for the entire sample of 5227 stars is shown. Gray and orange symbols represent RC giants with no detectable Li line.
The RC giants with A(Li) measured are shown as large colored symbols. The dashed and solid red lines denote the minimum mass of RC giants without and with
mass loss (~0.2 M.,), respectively. The orange symbols left of the dashed red line represent RCs with extremely low mass attributed to the past binary interactions
(Y. Li et al. 2022; M. Matteuzzi et al. 2024). Note, of the 89 extremely low-mass RC giants, 13 are Li-rich, which is about 15%, a high occurrence of 7 times more
than Li-rich giants among the RC sample. The encircled squares represent those with anomalous [C/N] (see right panel), and the red dotted squares are fast-spinning
RC giants. On the right, plots of [C/N] and mass are shown for two metallicities: (a) metal-rich (Fe/H] > —0.1 dex) and (b) metal-poor [Fe/H] < —0.1 dex. The
bulk of the RC giants follow the main trend, which is the average of [C/N] values in mass bins of 0.1 M. Red clump giants with [C/N] ratio 1.50 away from the
average trend on either side are outliers (E. Bufanda et al. 2023). A total of 77 Li-rich RC giants have [C/N] ratio available. We found 43 Li-rich RC giants among
the 351 outliers with anomalous [C/N], which is about 10 times more Li-rich RC giants than we found among the total sample.

estimated surface rotation values for RC giants do not exceed
Vot = 7 km s~ . Further, the suggestion that the highly rotating
central core can translate its angular momentum into higher
surface rotation is not found, as these values are too small.
The other possibility for high rotation among RCs is the
external source, such as tidal synchronization in the binary
system or the merger of a companion. We searched for
evidence for the binary companion among the sample RC
giants using the Gaia astrometry data (renormalized unit
weight error (RUWE)) and variation in radial velocities
Vicatters from APOGEE data. The presence of secondary can
manifest in the form of an inflated value of Gaia RUWE
(RUWE > 1.4; C. Ziegler et al. 2020). In our sample of 120
stars, none of the SLR giants have a RUWE value higher than
1.4, whereas only one Li rich (LR, A(Li) > 0.7 dex) giant has a
RUWE value higher than 1.4. We did not find significant
variation in radial velocities. The values of Vi,yers from
APOGEE indicate scatter in the radial velocity of stars
observed by APOGEE multiple times. However, we note that
most of the stars have radial velocity data for only three or four
epochs. It would be difficult to conclude the binary status of
the objects based on available data. The only exception is the
KIC 11615224 with A(Li) = 3 dex, which has a Gaia value of
RUWE = 2.65, suggesting a binary companion. The rest of the
RC giants in the sample seem to be single. However, this does
not rule out their past association with the binary interaction/
merger. The transfer of angular momentum during the
companion merger may result in high rotation. There are
about 41% of the low-mass G- and K-type main sequence stars
that are found to be in binary companions (D. Raghavan et al.

2010). The possibility of interaction or eventual merger of
companions increases as stars evolve and increase in size
(Y. Li et al. 2022). Postmerger stars appear as single stars with
altered physical and chemical properties like increased surface
rotation, altered surface composition, and extremely low mass
due to excess mass loss during or immediately after the merger
event (E. Bufanda et al. 2023; M. Matteuzzi et al. 2024,
N. Z. Rui & J. Fuller 2024).

It is quite interesting to see that most (75%) of the high-
rotation RC giants are super Li-rich, and all of them are Li-rich.
The plot of Vi, versus A(Li) (Figure 3(a)) shows a rapid
decrease in the distribution of surface rotation with decreasing A
(Li) value. It implies that both the Li and rotation enhancements
are probably associated with an external event. It was earlier
demonstrated that the high A(Li) or super Li-rich giants are
younger RCs, ie., enhancement of Li occurred relatively
recently compared to RCs with lower Li values (R. Singh
et al. 2021). As shown in Figure 3(b), the extremely high Li-rich
(mean A(Li) ~ 3.9) giants have much higher V, values ranging
from 14 to 40 km s~'. Giants with mean A(Li)~3.4 dex
show V., in the range of 11-19 km s~ !, and giants with
A(Li) < 3.2 dex have V, of about 11 km s~ !. This shows that
Li-richness and high surface rotation among RCs are rapidly
decreasing from their initial values, and they seem transient.
The correlation is an indication that Li enhancement is probably
associated with external events such as mergers.

The merger scenario also finds indirect evidence of the
presence of a high proportion of Li-rich giants among
extremely low-mass RCs. In Figure 4(a), entire sample RC
giants are shown in a plot of metallicity versus stellar mass to
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identify extremely low-mass RCs. Some of the masses
(M <0.7 M) are such that they would not have evolved to
the RC phase, and their ages exceed the age of the Universe if
we account for the expected mass loss ( 0.2 M) during the
evolution of the RGB (A. Miglio et al. 2021). We found 13 Li-
rich giants among the extremely low-mass regime of the plot
(Figure 4(a)), which is about a factor of 5 larger than the Li-
rich giants’ share among the RCs. This means the extremely
low-mass RCs might have experienced excess mass loss apart
from the normal mass loss (0.2 M) during their evolution
(A. Miglio et al. 2021). Recent studies show that the extremely
low-mass RCs might be the result of excess mass loss during
past mergers or binary interaction (Y. Li et al. 2022;
M. Matteuzzi et al. 2024). Finding a one-to-one correlation
between high Li, extremely low mass, and high rotation is
difficult as their enhancement may vary from star to star,
subject to the complexity of the interaction and merger
scenario coupled with the mixing and the level of Li
abundance during the He flash. The final mass of RC giants
is subject to the level of mass loss during the merger events,
which depends on the mass of the companion, proximity and
level of mass transfer, etc. Studies also suggest that stars that
have undergone binary interactions or mergers are expected to
have anomalous [C/N] ratios for their mass (E. Bufanda et al.
2023). Though the exact physical mechanism is not well
understood, these RC giants are found to be outliers from the
bulk of the sample giants in a plot of [C/N] versus mass
(Figures 4(b) and (c)). These lie at about 1.5¢ from the mean
of the bulk of the RC giants. Only 12 out of 16 rapidly rotating
Li-rich RC giants have [C/N] values; interestingly, 10 out of
12 high-surface-rotation RC giants belong to this [C/N]
anomalous group. We found that finding Li-rich RC giants
among the outliers is about a factor of 10 more likely
compared to finding them among the RC giants.

4. Conclusions

We analyzed a large sample of RC giants using spectro-
scopic and photometric data. We found a correlation between
Li and surface rotation among the RC giants for which we
could measure actual surface rotation using stellar spots. Of
the 30 super Li-rich giants in our sample, we found that 40%
of them are rapid rotators. Among the 16 rapid rotators, 12 are
super Li-rich and four are Li-rich. The association of very high
surface rotation with most of the super Li-rich giants and their
spin-down with decreasing Li implies that the two properties
were acquired very recently, either due to the merger-induced
He flash or due to merger events just before or after the He
flash. While the He flash may be responsible for the rapid
mixing of stars’ Li-rich material with the outer surface layers,
the merger events might have contributed to the large observed
surface rotation, probably aiding the mixing process. Another
piece of evidence is the high proportion of Li-rich giants
among the extremely low-mass RC stars. The very low mass is
attributed to excess mass loss during the interaction or merger
events (Y. Li et al. 2022; M. Matteuzzi et al. 2024). We found
it was a factor of 7 more likely to find Li-rich giants among the
extremely low-mass RCs compared to among the low-mass
RCs. We also note another observation of the sample data,
which is the presence of RC giants with extremely low or high
values of [C/N]. Some studies attribute this to the past
histories of binary interaction or merger events. We found that
finding Li-rich RC giants among the sample of RC giants with

Singh et al.

anomalous [C/N] values is more likely, by a factor of 10,
compared to among the RC sample. These results pose
questions about whether the merger or binary interactions are
necessary for the high Li abundance seen in the RC giants.
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