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ABSTRACT

Lithium-rich stars in globular clusters are rare. Only 14 have been found so far, in different evolutionary phases from dwarfs to giants.
Different mechanisms have been proposed to explain this enhancement, but it is still an open problem. Using spectra collected within
the Gaia-ESO Survey, obtained with the GIRAFFE spectrograph at the ESO Very Large Telescope, we present the discovery of the
first Li-rich star in the cluster NGC 1261, the second star known in the red giant branch bump phase. The star shows an extreme Li
overabundance of A(Li)i g = 3.92 + 0.14, corresponding to A(Li)nire = 3.40 dex. We propose that the Li enhancement is caused by
fresh Li production through an extra mixing process (sometimes referred to as cool bottom burning). Alternatively, it could be a pre-
existing Li overabundance caused by mass-transfer from a red giant star; this mechanism does not enhance the barium abundance and
thus we observe low barium. To unambiguously explain the Li enhancement in globular cluster stars, however, a reliable determination
of the abundance of key species like Be, °Li, '>C/"3C, and several s-process elements is required, as well as detailed modelling of

chromospheric activity indicators.
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1. Introduction

Lithium (Li) is a fragile element: it was synthesised during the
Big Bang nucleosynthesis and is destroyed at relatively low tem-
peratures (~2.5 X 10°K) in the stellar interiors (Reeves 1974).
However, classical stellar evolution theory predicts that it is
preserved in the stellar envelopes of metal-poor dwarf stars,
with subsequent dilution mixing processes during the post-main
sequence (MS) evolution. The investigation of Li abundances

* Based on data obtained with the ESO VLT under the observing pro-
grammes 188.B-3002, 193.B-0936, and 197.B-1074.

Article published by EDP Sciences

in globular clusters (GCs; e.g. Mucciarelli et al. 2018, and ref-
erence therein) shows a complex situation: most dwarf stars
have the same lithium abundance, A(Li) =~ 2.2 dex', as found
in most halo stars by Spite & Spite (1982a,b), forming what is
known as the Spite plateau. Mixing processes during the sub-
giant branch (SGB) cause a sharp drop in Li abundance by about
1 dex (see e.g. Fig. 3 in Mucciarelli et al. 2012). Then, during the
red giant branch (RGB), stars between the first dredge-up and
the RGB bump form another plateau at about A(Li) =~ 1.0dex

L A(LD) = log [N(Li)/N(H)] + 12.
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Fig. 1. Comparison of the spectrum of the Li-rich giant in NGC 1261
(red) with that of a normal giant with similar parameters (black) in the
regions containing the Li doublet at 6707.8 A (top panel), the Ball line
at 6497 A (middle panel), and the H,, line (bottom panel). The GES IDs
of the two stars are indicated in the middle panel. See also Table 1.

(Gratton et al. 2000; Mucciarelli et al. 2012). After the bump, Li
is diluted again (Charbonnel & Zahn 2007). These results have
been obtained analysing stars in different evolutionary phases,
from the MS up to the asymptotic giant branch (AGB), in only
a few GCs with different methods and number of stars. This
observational behaviour is complicated in the case of GCs by
the presence of multiple populations (Bastian & Lardo 2018;
Gratton et al. 2019). In some of the proposed scenarios the pol-
luting material is almost Li-free, and once diluted with Li-
normal gas should produce a lower Li abundance, but this is only
found in some clusters (e.g. NGC 6752, Pasquini et al. 2005) and
not in others, (e.g. NGC 362, D’Orazi et al. 2015a), where first
and second population stars have the same Li abundance, or
in w Cen, where some second population stars have the same
Li abundance as the first population and others do not (see
Mucciarelli et al. 2018, and references therein, for details).

To this already quite complex framework, we have to add
the existence of 14 Li-rich stars, i.e. that have a significantly
increased Li abundance (>0.5 dex) compared to normal GC stars
in the same evolutionary phase. These stars are extremely rare
(particularly in GCs, but also in open clusters and the field;
see e.g. Casey et al. 2019) and for the moment they have also
proved to be extremely difficult to explain. Four main possible
enrichment paths have been explored and originally proposed to
explain their high Li abundance:
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— Engulfment of sub-stellar systems such as planets or brown
dwarfs (Siess & Livio 1999). This is valid especially for stars
with metallicity higher than ~-0.5dex. Several studies (e.g.
Gonzalez 1997; Fischer & Valenti 2005; Casey et al. 2016) show
that this scenario appears unlikely for metal-poor stars; other
studies (e.g. Charbonnel & Balachandran 2000) suggest that this
scenario is unlikely because 6Li, 7Li, and Be should be enhanced
by the accretion at the same time, contrary to some observa-
tions (Balachandran et al. 2000). Moreover, the high Li over-
abundance (A(Li) > 2.2 dex) observed in some stars is difficult
to achieve by planet engulfment only (Aguilera-Gémez et al.
2016). Finally, most cases of Li-rich stars should be observed
above the RGB bump, where the stars have larger radii and thus
planet engulfment is more likely.

— Self-enrichment through the Cameron-Fowler mecha-
nism (Cameron & Fowler 1971). This could occur in two
different evolutionary phases: (i) extra mixing during the
RGB bump phase (sometimes called cool bottom pro-
cessing; Boothroyd et al. 1995; Boothroyd & Sackmann 1999;
Palacios et al. 2001) when, thanks to the first dredge-up, the
3He-rich envelope is transported close to the hotter region
of the H-burning shell and (ii) fresh Li production dur-
ing the AGB, early-AGB, or AGB thermal pulses phases,
depending on the mass of the star (Ventura & D’ Antona 2011;
Charbonnel & Balachandran 2000).

— Mass-transfer from different kinds of binary companions:
(1) an AGB or super-AGB star, which also implies enrichment in
the s-process elements (Busso et al. 1999; Ventura & D’ Antona
2011), depending on the AGB star mass or (ii) an RGB star that
produces fresh Li thanks to the extra mixing process, but in this
case no enrichment in s-process elements should be found.

— Ejecta during a nova outburst of a companion star. Numeri-
cal simulations predict that a high amount of "Li can be produced
when a thermonuclear runaway occurs in the hydrogen envelope
of the accreting white dwarf (Starrfield et al. 1978), and this pos-
sibility has been confirmed by the discovery of the first ’Li detec-
tion in a nova (Izzo et al. 2015). A high enrichment of "Be is also
expected during a nova outburst, as seems confirmed by the first
detections (see e.g. Molaro et al. 2016).

In this framework, we present the discovery of a new
Li-rich star in the GC NGC 1261 with Gaia-ESO Survey
data. NGC 1261 is a GC in the Horologium constellation,
with [Fe/H] = —1.27 dex and low extinction, E(B-V) =0.01 mag
(Harris 2010). It is also one of the few GCs for which an
extended stellar halo has been detected (Raso et al. 2020). This
star is significantly more Li-rich than the bulk of the other Li-
rich stars discovered in GCs, similarly to the cases of NGC 6397
(Koch etal. 2011), NGC4590 (Kraftetal. 1999, M 68), and
NGC 5272 (M 3, Ruchti et al. 2011).

2. Data analysis and results

We based our work on the Gaia-ESO survey (hereafter GES;
Gilmore et al. 2012; Randich & Gilmore 2013) spectra. In par-
ticular, we used the FLAMES-GIRAFFE (Pasquini et al. 2000)
spectra obtained with the HRISN (647-679nm) set-up at
medium resolution (R=1/64 =~ 20000), which includes the Li
doublet at 6707.8 A. The GES spectra reductions for GIRAFFE
were performed with in-house software as described in detail
by Jackson et al. (2015), resulting in one single spectrum for
each star, combining different observations. The combined spec-
trum of the discovered Li-rich star in NGC 1261, with GES
CNAME 03115070-5514001, is plotted in Fig. 1 along with a
comparison star in the same cluster and with similar properties,
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Table 1. Estimates of relevant parameters for the Li-rich star in
NGC 1261 and a comparison star (see Sect. 2 for details).

Star Star
CNAME 03115070-5514001  03120632-5516538
RA (hh mm ss) 03:11:50.70 03:12:06.32
Dec (dd mm ss) -55:14:00.1 -55:16:53.8
S/N 21 27
RV (kms™) 69.1 £0.2 69.7 £0.2
T (K) 4904 + 77 4835 + 76
log g (dex) 23+0.1 22+0.1
v, (kms™) 1.5+0.2 1.5£0.2
[Fe/H] (dex) -1.27 -1.27
EW(Li) (mA) 350 +25 20+5
A(Li)r1g (dex) 392+0.14 0.86 £0.10
ALiNLTE (dex) -0.52 +0.11
A(Ba) (dex) 0.69 +£0.16 0.96+0.17

03120632-5516538. The huge difference in the strength of the Li
line at 6707.8 A is evident. The Li-rich star and the comparison
star have a radial velocity of about 69.1 and 69.7 kms~!, respec-
tively, fully compatible with the systemic velocity of NGC 1261
(68.2 +4.6kms™!, Harris 2010).

The two stars were observed in November 2017; therefore,
they are not present in the publicly available GES DR3 release”
(based on data observed until July 2014) nor in the current inter-
nal release, iDR5 (based on spectra acquired until December
2015). For the purpose of the present work, we have prelimi-
narly estimated the relevant quantities (Table 1). The equivalent
width (EW) of the Li 6707.8 A doublet was measured manually
with IRAF®. As can be seen, the star displays a Li absorption
line that is more than 100 times stronger than that of a typical
RGB star in NGC 1261. The Stetson et al. (2019) photometry
was used to evaluate the star’s position in the colour-magnitude
diagram (CMD), showing that it lies precisely on the RGB bump
(Fig. 2), using the bump estimates given by Ferraro et al. (1993)
and Kravtsov et al. (2010). Using B—V and V-I colours from the
Stetson et al. (2019) photometry and the colour-temperature cal-
ibrations by Alonso et al. (1999, 2001), we estimated the effec-
tive temperature T and the surface gravity log g (see Table 1).

We computed the Li abundance for the two stars using
the spectral synthesis code SALVADOR developed by one of
the authors (AM), based on the Kurucz abundance analysis
routines (Kurucz 1993a,b; Sbordone et al. 2004) and using 1D
ATLAS9 models, which assume local thermodynamical equi-
librium (LTE). We assumed the Harris (2010) metallicity for
NGC 1261 of [Fe/H]=-1.27dex and a fixed micro-turbulent
velocity of v, = 1.5kms™!, derived using the latest version of
the Gaia-ESO calibration (Smiljanic et al. 2014, Worley et al.,
in prep.). We varied the ®Li and 7Li abundance in the region
of the Li doublet at 6707.8 A to search for the best fit. For the
comparison star, changing v, or the isotopic ratio implied vari-
ations of <0.01dex for the final Lithium abundance. For the
Li-rich star, a 0.3kms™! variation in v, implied a variation of
0.03 dex in the final Li abundance, and it was included in the

2 https://www.eso.org/qi/

3 IRAF is the Image Reduction and Analysis Facility, a general pur-
pose software system for the reduction and analysis of scientific data.
IRAF is written and supported by the IRAF programming group at
the National Optical Astronomy Observatories (NOAO) in Tucson,
Arizona.
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Fig. 2. Colour-magnitude diagram of NGC 1261 from Stetson et al.
(2019, grey points) with the position of the Li-rich star (magenta star)
and the comparison star (purple star). The other stars observed by GES
with GIRAFFE are plotted in blue. The position of the RGB bump is
also indicated, as determined by Ferraro et al. (1993, brown arrow) and
Kravtsov et al. (2010, orange arrow).

final uncertainty computation and in the uncertainties on Tt and
log g. Most importantly, as observed by others, the choice of a
solar ®Li/Lii, value of 0.075 caused a poor fit of the asymmet-
ric line profile and a final Li abundance 0.42 dex lower. In the
case of Trumpler5, a OLi/Lir < 2% was also found when using
3D modelling (Monaco et al. 2014). Assuming no °Li, the fit of
the line profile was significantly improved; in this case the final
Li abundance is A(Li);tg =3.92 +£0.14 dex, almost 1000 times
higher than the typical RGB star at the level of the bump. We
also report in Table 1 the non-LTE correction to the lithium abun-
dance for the two stars, obtained using the data by Lind et al.
(2009a)*.

The HR15N set-up includes also the barium (Ba II) line at
6497 A and the H, Balmer line at 6563 A (middle and bottom
panels of Fig. 1, respectively). Using the same spectral synthe-
sis set-up used for Li, we obtained A(Ba) = 0.69 + 0.16 dex and
A(Ba) = 0.96 + 0.17 dex for the Li-rich star and the compari-
son star, respectively. As can be seen from the bottom panel of
Fig. 1, the H,, line of the Li-rich star is significantly shallower
than the reference star and shows a marked asymmetry on the
red wing that is quite different than in normal RGB stars. This
anomalous profile is compatible with chromospheric activity and
mass loss (Mészaros et al. 2009). Unfortunately, no asteroseis-
mologic data are available for this star. It would be interesting
to measure the projected rotational velocity as well, but with
the GIRAFFE resolution we can only observe that there is no
significant difference in the profile width of lines between the
two stars. Unfortunately, there are no lines of elements (usually
used to identify multiple populations in GCs) in the wavelength
range covered by the HR15N set-up that was analysed. From the

4 http://inspect.coolstars19.com/
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Fig. 3. Known Li-rich stars in GCs. Literature measurements are plot-
ted as cyan symbols, our measurements for NGC 1261 are in magenta
(for the Li-rich star) and purple (for the comparison star). Evolution-
ary phases are represented by different shapes as detailed in the legend.
Different measurements of the same star are connected by segments.
The Li-normal stars in NGC 6397 by Lind et al. (2009b) are shown in
grey for comparison. The Spite and the low RGB plateaus are shown as
yellow lines. Shaded regions represent the main group of Li-rich stars,
enhanced by about 0.5-1.5 dex compared to normal stars (cyan region)
and the extremely Li-rich stars, about 1.5dex above them (magenta
region).

(U-B)—(B-I) photometric colour index the star seems to belong
to the first population.

3. Discussion and conclusions

There are 14 Li-rich stars known in GCs, accounting for a
small percentage of the stars studied spectroscopically: two
dwarfs (Koch et al. 2011; Monaco et al. 2012), two AGB stars
(Kirby et al. 2016); one post-AGB (Carney et al. 1998), and nine
stars along different regions of the RGB or SGB (Kraft et al.
1999; Smithetal. 1999; Ruchtietal. 2011; D’Orazi et al.
2015b; Kirby et al. 2016; Gruyters et al. 2016; Mucciarelli et al.
2019). As can be seen from Fig. 3, most of the known Li-rich
stars typically display an enhancement in the lithium abundance
of 0.5-1.5dex compared to normal stars in GCs, at least up to
the RGB bump. Three of the literature stars, however, are signif-
icantly more Li-enhanced than the bulk of the sample and than
the Spite plateau, by AA(Li) ~ 1-2 dex, as labelled in Fig. 3. One
of these “super-Li-rich” stars is the dwarf star in NGC 6397, dis-
covered by Koch et al. (2011), for which two possible origins
have been proposed: mass transfer from an RGB companion or
engulfment of a sub-stellar system. To date, the star in NGC 6397
is the only Li-rich star in GCs for which planet engulfment
was considered (but see Pasquini et al. 2014). The other two are
bright giants well above the RGB bump, in NGC 4590 (M 68;
Ruchti et al. 2011; Kirby et al. 2016) and in NGC 5272 (M 3;
Kraft et al. 1999; Ruchti et al. 2011). Both the extra mixing pro-
cess and mass-transfer from a companion have been proposed
for these stars.

The Li-rich giant in NGC 1261 presented here is the fourth
super-Li-rich star to be discovered. It clearly belongs to the RGB
bump (Fig. 2), like the Li-rich star in NGC 362 (D’Orazi et al.
2015b), a GC with similar metallicity and horizontal-branch
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morphology, but the star in NGC 1261 displays a higher Li abun-
dance: A(Li)nprg = 3.40 £ 0.14 as opposed to 2.42 +0.09 dex.
The Li abundance of the star in NGC 362 was explained as likely
due to the extra mixing process, even if the authors also dis-
cuss the possibility that the star could belong to the pre-zero age
horizontal branch, implying that it has already experienced the
helium flash, because it lies slightly on the blue side or the RGB.
This might apply also to our Li-rich star, but both stars appear
closer to the RGB than to the horizontal branch. If we consider
the extra mixing process, the different A(Li) enrichment of the
NGC 362 and NGC 1261 stars could be explained by observing
that the NGC 362 star lies just above the RGB bump, where mix-
ing mechanisms could have already started to occur, lowering Li
and the '2C/!3C ratio. If this is correct, then our Li-rich star in
NGC 1261 should have a higher 12¢/13C ratio, i.e. it should have
reached the maximum Li enrichment just before mixing effects
extend deep enough to lower the carbon ratio and to start destroy-
ing Li (Charbonnel & Balachandran 2000).

To understand the origin of the Li-rich star in NGC 1261,
we can count on three pieces of evidence: (1) the profile fit
of the Li doublet suggests a very low SLi/Liw value; (2) the
Ba II abundance appears low and compatible with that of nor-
mal stars in NGC 1261; and (3) the H,, line shows signs of chro-
mospheric activity (central re-emission and asymmetric profile).
The low Ba II abundance seems to suggest that we can exclude
mass-transfer from an AGB companion, but we need more s-
process elements to confirm this. Moreover, the absence of 5Li
in our best fit suggests that there has been fresh Li production.
With the data in hand, our preferred hypothesis is that the Li
enhancement of the RGB bump star in NGC 1261 is made by the
extra mixing process because the star lies precisely on the RGB
bump where this process is expected to occur. Unfortunately,
this process does not explain the chromospheric activity sug-
gested by the anomalous H,, profile. The engulfment hypothesis
of a sub-stellar body seems unlikely because it cannot explain
the very high Li enrichment observed in the NGC 1261 star
(Siess & Livio 1999), but it would explain the chromospheric
activity. Alternatively, mass transfer from an RGB companion
(undergoing the extra mixing process) when the star was on
the main sequence could also be a viable hypothesis. If this
were the case, similarly to the AGB companion case, then the
initial Li abundance of the star (before the first dredge-up)
should have been of about ~4.6 dex?, higher than the Li-rich star
in NGC 6397. Moreover, as recently proposed, other kinds of
interactions in binary systems could allow the Cameron-Fowler
mechanism (Casey et al. 2019).

Additional information is clearly needed to unambiguously
determine the origin of the Li enhancement in our NGC 1261
star and in the other 14 known Li-rich stars in GCs. In particu-
lar, accurate and precise Be and °Li abundances would allow us
to evaluate the hypothesis of engulfment of a sub-stellar system.
On the other hand, the ratio '>C/'3C would be important to distin-
guish between production of fresh Li through extra mixing pro-
cess and a pre-existing Li overabundance, perhaps resulting from
binary mass transfer (Charbonnel & Balachandran 2000). A full
determination of s-process abundances could ultimately exclude
the mass transfer hypothesis from an AGB companion, or help
in pinpointing the mass range of the AGB donor (Busso et al.
1999). Additionally, measurement of the light elements that are
known to anti-correlate in GCs (C, N, O, Na, Al, Mg) would

5 A(Li) ~ ldex for a typical RGB bump star, while here A(Li) =~
3.4dex. 3.4-1.0=2.4. Adding this value to the Spite plateau (2.2 dex),
the star should have an initial abundance ~4.6 dex.
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shed light on the relation between Li-rich stars and the presence
of multiple stellar populations in GCs.
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