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A B S T R A C T 

We report the serendipitous disco v ery of a very metal-poor (VMP) Li-rich giant star ( T eff = 4690 ± 80 K, log g = 1.34 ± 0.13, 
[Fe/H] = −2.43 ± 0.07). We analyse the Li I 6103 and 6707 Å lines accounting for departures from local thermodynamic 
equilibrium (NLTE) and correcting for 3D effects using literature data, which yields a lithium abundance log ε Li = 3.42 ± 0.07. 
Comparing lithium abundances from the two lines, in 1D NLTE we measure the isotope ratio 

6 Li/ 7 Li = 1.64 

+ 1 . 49 
−1 . 08 per cent. When 

correcting for 3D effects, we detect the fragile 6 Li isotope at 2-sigma level and the ratio 

6 Li/ 7 Li = 5.65 

+ 5 . 05 
−2 . 51 per cent. To our 

knowledge, this is the first 6 Li/ 7 Li measurement in an extremely Li-rich VMP star. The Cameron–Fowler mechanism, which 

is proposed to produce Li-rich stars, does not imply 

6 Li production and is therefore inconsistent with our measurement when 

applying 3D corrections. We also derive NLTE abundances for 16 elements, most of which show similar abundances to those 
found in VMP stars. Sodium is an exception: [Na/Fe] NLTE1D 

= 0.07 ± 0.03, which is 0.5 dex higher than what is typical for 
VMP stars. This star joins the sample of rare Li-rich VMP stars, and we offer a no v el way to constrain the source of lithium in 

such stars through isotope ratio measurements. 

Key words: line: formation – stars: abundances – stars: atmospheres – stars: fundamental parameters. 
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 I N T RO D U C T I O N  

ithium is an element with a complex astrophysical origin and
hemical evolution. It is one of the primordial elements produced
n the Big Bang and can also be produced through further processes,
uch as the spallation process and stellar nucleosynthesis. A number
f processes have been suggested as sources of lithium, but so far
ts exact origins and production mechanisms remain unclear (see for
xample Prantzos 2012 ; Magrini et al. 2021 ; Romano et al. 2021 ). 

Lithium has two stable isotopes: 7 Li and the less abundant and
ore fragile 6 Li. The two isotopes have different origins: 7 Li is

roduced in the Big Bang nucleosynthesis, inside stars, and by cosmic
ays via spallation, while 6 Li can only be produced by cosmic rays
ia spallation (Prantzos 2012 ). As a result, the ratio between 7 Li
nd 6 Li varies among different astrophysical sites. For example, in
olar system meteorites, the ratio is measured to be 6 Li/ 7 Li = 8.11
er cent (McDonough et al. 2003 ), while Mott et al. ( 2017 ) found
Based on observations made with the Subaru Telescope. 
 E-mail: sitamih@gmail.com 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
he same value in a metal-rich magnetically active giant star, and
itzenhoff, Schroter & Schmidt ( 1997 ) found 6 Li/ 7 Li = 3 per cent
nd 8 per cent in solar spots and in active late type dwarf stars,
espectively. The most up to date NLTE calculations of the Li I 6707

line in 3D model atmospheres indicate the absence of 6 Li in the sun
Strassmeier, Ilyin & Steffen 2018 ) and solar type stars (Harutyunyan
t al. 2018 ). 

In old, very metal-poor (VMP; [Fe/H]. 1 < −2) stars with normal
ithium abundance, the presence of the 6 Li isotope is unlikely. Some
f the early studies (Smith, Lambert & Nissen 1993 , 1998 ; Asplund
t al. 2006 ) report on 6 Li detections in unevolved VMP stars, while
thers (for example Garc ́ıa P ́erez et al. 2009 ) conclude that the
etection of 6 Li cannot be safely claimed. The abo v e studies employ
lassic 1D model atmospheres, which neglect convection. Cayrel
t al. ( 2007 ) and Steffen et al. ( 2012 ) showed that the conv ectiv e
symmetry generates an excess absorption in the red wing of the
esonance line that mimics the presence of 6 Li and the measurements
 We use a standard designation, [X/Y] = log (N X /N Y ) ∗ − log (N X /N Y ) �, 
here N X and N Y are total number densities of element X and Y, respectively. 

© 2023 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 

http://orcid.org/0000-0002-8129-5415
http://orcid.org/0000-0002-1349-202X
http://orcid.org/0000-0002-6389-2697
http://orcid.org/0000-0002-3182-3574
http://orcid.org/0000-0003-4134-2042
mailto:sitnova@inasan.ru
https://creativecommons.org/licenses/by/4.0/


Li-rich VMP giant 5977 

o  

L  

(
(
6

a  

‘  

u
w
2
V
e  

w  

w
s  

m  

g  

e
h  

L  

5
[  

i  

p  

s
a

w  

i
F  

b  

S
L  

h
m  

c  

m  

w  

F  

i
d  

i
b  

d
c  

t
s
m
t
a

p
2  

a  

f  

L  

2  

2

g

e  

o
o  

n
g
p

 

a
i  

d  

a  

r  

r  

u  

r  

u  

t
l  

i
p  

M

i  

S  

i  

t  

o

2
P

T
R
=
c  

[  

S
a  

g

S  

s  

�  

l
s
s
a

 

f  

t  

w  

t  

l  

i  

H  

3 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/526/4/5976/7313640 by guest on 08 D
ecem

ber 2023
f ratios for unevolved stars should be considered as upper limits.
ind et al. ( 2013 ), Gonz ́alez Hern ́andez et al. ( 2019 ), and Wang et al.
 2022 ) account for deviations from local thermodynamic equilibrium 

LTE) and hydrodynamic (3D) effects and confirm non-detections of 
 Li in these stars. 

The majority of unevolved VMP stars have normal lithium 

bundance log ε Li 
2 = 2.25, known as the lithium plateau or the

Spite plateau’ (Spite & Spite 1982 ). This value is treated as an
pper boundary for lithium abundances in VMP unevolved stars, 
hich decreases with stellar evolution (see for example Lind et al. 
009b ). Ho we ver, large spectroscopic surveys uncovered a number of 
MP stars with lithium abundances exceeding the Spite plateau. For 

xample, Li et al. ( 2018 ) found 12 VMP stars, including subgiants,
ith log ε Li up to 4.53. Nine of them show sodium enhancement,
hile other measured elements (carbon, magnesium, and barium) 

ho w v alues close to those measured in normal stars with similar
etallicity. Mucciarelli et al. ( 2019 , 2021a ) disco v ered two Li-rich

iant stars in ω Cen. The most Li-rich of these two stars is strongly
nhanced in sodium with [Na/Fe] NLTE = 1.01, while another one 
as [Na/Fe] NLTE = 0.14 in line with other ω Cen stars. The most
i-rich star known to date (Kowkabany et al. 2022 ) has log ε Li =
.62, [Fe/H] = –2.43 and also shows sodium enhancement with 
Na/Fe] = 1.10. Monaco et al. ( 2012 ) found a Li- and Na-rich star
n the globular cluster M4 and suggested that lithium is produced in
arallel to sodium. Ho we ver, it is worth noting that stars with high
odium abundances are common and only a small fraction of them 

re enriched in lithium. 
The mechanism of Li-enhancement in unevolved stars is unclear, 

hile in stars at adv anced e volutionary stages, 7 Li can be produced
n the Cameron–Fowler mechanism (CF mechanism; Cameron & 

owler 1971 ) at the asymptotic giant branch (AGB) and red giant
ranch (RGB) stages as proposed by Cameron & Fowler ( 1971 ) and
ackmann & Boothroyd ( 1999 ), respectively. In addition to high 
i abundance, Cameron & Fowler ( 1971 ) predict in some cases
igh abundances of slow neutron capture (s-process) elements. The 
ost Li-rich star known to date (Kowkabany et al. 2022 ) can be

onsidered as an example of a star that has undergone the CF-
echanism. Ho we ver, observ ations sho w that this is not the only
ay to produce an excess of lithium in a star (Tsantaki et al. 2023 ).
 or e xample, Mott et al. ( 2017 ) found a considerable amount of 6 Li

sotope in a magnetically active metal-rich giant, which suggests a 
ifferent mechanism than CF is responsible for its production. It is
mportant to emphasize that the interpretation of Li-rich stars varies 
etween those that are metal-poor and those that are metal-rich. This
istinction arises because metal-rich stars possess more substantial 
onv ectiv e env elopes and experience distinct levels of mixing during
heir evolution compared to metal-poor stars. Another reason for 
eparating the discussion of lithium enhancement in metal-rich and 
etal-poor stars is the impact of chemical evolution. This is because 

he contribution of lithium production in novae becomes significant 
t higher metallicities. 

Li-rich stars are ubiquitous, and they are found in different Galactic 
opulations, such as globular clusters (see for example Sanna et al. 
020 , and references therein), open clusters (Romano et al. 2021 ),
nd dwarf spheroidal galaxies (Kirby et al. 2012 ). Over the last
e w years, continuous ef forts have been made on observations of
i-rich stars (see for example Casey et al. 2016 ; Deepak & Reddy
019 ; Gao et al. 2019 ; Sanna et al. 2020 ; Martell et al. 2021 ; Yan
 Here, log ε = log N El /N H , where N El and N H are number densities of a 
iven chemical element and hydrogen, respectively. 

i
(
t
4

t al. 2021 , 2022 ; Shahbaz et al. 2022 ; Nepal et al. 2023 ). These
bservations challenge our current theoretical understanding of the 
rigin of lithium and its chemical evolution. To make progress in
ucleosynthesis modelling, observational constraints, not only for a 
iven chemical element, but also comprehensive element abundance 
atterns and isotopic ratios are required. 
In this study, we present the disco v ery of a Li-rich star and perform

 careful stellar parameter and chemical composition determination, 
ncluding for the 6 Li/ 7 Li isotopic ratio. We present a new method to
etermine the lithium isotopic ratio. It is based on a comparison of
bundances from the resonance line, which is sensitive to the 6 Li/ 7 Li
atio, and the subordinate line, which is not affected by the 6 Li/ 7 Li
atio. Our method differs from that used before in the literature since,
ntil now, 6 Li/ 7 Li ratios were determined by fitting the profile of the
esonance line only. It is worth noting that a similar to our method is
sed in the literature to derive the barium odd and even isotope ratio:
he total barium abundance is determined from the weak subordinate 
ines and then the isotope ratio is varied until the same abundance
s achieved from the saturated resonance lines. The idea was 
roposed by Magain & Zhao ( 1993 ) and applied by Magain ( 1995 ),
ashonkina & Zhao ( 2006 ), and Mashonkina & Belyaev ( 2019 ). 
We describe the observations and stellar atmosphere parameters 

n Section 2 . The abundance determination method is presented in
ection 3 . The derived chemical element abundances and the 6 Li/ 7 Li

sotopic ratio are presented in Sections 4 and 5 , respectively. In Sec-
ion 6 , we consider potential scenarios for the high lithium abundance
rigin in the star of interest. Our conclusions are given in Section 7 . 

 OBSERVATI ONS  A N D  STELLAR  

A R A M E T E R S  

he star of interest (Gaia DR3 ID = 1918529631627603072, 
A = 348.71256241851 ◦, DEC = + 41.58961513403 ◦, G 

 13.603 ± 0.003) is selected from the Pristine–Gaia synthetic 
atalogue (Martin et al. 2023 ) and has a photometric metallicity
Fe/H] = −2 . 8 + 0 . 1 

−0 . 2 . It was observed as a backup target of program
22B-094 (PI: Yuan) on the Subaru telescope on September 2022 
nd was selected as a bright extremely metal-poor ([Fe/H] < −3)
iant candidate. 
We obtained its high-resolution spectrum with the High Dispersion 

pectrograph (HDS; Noguchi et al. 2002 ), using the standard StdYd
etup, which provides a wavelength coverage of 4000–6800 Å, R =
λ/ λ = 45 000, and signal to noise ratio S/N = 45 around the Li I

ines for our 600-s exposure. The data is reduced using the IRAF 

3 

cript hdsql 4 that includes CCD linearity correction, scattered light 
ubtraction, aperture extraction, flat-fielding, wavelength calibration, 
nd heliocentric velocity correction. 

The reduced spectrum does not rev eal an y peculiarities, such as,
or example emission lines. The observed line profiles are narrow and
hey are not distorted by rapid rotation. From the available spectrum,
e do not see signatures of stellar activity. Sneden et al. ( 2022 ) found

hat half of the Li-rich stars have a strong He I 10 830 Å absorption
ine, which is an indicator of chromospheric activity and/or mass loss
n red giants. While our spectrum does not co v er this line, another
e I line at λ = 5876 Å is not detected in the available spectrum.
MNRAS 526, 5976–5986 (2023) 

IRAF is distributed by the National Optical Astronomy Observatory, which 
s operated by the Association of Universities for Research in Astronomy 
AURA) under a cooperative agreement with the National Science Founda- 
ion. 
 http:// www.subarutelescope.org/ Observing/ Instruments/ HDS/ hdsql-e.html 

http://www.subarutelescope.org/Observing/Instruments/HDS/hdsql-e.html
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M

Figure 1. Observed H α line profile in the star of interest (solid curv e). F or 
comparison, we show the H α line profile of another star with exactly the same 
stellar parameters, taken with the same instrument (dots). 
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Figure 2. The position of the star of interest (red square) on the T eff -log g 
diagram and the evolutionary track with the corresponding parameters from 

Dotter ( 2016 ) grid. 
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n this regard, a high resolution spectrum covering the He I 10 830
and the Ca II H and K lines would be required to draw a definite

onclusion. It is worth noting that the Balmer H α line is slightly
symmetric and the line centre is shifted towards the blue, as can
e seen in Fig. 1 that shows the observed H α profile in the star
f interest and another star with nearly the same stellar parameters
 eff /log g/[Fe/H] = 4650 ± 80/1.34 ± 0.24/–2.09 ± 0.12 (Sitnova
t al., in preparation) for comparison. Both spectra were obtained
ith the same instrument. 
From the observed spectrum, we measure a radial velocity V r 

 −275.1 ± 0.8 km s −1 , which is in line with the Gaia measurement
 r, Gaia = −274.45 ± 1.80 km s −1 . Gaia DR3 also provides the

enormalized unit weight error RUWE = 0.999. Taking into account
hese data, we assume that this star is a single star. 

We calculate an ef fecti ve temperature T eff = 4690 ± 80 K, a surface
ravity log g = 1.34 ± 0.13, a metallicity [Fe/H] = −2.43 ± 0.07,
nd a microturbulent velocity ξ t = 1.8 ± 0.2 km s −1 . We determine
 eff from Gaia BP −G , G −RP , and BP −RP dereddened colours and

he calibration of Mucciarelli, Bellazzini & Massari ( 2021b ). The
xtinction E(B −V) = 0.12 was adopted from Schlafly & Finkbeiner
 2011 ) and the colours are corrected according to Casagrande &
andenBerg ( 2018 ). Using different colours yields effective temper-
tures that are consistent within 12 K. The uncertainty on T eff is
herefore mainly the uncertainty of 80 K on the calibration, as given
y Mucciarelli, Bellazzini & Massari ( 2021b ). For the distance, we
alculate d = 10.1 ± 1.5 kpc using the Gaia parallax, corrected
ccording to Lindegren et al. ( 2021 ), and following the method of
ailer-Jones ( 2015 ). Given that the uncertainty on the parallax is
ot large (the ratio between the parallax error and the parallax is
5 per cent), we determine the distance from the maximum of the
istance distribution without invoking a prior. With the distance, the
f fecti ve temperature, the bolometric corrections of Casagrande &
andenBerg ( 2018 ), and a mass of 0.8 solar masses, we calculate

he surface gravity log g = 4.44 + log ( m / m �) + 0.4( M bol − 4.75) +
log ( T eff /5780.0), where m � is a solar mass and M bol is an absolute
olometric magnitude. The microturbulent velocity is derived from
he lines of Fe I and Fe II . The derived stellar atmosphere parameters
ead to consistent abundances within 0.02 dex from Fe I and Fe II
ines in the non-LTE analysis. 

Using the derived stellar parameters we compared the position of
he star of interest at the T eff -log g diagram with the corresponding
volution track from Dotter ( 2016 ) grid (Fig. 2 ). The star sits well
n the RGB and its parameters correspond to age of 12.2 Gyr.
onsidering the uncertainties in T eff and log g, we cannot exclude

hat the star may belong to a more advanced evolutionary stage. 
NRAS 526, 5976–5986 (2023) 
 A BU N DA N C E  ANALYSI S  

.1 Codes and model atmospheres 

e use classical 1D model atmospheres from the MARCS model grid
Gustafsson et al. 2008 ), interpolated for the given T eff , log g, and
Fe/H] of the star. 

We solve the coupled radiative transfer and statistical equilibrium
quations with the DETAIL code (Butler & Giddings 1985 ), using
he updated opacity package as presented by Mashonkina et al.
 2011 ). For synthetic spectra calculations, we use the SYNTHV NLTE
ode (Tsymbal, Ryabchikova & Sitnova 2019 ) attached to the IDL

INMAG code (Kochukhov 2018 ). This technique allows us to obtain
he best fit to the observed line profiles with the non-LTE effects
aken into account via pre-calculated departure coefficients (the ratio
etween non-LTE and LTE atomic level populations) for a given
odel atmosphere. When fitting the line profiles, the abundance of

he element of interest is varied together with the macroturbulent
elocity (v mac ) and the radial velocity (v r ). For the star of interest,
he typical uncertainties in these parameters caused by the fitting
rocedure are 0.03 dex, 0.5 km s −1 , and 0.1 km s −1 , respectively.
hese correspond to uncertainties on individual lines, while the real
ncertainties caused by a scatter between different lines are larger.
sing our linelist, we calculate uncertainties of 2.5 km s −1 and 0.8
m s −1 in v mac and v r , respectively. 
The line list for spectral synthesis is extracted from a recent

ersion of the Vienna Atomic Line Database (VALD; Ryabchikova
t al. 2015 ; P akhomo v, Ryabchiko va & Piskuno v 2019 ) that pro vides
sotopic and hyperfine structure components of the spectral lines for
 number of chemical elements. For lithium, the data on the fine and
yperfine structures and isotope shifts originate from Radziemski,
ngleman & Brault ( 1995 ). VALD provides a linelist computed for
olar isotopic ratios. To determine the 6 Li/ 7 Li isotopic ratio, we re-
cale the original data adopting different isotopic ratios. Our average
 TE and non-L TE abundance are presented in Table 2 , abundances

rom individual lines together with their equivalent width and atomic
ata are given in Table 3 . 

.2 Non-LTE effects 

e take into account the departure from LTE for a number of
hemical elements (Li, Na, Mg, Ca, Ti, Cr, Mn, Fe, Zn, Sr, and Ba).
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Table 1. References for the non-LTE methods used in this study. 

Species Reference 

Li I This study 
Na I Lind et al. ( 2022 ) 
Mg I Mashonkina ( 2013 ) 
Ca I Mashonkina, Sitnova & Belyaev ( 2017a ) 
Ti I –II Sitnova et al. ( 2020 ) 
Cr I Bergemann & Cescutti ( 2010 ) 
Mn I Bergemann et al. ( 2019 ) 
Fe I –II Mashonkina et al. ( 2011 ) 
Zn I Sitnova et al. ( 2022 ) 
Sr II Yakovle v a, Belyae v & Mashonkina ( 2022 ) 
Y I –II Ale x ee v a et al. ( 2023 ) 
Ba II Mashonkina & Belyaev ( 2019 ) 
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Figure 3. Top panel: best fit of the Li I 6707 Å non-LTE 1D line profile (solid 
curve), together with the best fit LTE profile (dotted curve). The non-LTE and 
LTE fits correspond to log ε = 3.44 and 3.84, respectively. Dashed lines show 

the contribution from the 7 Li and 6 Li to the non-LTE profile assuming 6 Li/ 7 Li 
= 1.67 per cent. Bottom panel: best fit of the Li I 6103 Å non-LTE (solid 
curve) and LTE line profiles (dotted curve), computed for the same abundance 
log ε = 3.44. The observed spectrum and associated uncertainties of the star 
of interest are represented by the shaded area. 
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e refer the reader to the papers listed in Table 1 for the description
f the model atoms and the mechanism of the non-LTE effects. For
ost chemical elements, we perform non-LTE calculations with the 

pecific model atmosphere, while for Na I , Cr I , Mn I , and Zn I , we
nterpolate the non-LTE corrections ( � NLTE = log ε NLTE –log ε LTE ) in
he pre-calculated grids available in the literature. Our manganese 
bundance relies on the Mn I 4783 Å line only. For this line, the
pdated grid of non-LTE corrections on the MPIA webpage 5 does 
ot co v er our stellar parameters. From the previous v ersion of the
rid, we derive � NLTE = 0.52 and 0.58 dex for the Mn I 4783 and
823 Å lines, respectively. The updated grid provides � NLTE = 0.34 
ex for the Mn I 4823 Å line. We assume the non-LTE corrections
re similar for these two lines and adopt � NLTE = 0.34 dex for the
n I 4783 Å line. 
For the remaining chemical elements (Si, Sc, Ni, and Y), the non-

TE effects are either small or unavailable in the literature for the
tellar parameters investigated in this study. For Si I , non-LTE effects
re minor and can be neglected even in metal-poor stars (Mashonkina, 
elyaev & Shi 2016 ). For Sc II , Mashonkina & Romanovskaya
 2022 ) investigated the departures from LTE and found positive 
on-LTE abundance corrections in metal-poor dwarfs. Ho we ver, we 
annot apply their results obtained for dwarfs to our giant star. The
epartures from LTE for Ni I were investigated in solar atmosphere 
y Bruls ( 1993 ), Vieytes & Fontenla ( 2013 ), Bergemann et al. ( 2021 ),
nd Magg et al. ( 2022 ) and in FGK stars by Eitner et al. ( 2022a ). For
i I lines in the visible range, Eitner et al. ( 2022a ) predict positive
on-LTE abundance corrections, which increase towards higher T eff 

nd lower log g. For example, they found � NLTE = 0.2 dex in model
tmosphere with T eff /log g/[Fe/H] = 5000/3/–2.5. For Y II 4883 and
205 Å lines, we applied non-LTE abundance corrections of � NLTE 

 0.14 dex computed by Alexee v a et al. ( 2023 ) for model atmosphere
ith T eff /log g/[Fe/H] = 5000/2.0/–2.5. 

.3 Lithium abundance determination 

.3.1 Li I model atom 

n the studied star, the Li I 6707 Å resonance line is strong with EW
 426 m Å and its profile cannot be fitted in LTE with any abundance

nd macroturbulent velocity. Non-LTE leads to a strengthened core 
f the Li I 6707 Å line and thus allows us to fit the observed profile
see Fig. 3 ). To account for the non-LTE effects, we construct a
i I model atom. It includes 21 levels of Li I and the ground state
 https:// nlte.mpia.de/ gui-siuAC secE.php 

6

7

f Li II . The list of energy levels and transitions is taken from R.
urucz’s webpage. 6 We included all levels in the model atom, up to

he ionization threshold of 5.39 eV. Levels with an excitation energy
arger than 5 eV are combined into the six superlevels according
o their parity. In the statistical equilibrium calculations, we neglect 
he fine structure and the 6 Li isotope. We adopt photoionization 
ross-sections from the R-matrix calculations of Peach, Saraph & 

eaton ( 1988 ), available in the TOPbase. 7 Inelastic collisions with
ydrogen atoms are taken from Barklem, Belyaev & Asplund ( 2003 ).
lectron impact excitation rates were taken from quantum-mechanic 
alculations of Osorio et al. ( 2012 ), where available. For the re-
aining radiatively allowed and forbidden transitions, electronic 

ollision rates are calculated with the approximate formulae from 

an Regemorter ( 1962 ) and Woolley & Allen ( 1948 ), respectively.
lectron impact ionization rates are calculated with the Seaton ( 1962 )

ormula. 
As a sanity check of our model atom, we compare our non-LTE

esults with those calculated by Shi et al. ( 2007 ) and Lind, Asplund &
arklem ( 2009a ) with their original model atoms. We compute the
on-LTE abundance corrections for the Li I 6707 Å line in a model
tmosphere with T eff /log g/[Fe/H]/ ξ t = 5806/3.69/ −2.42/1.5 and 
og ε Li = 2.2. For this model, Shi et al. ( 2007 ) and Lind, Asplund &
arklem ( 2009a ) provide � NLTE = 0.05 and −0.05 de x, respectiv ely.
ur non-LTE calculations agree with Shi et al. ( 2007 ) and we find

he same � NLTE = 0.05. Here, the � NLTE of Lind, Asplund &
arklem ( 2009a ) was derived by interpolation on a grid of non-LTE
orrections. If we interpolate � NLTE for the resonance line for solar
MNRAS 526, 5976–5986 (2023) 

 http:// kurucz.harvard.edu/ atoms.html 
 http:// cdsweb.u-strasbg.fr/ topbase/ topbase.html 

https://nlte.mpia.de/gui-siuAC_secE.php
http://kurucz.harvard.edu/atoms.html
http://cdsweb.u-strasbg.fr/topbase/topbase.html
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Figure 4. Li I 6103 and 6707 Å line profiles for different line formation 
scenarios, extracted from the BREIDABLIK package for a model atmosphere 
with 4500/1.5/ −2.0 and log ε Li = 3.0. See the legend for the designations. 

m  

a  

n  

�  

t  

a  

i  

B

3

T
l  

a  

Å  

L  

4  

t  

t  

L  

w  

r  

1
 

B  

8

T able 2. Non-L TE and L TE abundance ratios. 

Species log ε � [X/H] [X/FeII] [X/H] [X/FeII] N 

LTE LTE NLTE NLTE 

Li I 1.05 2.23 4.66 2.39 4.82 1 
CH 8.39 –2.83 ± 0.12 –0.40 1 
O I 8.73 < –1.93 < 0.50 < –1.93 < 0.50 1 
Na I 6.29 –2.01 ± 0.01 0.42 –2.36 ± 0.03 0.07 2 
Mg I 7.54 –2.15 ± 0.24 0.28 –2.15 ± 0.19 0.29 2 
Si I 7.53 –2.13 0.30 1 
Ca I 6.31 –2.15 ± 0.14 0.28 –2.09 ± 0.13 0.35 7 
Sc II 3.07 –2.42 ± 0.02 0.02 3 
Ti II 4.93 –2.11 ± 0.11 0.33 –2.08 ± 0.11 0.35 6 
Cr I 5.65 –2.67 –0.24 –2.25 ± 0.07 0.18 1 
Mn I 5.50 –3.15 –0.72 –2.81 ± 0.07 –0.38 1 
Fe I 7.46 –2.50 ± 0.16 –0.06 –2.45 ± 0.16 –0.02 57 
Fe II 7.46 –2.43 ± 0.07 0.00 –2.43 ± 0.07 0.00 6 
Ni I 6.22 –2.52 ± 0.01 –0.09 2 
Zn I 4.65 –2.36 0.07 –2.21 ± 0.07 0.22 1 
Sr II 2.90 –2.54 ± 0.00 –0.11 –2.52 ± 0.01 –0.09 2 
Y II 2.20 –2.73 ± 0.02 –0.29 –2.59 ± 0.02 –0.15 2 
Ba II 2.18 –3.06 ± 0.15 –0.62 –3.05 ± 0.18 –0.62 4 

Note. The abundance uncertainty is calculated as the dispersion of the sin- 
gle line measurements around the mean σ = 

√ 


( log ε − log ε i ) 2 / ( N − 1) , 
where N is the total number of lines. 

T able 3. NL TE and L TE abundances from individual lines and their atomic 
data. 

Species λ, E exc , loggf EW, log ε log ε 
Å eV m Å LTE NLTE 

Li I 6103.65 1.85 0.58 71.5 3.27 3.44 
Li I 6707.91 0.00 0.17 426.0 – 3.44 
CH 4313.00 – – – 5.56 –
O I 6300.30 0.00 –9.78 6.6 < 6.80 < 6.80 
Na I 5889.95 0.00 0.11 228.4 4.28 3.95 
Na I 5895.92 0.00 –0.19 201.7 4.29 3.91 

Note. This table is available in its entirety in a machine-readable form in the 
online journal. A portion is shown here for guidance regarding its form and 
content. 

Table 4. 3D abundance corrections for the node model atmospheres. 

T eff log g [Fe/H] log ε Li � 3D, 6707 � 3D, 6103 

4500 1.5 –3.00 3.00 0.09 –0.02 
4500 1.5 –3.00 3.50 0.15 –0.01 
4500 1.5 –2.00 3.00 0.14 –0.04 
4500 1.5 –2.00 3.50 0.20 –0.03 
4500 2.0 –2.00 3.50 0.31 –0.05 
4750 1.5 –3.00 3.00 0.09 –0.02 
4750 1.5 –3.00 3.50 0.15 –0.01 
4750 1.5 –2.00 3.00 0.14 –0.04 
4750 1.5 –2.00 3.50 0.20 –0.03 

4690 1.5 –2.42 3.44 0.17 –0.02 
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odel atmosphere and a metal-poor giant with 4500/1.5/ −2.0/2.0
nd [Li/H] = 0, we find � NLTE = 0.05 and 0.15 de x, respectiv ely. Our
on-LTE corrections are 0.1 dex smaller for both model atmospheres:
 NLTE = −0.05 and 0.05 dex. This discrepancy can be explained by

he recent findings of Wang et al. ( 2021 ) that non-LTE corrections
re ‘up to 0.15 dex more negative than in previous work’ due to the
ncorrect accounting of the Li I ultraviolet lines in Lind, Asplund &
arklem ( 2009a ). 

.3.2 3D effects 

o estimate the impact of the 3D effects on the Li I 6103 and 6707 Å
ines, we adopt synthetic spectra grid computed by Wang et al. ( 2021 )
nd the BREIDABLIK package. 8 Fig. 4 shows the Li I 6103 and 6707

line profiles extracted for different line formation scenarios (1D
 TE, 3D L TE, 1D NL TE, and 3D NL TE) in a model atmosphere with
500/1.5/ −2.0 and log ε Li = 3.0. For the subordinate Li I 6103 Å line,
he 3D NLTE profile is slightly stronger than the 1D NLTE one, which
ranslates to a −0.04 dex abundance difference. For the resonance
i I 6707 Å line, the 3D NLTE calculation results in slightly stronger
ings, but a weaker line core compared to the 1D NLTE case, which

esults in a 0.14-dex abundance difference between 3D NLTE and
D NLTE. 
We extract 1D non-LTE and 3D non-LTE synthetic spectra from

REIDABLIK for the node models around the stellar parameters
NRAS 526, 5976–5986 (2023) 

 https:// github.com/ ellawang44/ Breidablik

g  

n  

t  
f the star of interest. Integrating the synthetic profiles and using
he growth curve we compute the 3D abundance corrections for each
ode model that were used for the interpolation of the 3D corrections,
ssuming the atmospheric parameters of our star (Table 4 ). We
nterpolate 3D corrections in T eff , [Fe/H], and log ε Li . The surface
ravity is fixed with log g = 1.5 since the BREIDABLIK grid does
ot contain synthetic spectra for models with log g < 1.5. To estimate
he impact of log g on 3D corrections, we provide test calculations for

https://github.com/ellawang44/Breidablik
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T able 5. Non-L TE abundance from the Li I 6707 Å line as a function of the 6 Li/ 7 Li isotopic ratio, together 
with the corresponding best-fitting macroturbulent and radial velocities. 

Reference 

6 Li/ 7 Li, per 
cent log A v mac , km s −1 � v r , km s −1 

Test 50 2.94 2.1 –2.5 
Meteorites; McDonough et al. ( 2003 ) 8.3 3.19 3.8 –1.1 
Active K dwarf; Christian, Mathioudakis & 

Jevremovi ́c ( 2008 ) 
5.0 3.27 4.2 –0.8 

Solar spot; Ritzenhoff, Schroter & Schmidt ( 1997 ) 3.0 3.35 4.7 –0.5 
Test 2.0 3.41 5.0 –0.4 
Test 1.5 3.44 5.1 –0.2 
RGB bump/early-AGB; Kowkabany et al. ( 2022 ) 0.5 3.54 5.7 0.1 
Spite plateau; Wang et al. ( 2022 ) 0 3.64 6.1 0.2 

Note. Non-LTE abundance from the Li I 6103 Å line log ε = 3.44, an average v mac = 5.1 ± 2.5 km s −1 

from other spectral lines. 
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odel with 4500/2.0/ −2.0 and log ε Li = 3.5 (Table 4 ). Finally, based
n the Li I 6707 Å and 6103 Å lines of the spectrum, we calculate
 3D = −0.17 dex and 0.02 dex, respectively. 
It is worth noting that the calculations of Wang et al. ( 2021 ) account

or only the primary lithium isotope, 7 Li. Given that the contribution 
f the 6 Li isotope is two orders of magnitude smaller than that of
 Li, and considering that we use the synthetic spectra of Wang 
t al. ( 2021 ) for a self-consistent determination of 3D abundance
orrections by comparing their 3D NLTE and 1D NLTE profiles, we 
ssume that the impact of 6 Li on the 3D corrections is small compared
o the 3D corrections themselves. Further 3D NLTE calculations 
ith different lithium isotopic ratios would be helpful in this 

egard. 
Here, we speculate on the impact of 6 Li on the 3D abundance

orrections for the Li I 6707 Å line. As shown in Fig. 4 (bottom
anel), the wings of the 3D profile are stronger, while the core
ppears weakened compared to the 1D profile. This implies that, 
n average, the 3D model atmosphere is cooler in deep layers and
otter in high layers compared to the 1D model. Strengthened and 
eakened line profiles result in ne gativ e and positive 3D abundance

orrections, respectively. Depending on the Li I 6707 Å line strength, 
he corresponding 3D corrections may have different sign and 
bsolute value depending on a contribution from the wings and the 
ore, i.e. line formation depths. 

Including 6 Li results in a broader profile and a larger contribution 
rom deep atmospheric layers to the total profile. In other words, 
hen both isotopes are considered, the line will, on average, form at
eeper atmospheric layers. Thus, including 6 Li will lead to a smaller 
D abundance correction due to the larger contribution from the 
ings. Smaller 3D correction for the Li I resonance line results in a

maller 6 Li/ 7 Li ratio. Thus, our 3D 

6 Li/ 7 Li ratio can be considered
s an upper limit. 

.3.3 Testing the method with r efer ence star HD 140283 

ur measurement of a lithium isotopic ratio assumes that the two Li I
ines yield consistent lithium abundances when we infer the correct 
sotopic ratio (see Section 5 ). In order to test this assumption, we
rst analyse the two Li I lines of unevolved low-metallicity stars
ith normal lithium abundances. For these stars on the Spite plateau, 
D non-LTE analyses of the Li I 6707 Å line profiles showed that
here is no detectable 6 Li in their atmospheres (Lind et al. 2013 ;
onz ́alez Hern ́andez et al. 2019 ; Wang et al. 2022 ). The goal of our

est is to verify if we get consistent abundances from Li I 6103 and
707 Å lines for these stars with 6 Li/ 7 Li = 0. We also note that their
i I 6707 Å lines are weak and the lithium isotope ratio does not
ffect their strength. 

We first test our lithium abundance determination method with 
he well-studied metal-poor star HD 140283. We adopt T eff /log 
/[Fe/H]/ ξ t = 5780/3.70/2.38/–2.43/1.3, with its T eff and log g taken 
rom Sitnova et al. ( 2015 ) and in agreement with T eff = 5787 ± 48 K,
s measured by Karo vico va et al. ( 2018 ), and log g = 3.66 ± 0.03,
alculated using the Gaia parallax (Gaia Collaboration et al. 2021 ).
he metallicity and the microturbulent velocity are taken from the 
on-LTE analysis of iron lines performed by Mashonkina et al. 
 2019 ). 

We use a high-resolution and high S/N spectrum of HD 140 283
aken on 2017 January 27 with the same instrument (Subaru/HDS) 
nd reduced using the same procedure as for the star of interest (see
ection 2 ). We calculate signal-to-noise ratios of S/N = 1080 and
090 around the Li I 6103 Å and 6707 Å lines, respectively. This high
uality spectrum ensures reliable line profile fitting and gives EW 

 1.6 and 47.8 m Å for the subordinate and the resonance line, and
he corresponding uncertainties in abundances of 0.09 and 0.01 dex. 
n 1D non-LTE, Li I 6103 Å and 6707 Å give log ε NLTE = 2.22 and
.27, respectiv ely. F or both Li I lines in HD 140283, 3D effects lead
o weakened lines and positive abundance corrections: � 3D = 0.07 
nd 0.09 for Li I 6103 Å and 6707 Å, respectively. Thus, for HD
40 283, the two lines give consistent results within the uncertainties
or the non-LTE abundances, either in 1D or after applying the 3D
bundance corrections. To make sure that HD 140 283 is not an
solated case, we apply our non-LTE method for lithium abundance 
etermination from the Li I 6103 and 6707 Å lines on a sample of
tars. 

.3.4 Testing the method with a sample of MP stars 

e further test our assumption using 22 stars on the Spite plateau
rom Asplund et al. ( 2006 ; hereafter, A06 ), which provided stellar
arameters and equi v alent widths for the 6103 and 6707 Å lines. We
ederive lithium abundances from each of the two lines adopting the
tellar parameters from A06 and Fig. 5 shows the non-LTE and LTE
bundance differences between the two Li I lines. In LTE, the Li I
707 Å line gives, on average, 0.06 dex higher abundance compared 
o the 6103 Å line, while they are −0.02 dex lower in non-LTE. Thus,
on-LTE reduces the abundance difference between the two lines. 
A06 determined T eff from fitting the H α wings in LTE but
ashonkina et al. ( 2008 ) found that fitting the wings of the Balmer
MNRAS 526, 5976–5986 (2023) 
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Figure 5. Non-LTE (blue circles) and LTE (red squares) abundance differ- 
ences between the Li I 6707 Å and 6103 Å lines in a sample of MP stars 
with normal lithium abundances. For comparison, the bottom panel shows 
the same as in the top panel, but with T eff increased by 100 K. 

Table 6. Impact of the uncertainties on different values on the Li abundance. 

Line T eff log g ξ t Continuum � 3D Total 
Å 80 K 0.13 0.2 km s −1 2 per cent 

6103 0.05 0 0 0.07 0 0.09 
6707 0.10 0 0 0.04 0.02 0.11 

l  

c  

T  

c  

s  

t  

t  

t  

l  

d  

I  

a  

w  

r
 

s  

6

Figure 6. Non-LTE [Na/Fe] ratios in the star of interest (red square) and 
comparison sample giants (black circles) from Mashonkina et al. ( 2017b ). 

4

I  

o  

4  

p  

t  

[  

a
 

w  

s  

k  

l  

n  

i  

d  

w  

i
 

r  

f  

=  

(  

S  

w  

M
 

t  

l  

w  

M
 

L
a  

r
a  

r

5

W  

fi  

o  

t  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/526/4/5976/7313640 by guest on 08 D
ecem

ber 2023
ines in non-LTE leads to ∼60 K higher T eff compared to the LTE
ase. Amarsi et al. ( 2018 ) found that, in metal-poor turn-off stars,
 eff determined from the wings of H α in 3D non-LTE is 150 K higher
ompared to 1D LTE. A systematic uncertainty in T eff results in a
ystematic discrepancy in abundances between the two lines, since
he resonance line is more affected by changes in T eff compared to
he subordinate line (see Table 6 ). As a test, we increase the ef fecti ve
emperatures of A06 by 100 K and calculate the non-LTE and LTE
ithium abundances. Fig. 5 (bottom panel) presents the abundance
ifferences between the two Li I lines derived with the increased T eff .
n non-LTE, the two lines give consistent abundances, and, on aver-
ge, the abundance difference � (6707 −6103) NLTE = 0.00 ± 0.06,
hile the LTE assumption results in a larger abundance from the

esonance line and � (6707 −6103) LTE = 0.09 ± 0.06. 
In conclusion, our test calculations show that, in different VMP

tars, non-LTE leads to consistent abundances from the Li I 6707 and
103 Å lines. 
NRAS 526, 5976–5986 (2023) 
 A BU N DA N C E S  

n total, we derive abundances for 16 chemical elements in the star
f interest. Carbon abundance determination is based on the CH
300 Å G band and its error is estimated by applying a continuum
lacement shift, which results in [C/Fe] = –0.40 ± 0.12. Accounting
he luminosity of the star of interest log(L/L �) = 2.6, the derived
C/Fe] is typical for VMP stars with normal carbon abundance
ccording to Aoki et al. ( 2007 ) classification. 

Our observed spectrum covers the [O I ] 6300 Å forbidden line
avelength range, ho we ver, this line is not detected. Using this

pectral region and applying the macroturbulent velocity v mac = 5.1
m s −1 , we estimated an upper limit [O/Fe] < 0.50. The forbidden
ine is immune to the departures from LTE, thus, we do not perform
on-LTE calculations for O I . A typical [O/Fe] ratio in VMP stars
s [O/Fe] = 0.6 (see for example Cayrel et al. 2004 ). Although the
erived upper limit is lower compared to the typical ratio, a spectrum
ith higher signal to noise ratio is required to pro v e that the star of

nterest indeed has low oxygen abundance. 
Different α-elements (Mg, Si, and Ca) and Ti show similar [ α/Fe]

atios ( ∼0.3). Scandium, chromium, nickel, and zinc abundances
ollow iron within the uncertainties. For manganese, we find [Mn/Fe]
 −0.4, which is in line with the non-LTE trend found by Eitner et al.

 2022b ) for halo stars. Neutron-capture elements are represented by
r, Y, and Ba. In non-LTE we find [Sr/Ba] = 0.5 and [Ba/H] = −3.0,
hich is in line with expectations for a typical metal-poor star in the
W halo (see for example Mashonkina et al. 2017b ). 
The abo v e element abundances are similar for those measured in

ypical metal-poor halo stars with similar [Fe/H]. The exceptions are
ithium and sodium. In non-LTE, we calculate [Na/Fe] = 0.07 ± 0.03,
hich is higher compared to [Na/Fe] = −0.4 found in non-LTE by
ashonkina et al. ( 2017b ) for stars with similar [Fe/H] (Fig. 6 ). 
The star is strongly enhanced in lithium such that the subordinate

i I 6103 Å line is clearly detected (Fig. 3 ). It has EW = 72 m Å
nd gives log ε = 3.44 in non-LTE regardless of the adopted 6 Li/ 7 Li
atio. The resonance Li I 6707 Å line is strong with EW = 426 m Å
nd, in contrast to the subordinate line, it is sensitive to the isotopic
atio. 

 

6 LI /  7 LI  ISOTOPIC  R AT I O  

e determine the lithium isotope ratio from the Li I 6707 Å line. Our
tting procedure for this line is similar to what we adopted for the
ther lines in the spectrum, which yields the log ε Li that minimizes
he difference between the observed and synthetic spectra. We fit
he resonance line adopting different 6 Li/ 7 Li isotope ratios from 0
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Figure 7. Li I 6707 Å non-LTE 1D line profiles calculated with 6 Li/ 7 Li = 

0.5 per cent and log ε = 3.54 (red solid curve); 6 Li/ 7 Li = 8 per cent and 
log ε = 3.54 (purple dashed curve); and 6 Li/ 7 Li = 8 per cent and log ε = 3.19 
(green dotted curve). The observed spectrum of the investigated star is shown 
with dots. 

Figure 8. Top panel: non-LTE abundance difference between the Li I 6707 
and 6103 Å lines in 1D (dotted curve) and after applying 3D corrections 
(dashed curve) as a function of 6 Li/ 7 Li isotopic ratio. The uncertainty in 
abundance difference of 0.1 dex is shown with the shaded area. Bottom panel: 
probability distribution functions in 1D (dotted curve) and after applying 3D 

corrections (dashed curve) as a function of 6 Li/ 7 Li isotopic ratio. Horizontal 
lines indicate limitations on 6 Li/ 7 Li from analysis of v r and v mac of the 
best-fitting profiles. 
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er cent to 50 per cent (Table 5 ). For each of the ratios, we vary
he abundance, log ε Li , and adjust line position and width. Since the
trength of this line depends on both the lithium isotope ratio and
he lithium abundance, we obtain different best-fit abundances when 
ifferent isotope ratios are assumed (see Fig. 7 ). Table 5 lists the
arameters (log ε Li , v mac , and v r ) of the best-fitting synthetic spectra
f the Li I 6707 Å computed for different 6 Li/ 7 Li isotope ratios. This
s also illustrated in Fig. 8 , where we show the abundance difference
etween the Li I 6103 Å line and best-fitting abundances from Li I
707 Å as a function of the isotope ratio. By requiring the best-
tting abundance to be consistent with the log ε Li we obtained from
he 6103 Å line, we constrain the 6 Li/ 7 Li isotope ratio. 

The isotope ratio impacts the best-fitting abundance significantly, 
nd it also affects the profiles of Li I 6707 Å. There are multiple
ombinations of log ε Li , v mac , v r , and the corresponding 6 Li/ 7 Li ratios
hat provides a reasonable fit of the resonance line (see Fig. 7 ). This
e generac y means that log ε Li and 6 Li/ 7 Li can hardly be both deter-
ined from the resonance line only. We o v ercome this de generac y by

etermining the abundance from the subordinate line. Our method is 
rimarily sensitive to the strength of the Li I 6707 Å line and it does
ot rely on the information in the line profile or position. Therefore,
t does not require a detailed characterization of the instrument, data
eduction, and broadening mechanism. As a sanity check, we control 
 mac and v r of our 1D best-fitting profiles of Li I 6707 Å, to make sure
hat they are consistent with an average v mac = 5.1 ± 2.5 km s −1 

nd v r = −275.1 km s −1 derived from other spectral lines. 
Our spectral fitting is based on the 1D non-LTE analysis described

n Section 3.3.1 . Since the best-fitting abundances could differ when
ne uses a 3D model atmosphere, we apply the grid-based correction
f Wang et al. ( 2021 ) on the best-fitting abundances as described in
ection 3.3.2 . We note that we focus on the 3D effect on the obtained
est-fitting abundances and that the line shape difference between 
D and 3D synthetic spectra does not matter in our analysis. 
As our measurement of the isotope ratio comes from the best-fitting

bundances obtained from the two lines, we only need to consider
he uncertainties in the abundances, more precisely the uncertainty 
n the difference between the best-fitting abundances obtained from 

he two lines, and propagate it to the estimate of the isotope ratio.
e adopt 0.1 dex as the uncertainty in the difference between the

est-fitting abundances taking the followings into account: stellar 
tmosphere parameters (80 K in T eff , 0.13 dex in log g, 0.2 km s −1 in
t ), a 0.02-dex uncertainty in the 3D corrections, and a 2-per cent
hift in the continuum normalization of the observed spectrum. 
ncertainties in T eff and continuum placement mostly contribute 

o the total uncertainty, while changes in log g and ξ t produce a
egligible ( < 0.01 dex) shift in abundance (Table 6 ). 
Fig. 8 shows the difference between best-fitting non-LTE abun- 

ances from the Li I 6103 and 6707 Å lines as a function of the
sotope ratio. In 1D non-LTE (blue dotted lines), we find that 6 Li/ 7 Li
 1.64 + 1 . 49 

−1 . 08 per cent provides consistent abundances from the two 
ines. Note that the abundances from the two lines are inconsistent at

ore than the 2 σ level if we assume 6 Li/ 7 Li = 0, strongly indicating
he presence of 6 Li in the atmosphere. The 3D correction increases
he best-fitting abundance from the Li I 6707 Å line by 0.17 dex
nd decrease that from the subordinate line by 0.02 dex, making the
etection of 6 Li more significant and increasing the 6 Li/ 7 Li ratio to
.65 + 5 . 05 

−2 . 51 per cent. 
It is not straightforward to understand the origin of 6 Li in the

nvestigated Li-rich star. Cameron & Fowler ( 1971 ) mechanism, 
hich is one of the proposed mechanisms for the origin of Li-excess

n Li-rich giants, produces only the 7 Li isotope. While our 1D non-
TE analysis result does not rule out this scenario, an application of
he 3D correction leads to a 0.24-dex difference in the best-fitting
bundances between the two lines, which is a severe discrepancy 
iven the uncertainties. 
Our lithium abundance and isotope ratio determinations are based 

n the two lines co v ered by the available observed spectrum.
o we ver, our analysis would further benefit from observations of
ther Li I lines whose strengths are insensitive to the assumed isotope
atio. Such lines would narrow down the log ε Li range allowed,
nabling us to put a stronger constraint on the lithium isotope ratio
rom the Li I 6707 Å line. One such lines is Li I 8126 Å, for which
MNRAS 526, 5976–5986 (2023) 
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e predict EW = 42 and 37 m Å in non-LTE and LTE, respectively,
hen using log ε Li = 3.44. 

 DISCUSSION  

he star of interest is likely a single star with mostly normal chemical
omposition. The exceptions are extremely high Li abundance, an
xcess of 0.5 dex in [Na/Fe], and potentially low oxygen abundance
ith an upper limit [O/Fe] < 0.5, which is at least 0.1 dex lower than

he typical value. A slightly asymmetric H α profile reveals a signature
f disturbance in the stellar atmosphere. The blue-shifted core H α

ay argue for outward moving upper atmospheric layers and mass
oss. As for the evolutionary status of the star of interest, its position
n the T eff –log g suggests that the star can be either RGB or AGB star.
AGB stars can exhibit the infrared colour excess caused by their
ass loss. Some Li-rich giants show the IR excess, and those of them
ith WISE (Wide-field Infrared Surv e y Explorer; Wright et al. 2010 )

olour W1–W4 > 1 are the most Li-rich with log ε Li > 2.0 (Rebull
t al. 2015 ). For the star of interest, the IR colour excess W1–W4
 11.093 ± 0.23–9.113 = 1.98. Ho we ver, its W4 magnitude should

e applied with caution, since it is uncertain and measured with S/N
atio of smaller than 2. 

Calculations predict that self-enrichment with lithium through the
F mechanism may occur at different evolutionary stages: (i) RGB
ump stars (for example Charbonnel & Balachandran 2000 ; Yan
t al. 2018 ); (ii) upper RGB stars (for e xample Denissenko v &
andenBerg 2003 ); and (iii) early AGB stars (for example Char-
onnel & Balachandran 2000 ). Given that the extremely high Li-
nhancement is rapidly destroyed and taking into account the results
f asteroseismic investigations of Li-rich stars as described in Yan
t al. ( 2021 ) where no RGB stars were found with log ε Li > 2.6,
e assume that the latter scenario is the most likely for the star of

nterest. High sodium abundance also supports this guess. Spite et al.
 2006 ) investigated a sample of VMP stars and found that the most
uminous of their sample giants show higher [Na/Fe] with respect to
heir fainter counterparts, and they might be AGB but not RGB stars.
n those stars, proton capture process converts C and O to N and also
e to Na, resulting in C and O depletion and Na enhancement. Thus,
iv en the abo v e properties of the star of interest, we conclude that it
s likely an AGB star experiencing a Li-flash. 

Regarding the potential presence of 6 Li in the star of interest, it’s
mportant to highlight that 2 σ detection is achieved when applying
D corrections based on the calculations from Wang et al. ( 2021 ).
t is worth noting that these 3D NLTE calculations hav e nev er been
ested with Li-rich stars. Testing a method is an important step, and
mploying calculations that have not previously undergone validation
ith observational data may yield unexpected outcomes. To perform

est calculations, one can adopt Li-rich stars where no less than three
i I lines (6707, 6103, 4602, 8126 Å, and so on) are detected in

heir spectra. The criterion of the calculation accuracy is consistent
bundances from different Li I lines in stars with accurate stellar
arameters and high quality observed spectra. 
If our detection of 6 Li is definitively confirmed in future, it may

e explained as follows. While CF mechanism produces 7 Li only
nd operates in stellar interiors, the acceleration of particles in late
ype stars with chromospheric activity could generate 6 Li and 7 Li
n the upper photospheric layers (Canal, Isern & Sanahuja 1975 ;
ivshits 1997 ). For example, in solar flares, Livshits ( 1997 ) predicts
 temporary enrichment in lithium abundance up to log ε Li = 2,
hich drops down to typical solar value log ε Li = 2 within 3 h.
lthough it is assumed that chromospheric activity decreases with
NRAS 526, 5976–5986 (2023) 
tellar age, Takeda & Takada-Hidai ( 2011 ) and Smith, Dupree &
 ̈unther ( 2016 ) detected He I 10 830 Å line in old stars with

Fe/H] down to −3.7. The hypothesis of 6 Li origin in the star of
nterest via chromospheric activity can be checked by obtaining
n additional observed spectrum. It could be confirmed or rejected
epending on whether variation in Li I 6707 Å line profile will be
ound or not. 

 C O N C L U S I O N S  

e report the disco v ery of a VMP Li-rich giant star (with ef fecti ve
emperature T eff = 4690 ± 80 K, surface gravity log g = 1.34 ± 0.13,

etallicity [Fe/H] = −2.43 ± 0.07). We find that its Li abundance
og ε Li = 3.42 ± 0.07 and 3.44 ± 0.07 in non-LTE 3D and non-
TE 1D, respectively. We construct a model of Li I atom based on
he accurate atomic data available to date and perform the non-LTE
alculations with this model. To account for 3D effects for Li I , we
dopt data from Wang et al. ( 2021 ). 

From the comparison of the non-LTE abundances from two lines,
e determine the isotopic ratio 6 Li/ 7 Li = 1.64 + 1 . 49 

−1 . 08 per cent in 1D
nd 6 Li/ 7 Li to 5.65 + 5 . 05 

−2 . 51 per cent when applying the 3D corrections.
o our knowledge, this is the first 6 Li/ 7 Li measurement in a Li-rich
MP star. 
The proposed method to determine the 6 Li/ 7 Li isotope ratio relies

n the analysis of the resonance Li I 6707 Å line in conjunction
ith the subordinate line. Fixing the lithium abundance from the

ubordinate line that is not sensitive to variations in the 6 Li/ 7 Li
atio, we o v ercome a de generac y between lithium abundance and
he 6 Li/ 7 Li isotopic ratio, which both impact the resonance Li I 6707

line. This method can be applied to other Li-rich stars where no
ewer than two Li I lines can be detected. 

We suggest that the star of interest is likely an early AGB star ex-
eriencing a Li-flash. Our interpretation of the lithium enhancement
n the star of interest strongly depends on the line formation scenario
dopted for the 6 Li/ 7 Li ratio determination: 1D non-LTE allows
ithium to be produced in the CF-mechanism inside the star, while
D non-LTE solidly argues for the presence of a significant amount
f 6 Li, which excludes lithium production in the CF-mechanism.
t is worth noting that 6 Li and 7 Li can be produced by spallation
rocesses in atmospheres of stars with chromospheric activity (Canal,
sern & Sanahuja 1975 ; Li vshits 1997 ). Ho we ver, we postpone the
nterpretation of the presence of 6 Li isotope in the star of interest until
omprehensive 3D NLTE calculations that account for both isotopes
ave been verified through testing with Li-rich stars. 
In total, we derive abundances for 16 chemical elements from

i to Ba. The investigated star shows high [Na/Fe] = 0.07 ± 0.03,
hich is 0.5 dex higher compared to normal stars with similar [Fe/H].
ther chemical element abundances are similar to those found in the

iterature for VMP stars. 
The star presented here joins the sample of rare Li-rich VMP stars,

tudies of which can shed light on the mystery of lithium production
nd its abundance e volution. The deri ved abundances and the isotopic
atio can be used as an observational constraint on the poorly known
echanisms of lithium production. For further investigations of the
i-rich stars phenomenon, namely its possible connection with stellar
ctivity together with more robust spectral line formation modelling,
bserved spectra in a wide wavelength range that co v ers the He I
0 830 Å, the Ca II H and K lines, and the Li I 8126 Å line would be
elpful. 
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