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ABSTRACT

Context. The discrepancy between the predictions of Big Bang nucleosynthesis and the lithium abundance observed in the oldest stars
of our Galaxy, known as the cosmological lithium problem, has long been regarded as a challenge to the fields of both cosmology and
astrophysics.

Aims. In light of recent theoretical advances concerning the transport of chemicals and angular momentum in Population I low-mass
stars, we re-examine the stellar depletion hypothesis to explain the lithium plateau, which spans a wide range of metallicities over a
specific range of stellar effective temperature.

Methods. We computed stellar evolution models with the code STAREVOL, including the same input physics that enable self-
consistent reproduction of the Li depletion in the Sun and stars in open clusters, while accounting for internal rotation consistent with
asteroseismic constraints. In addition to atomic diffusion and parametric turbulence, which were considered in previous studies of Li
depletion along the plateau, our models include rotation-induced hydrodynamical processes and additional parametric viscosity for
the transport of angular momentum as well as penetrative convection with a rotational dependence, and magnetic braking.

Results. As in the case of Pop I stars, the mixing obtained with the current prescriptions for vertical and horizontal shear turbulence
induced by rotation is insufficient to reproduce the Li constraints, and parametric turbulence is required. Even if the nature of the
turbulence has yet to be identified, we show that the compactness of Pop II low-mass dwarf stars shall naturally lead to similar Li
depletion over a large domain in the [Fe/H]-T.x plane, resulting in a plateau with little dispersion. We calibrated the efficiency of the
turbulence to fit the abundance of Li in Pop II stars selected from the GALAH DR3 spectroscopic survey and from an homogeneous
reanalysis of abundances from the literature. This calibration also enables the reproduction of lithium and magnesium trends in post-
turnoff stars of the globular cluster NGC 6752. The same stellar structure considerations consistently explain the observed change of
Li depletion and the dispersion regime for [Fe/H] above —1.5 dex, that is, at the transition in metallicity between Pop II to Pop I stars.
Conclusions. Our results provide new constraints to the physical processes that transport chemicals and angular momentum in stellar
interiors. They offer a comprehensive way to reproduce the observed Li patterns in low-mass dwarf stars across the entire Galactic
metallicity range covered by spectroscopic surveys, including the most Fe-poor regime, as supported by the Li value in the non-CEMP
star that lies on the plateau at [Fe/H] below —5.8 dex. Our careful analysis of the other very metal-poor stars with lower Li abundances
supports the environmental origin of the so-called meltdown regime. Finally, the expected plateau-to-scatter transition pattern further

supports the stellar solution to the cosmological problem.
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1. Introduction

The heaviest and most abundant lithium isotope ("Li, hereafter
Li) is known to be the only one in the periodic table that has
three different astrophysical sources: thermonuclear reactions in
the expanding universe during the first minutes after the Big
Bang (so-called Big Bang nucleosynthesis, or BBN), spallation
nuclear reactions between Galactic cosmic rays (GCR) and inter-
stellar matter, and thermonuclear reactions in stars. The first of
the three sources of Li was theoretically predicted by BBN mod-
els (Wagoner et al. 1967) and observationally confirmed by the
discovery of the so-called Spite plateau (Spite & Spite 1982a).
The second one was theoretically predicted by Reeves et al.
(1970) and observationally inferred by the fact that the minor
isotope °Li can only be produced in GCR (Meneguzzi et al.
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1971). The contribution of those two sources together has been
quantitatively evaluated to less than half of the solar abundance
of Li (Prantzos 2012); this makes the stellar source the most
important Li producer in the Universe. However, although sev-
eral stellar sites of Li production have been identified over the
years (novae, red giants, asymptotic giant branch stars, core-
collapse supernovae and even merging white dwarfs) and despite
decades of theoretical and observational efforts, the major con-
tributor (assuming there is one) has not been identified yet. The
reasons are both theoretical and observational.

Indeed, the yields of the various candidate sources are
still highly uncertain. This concerns stars on the red giant
branch (RGB; Sackmann & Boothroyd 1999), the asymptotic
giant branch (AGB; Sackmann & Boothroyd 1992; Iwamoto
2009; van Raai et al. 2012; Karakas & Lugaro 2016), classi-
cal novae (Arnould & Norgaard 1975; Starrfield et al. 1978,
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2020; José & Hernanz 1998; José et al. 2006; Denissenkov et al.
2014), core-collapse supernovae (Woosley et al. 1990; Woosley
& Weaver 1995; Nakamura et al. 2010; Kusakabe et al. 2019),
or merging white dwarfs (Longland et al. 2012). This limits
the predictive power of Galactic chemical evolution models
(Travaglio et al. 2001; Prantzos 2012; Matteucci et al. 2021;
Roca-Fabrega et al. 2021; Romano etal. 2021; Kemp et al.
2022; Grohs & Fuller 2023). Interest in novae has been revived
in recent years through observations and quantitative evaluation
of their Li yields (see Molaro et al. 2023, and references therein).
However, the uncertainties affecting the evolution of the nova
rate as well as the overproduction of minor CNO isotopes by
nova models if novae are the major Li producers still prevent
a definitive conclusion (José & Hernanz 1998; Prantzos et al.
2017).

On the other hand, the theoretical contribution of BBN
(so-called primordial Li) is constrained to a very high
degree of accuracy in the standard cosmological model from
the analysis of the Cosmic Microwave Background (CMB;
Planck Collaboration VI 2020, 2021) and nuclear and particle
physics (e.g. Steigman 2007; Cyburt et al. 2016; Pitrou et al.
2018; Iliadis & Coc 2020; Hayakawa et al. 2021; Pizzone et al.
2023). However, the primordial Li/H value predicted by
BBN+CMB exceeds by a factor of approximately three the so-
called Li plateau on which the highest photometric Li abun-
dances have been observed in old metal-poor Galactic turnoff
stars are lying, which are the only observable relics of the early
Universe for this isotope (Spite & Spite 1982b; Rebolo et al.
1988; Thorburn 1994; Ryan et al. 2001b; Charbonnel & Primas
2005; Sbordone et al. 2010; Hosford et al. 2010; Gao et al.
2020). The Li plateau extends over a wide range in [Fe/H]
(up to —1.5dex, with a possible meltdown in the very Fe-
poor regime below ~-3.0dex; e.g. Matsuno et al. (2017) and
references therein) and a specific range in effective temper-
ature (above ~5800—6000K, depending on the observational
studies; e.g. Norris et al. 2023, hereafter N23, and references
therein). A similar Li plateau has been discovered in dwarf
spheroidal and ultra-faint galaxies, as well as in accreted satel-
lites such as Gaia-Enceladus and three members of the S2-
Stream (Mucciarelli et al. 2014; Hill et al. 2019; Molaro et al.
2020; Aguado et al. 2021; Matteucci et al. 2021). It has also
been found in w Centauri (Monaco et al. 2010). This pattern
thus does not depend on environmental effects, even though the
lack of stars with Li plateau values in the extremely Fe-poor
regime ([Fe/H] < —4dex) might require explanations. It has
been suggested that the astration of a large fraction of the inter-
stellar medium (ISM) of galactic haloes by a first generation
of stars would have effectively destroyed Li before the forma-
tion of the halo dwarfs that can be observed today (Piau et al.
2006), but this would lead to an important overproduction of
metals (Prantzos 2010). Alternatively, a strong primordial mag-
netic field could lead to the chemical separation of Li+ ions
during the hierarchical structure formation and reduce its abun-
dance within the collapsed structures (Kusakabe & Kawasaki
2019). Physics beyond the Standard ACDM model has also been
invoked to lower the theoretical primordial Li abundance and
reconcile it with the level of the Spite plateau (Jedamzik 2004;
Tocco et al. 2009; Fields 2011; Iocco et al. 2009; Fields 2011;
Coc & Vangioni 2017; Deal & Martins 2021). In this case, how-
ever, the challenge is to keep the predictions for the primor-
dial abundances of deuterium and helium-4 unaffected, since
the present agreement with those deduced from the absorption
spectra of high-redshift quasars and observations of HII regions
in metal-poor galaxies, respectively, is excellent (Izotov et al.
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2014; Valerdi et al. 2021; Cooke et al. 2016; Zavarygin et al.
2018; Hsyu et al. 2020; Aver et al. 2021), making the concor-
dance between CMB and BBN one of the greatest triumphs of
physics.

While Beyond Standard Model physics remains open
(Grohs & Fuller 2023, and references therein), many studies
have explored the so-called stellar depletion solution to recon-
cile the Li value predicted by standard BBN and its abundance
along the plateau, considering that this fragile element burns at
a relatively low temperature (~2.5 X 10°K) in stellar interiors.
This is supported by decades of spectroscopic surveys that have
depicted the Li abundances in low-mass stars belonging to dif-
ferent Galactic subpopulations (halo, open and globular clusters,
thin and thick discs). It is now firmly established that the photo-
spheric abundance of Li decreases as low-mass stars (including
the Sun) age on the pre-main and main sequences (PMS and MS)
in proportions that depend on several factors, among which are
the mass and the metallicity of the star and its rotation rate (e.g.
Soderblom et al. 1993; Sestito & Randich 2005; Bensby & Lind
2018; Deliyannis et al. 2019; Jeffries et al. 2021). It is also well
accepted that microscopic (i.e., atomic diffusion) and macro-
scopic transport processes easily modify the chemical element
distribution within stellar interiors as well as the surface com-
position compared to that with which low-mass stars were born
(e.g. Michaud et al. 2015, and references therein). In previous
works, clear signatures of their interactions and global effects
were evidenced through the observed trends with the evolu-
tionary stage of the atmospheric abundances of various heavy
elements in Population II turnoff and subgiant stars in sev-
eral globular clusters (Korn et al. 2006, 2007; Nordlander et al.
2012; Gruyters et al. 2013, 2016; Gavel et al. 2021; Korn 2024).
In their seminal paper, Richard et al. (2002a) concluded that
‘the Spite plateau for Li in low-metallicity field stars remains
the strongest argument for the presence of a (hydrodynamic)
process competing with atomic diffusion’. These macroscopic
processes can also lead to the photospheric Li depletion
in Population I as well as in Population II low-mass stars
(Pop I and PoplI hereafter; e.g. Michaud et al. 1984; Vauclair
1988; Proffitt & Michaud 1991; Chaboyer & Demarque 1994;
Vauclair & Charbonnel 1995, 1998; Pinsonneault et al. 2000;
Salaris & Weiss 2001; Richard et al. 2002b, 2005; Korn et al.
2006; Piau 2008; Vick et al. 2013; Fu et al. 2015; Deal et al.
2020). However, while atomic diffusion can be computed from
first principles, as it results from internal gradients of pressure,
temperature, and composition, the description of macroscopic
flows of different natures (turbulence, rotational currents, mag-
netic instabilities, convection, mass loss, accretion) and of
their interactions remains extremely challenging in 1D stel-
lar evolution models. The fact that some of these mechanisms
transport both chemical elements and angular momentum in
stellar interiors adds another layer of complexity, leading in
some cases to the use of simple parameterizations that can
then constrain the underlying physics (e.g. Talon et al. 2006;
Decressin et al. 2009; Mathis 2013; Dumont et al. 2021b), with
additional constraints from asteroseismology in the case of
Population I stars (e.g. Richard et al. 1996; Piau et al. 2003;
Guzik & Mussack 2010; Mathis et al. 2021; Eggenberger et al.
2022a; Buldgen et al. 2023).

The actual challenge in reproducing the Li plateau lies in
its constancy over a wide range in [Fe/H] and a specific range
in effective temperature for Pop II stars, whereas Li varies
greatly among Pop I stars. This is what we explore in this work,
applying in stellar models of low-metallicity stars along the Li
plateau the same assumptions for the transport of chemicals and
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angular momentum as Dumont et al. (2021a; 2021b, hereafter
D21a,b) who studied lithium and rotation in solar-type field stars
and F- and G-type stars in Galactic open clusters. While previ-
ous models (e.g. Richard et al. 2005; Korn et al. 2007; Piau et al.
2006) primarily focussed on atomic diffusion, turbulence, and
tachocline mixing (only Piau et al. (2006)), our approach also
includes such transport processes as meridional circulation, pen-
etrative convection, and shear-induced turbulence. This paper is
structured as follows: in Sect. 2, we discuss the input physics and
transport processes included in our models. Sect. 3 is dedicated
to the calibration of the models to fit the Li plateau value. We
discuss in Sect. 4 data selection and properties of the observed
field Pop II stars and how they match the model prediction. In
this section, we also discuss the reasons for the dispersion of
Li abundance at high metallicities. In addition, we also compare
our models with the behaviour of Li and Mg in post-turnoff stars
of the globular cluster NGC 6752. We summarise our results in
Sect. 5.

2. Stellar evolution models
2.1. Basic input physics of the grid of models

For stellar evolution modelling, we use the code STAREVOL
(Siess et al. 2000; Palacios et al. 2006; Decressin et al. 2009;
Lagarde et al. 2012; Amard et al. 2019) with the same basic input
physics and prescriptions for various transport processes of chem-
icals and angular momentum (see Sect. 2.2) as in D21b. The mod-
els are computed with the OPAL opacity tables (Iglesias & Rogers
1996) and Wichita opacity database (Ferguson, priv. comm.) for
the high- and low-temperature regimes (77 > 8000K and T <
8000 K respectively), nuclear reaction rates from the NACRE2
database (Xu et al. 2013a,b), and the analytical equation of state
of Eggletonetal. (1973) and Polsetal. (1995) described in
Siess et al. (2000). The surface boundary conditions account for
Krishna Swamy (1966) correction to the grey atmosphere approx-
imation with the numerical surface and the connection to the
atmosphere set at optical depths equal to 5 x 1073 and 2 respec-
tively (for details see Amard et al. 2019).

The convective boundaries are obtained with the
Schwarzschild criterion, with the value for the mixing length
parameter (amrr = 2.2236) that was calibrated on the solar
model with the same input physics including atomic diffusion
and rotation by D21b. We adopt the corresponding initial mass
fraction Y for He in the Sun (0.2718). For models of different
metallicities (Z, mass fraction of metals heavier than He), we
assume the AY/AZ value derived from the above-mentioned
solar calibration with Yy = 0.2484 (Coc & Vangioni 2017) and
assume the solar chemical mixture from Asplund et al. (2009)
with Ne modified as suggested by Young (2018).

With this input physics, we computed two grids of models
that are illustrated in Fig. 1:

— a grid of Pop II models with [Fe/H] between —4.0 and
—0.5 dex and [@/Fe] enhancement by 0.3 dex, with an exten-
sion down to —5.8 dex with tailor-made models for the most
Fe-poor star of our sample, J0023+0307 (Sects. 4.1.1 and
4.1.5).

For this grid, we assume an initial A(Li) equal to the pri-

mordial BBN prediction A(Li) =2.75 dex (Pitrou et al. 2018;

Coc & Vangioni 2017). While Pop II stars have [Fe/H] lower

than —1.5 or —1dex (depending on studies), we intention-

ally add models up to [Fe/H] = —0.5 dex for comparison pur-
poses with the Pop I models. The mass range covered by this
grid corresponds to stars presently (i.e., at an age of ~12 Gyr)

71
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Fig. 1. The model grid computed for Pop I and Pop II stars down to
[Fe/H] = —4 dex (upper and bottom panels respectively). The circles
(including the solar symbol) indicate the masses and [Fe/H] values of
the computed models, whilst the background shows the predicted values
of TZMS which have been interpolated with a third-degree polynomial.

lying in the T.g¢ range of the Spite plateau (most stars have
T between ~5800 K and 6500 K) as illustrated on the lower
panel of Fig. 1 (we show only models with [Fe/H] down to —4,
as the iso-Tq lines stay vertical below that value).

— a grid of Pop I models with [Fe/H] between —0.25 and
<+0.5dex and [@/Fe]=0 with initial masses chosen so that
the models had the same effective temperature on the zero-age
main sequence (ZAMS) as the Pop II stars of the plateau. This
is illustrated in the upper panel of Fig. 1 with colour-coded
TZAMS Eor these models, we assume a linear increase of ini-
tial Li with Fe-content up to the meteoritic Li value of 3.31 dex
(Anders & Grevesse 1989) at the metallicity of the Sun.

All the models are computed from the pre-main sequence includ-
ing the transport processes described below.

2.2. Transport processes of angular momentum and
chemicals

2.2.1. Global picture

Consistently adopting the nomenclature established by D21a,b,
we specifically focus on their VleTl‘J model' that they calibrated

! In the adopted nomenclature ,R1™ v stands for the ad hoc verti-
cal viscosity .4, Ty is the logarithm of the temperature at which the
parametric turbulence is anchored, and A stands for the prescription for
penetrative convection.
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to fit the observed abundance of Li of stars around solar metal-
licity and the radial rotation profile of the Sun. It includes the
transport of angular momentum driven by meridional circula-
tion, shear-induced turbulence, and parametric vertical viscos-
ity, as well as the transport of chemicals by atomic diffusion,
rotation-induced processes, penetrative convection, and para-
metric turbulence, with the prescriptions we recall below. The
corresponding references are summarised in Table 1 together
with the values of the key parameters that were adjusted by
D21a,b for field solar-type stars, G- and F-type stars, with the
exception of stars in the Li-dip”, in open clusters with [Fe/H]
between —0.4 and +0.15 dex.

The evolution of the abundances in the models is described
by the following equation

6X,~ _ 10 2 aXz
'OE =3 (r p(D P X,V,)) + m; lz rji Z rlk} , (D)

J k

where p and r are the density and the radius, X; is the mass frac-
tion of the nuclei i of mass m; and of atomic diffusion velocity
v;, rj; and ry are the rates of the nuclear reactions producing
and destructing nuclei i from nuclei j and k respectively. Finally,
D is the sum of all the considered diffusion coefficients that
describe rotation-induced mixing (meridional circulation and
shear-induced turbulence), penetrative convection, and paramet-
ric turbulence as described below.

2.2.2. Transport of angular momentum and rotation-induced
mixing

The treatment of stellar rotation in our models follows the

formalism developed by Zahn (1992), Maeder & Zahn (1998),

and Mathis & Zahn (2004) under the so-called shellular rotation

hypothesis. The transport of angular momentum obeys the fol-

lowing advection-diffusion equation:

d o 19, ., 19 00
Pd—t(’” Q) = ﬁg(ﬁr QU2)+ ﬁéTr((Vv+Vadd)V E)’ (@)

where p, r, Q, U,, and vy, are the density, radius, angular velocity,
meridional circulation velocity on an isobar, and vertical shellu-
lar component of the turbulent viscosity, respectively. For the
chemicals, the transport by meridional circulation is described
with the diffusion coefficient D.g = |rU2(r)|2 /(30Dy,) entering
Eq. (1) (Chaboyer & Zahn 1992), with Dy, the horizontal diffu-
sion coeflicient. As in the R1 models of D21a,b, we use the pre-
scriptions of Mathis et al. (2018) and Zahn (1992) for horizon-
tal and vertical diffusivities Dy, and D, respectively and assume
a proportionality factor of 1 with the horizontal and vertical
viscosities. For the parametric vertical viscosity v,qq that was
originally introduced by Eggenberger et al. (2012) in order to
flatten the internal rotation profile as evidenced by helio- and
asteroseismology of low-mass stars, we use the same value of
3.5 x 10*cm?s™! as calibrated on the solar rotation profile by
D21a,b and discuss the impact of this parameter in Sect. 3.1.
The extraction of angular momentum at the stellar surface
due to magnetized winds is accounted for following Matt et al.
(2015) formalism as described in Amard et al. (2019) with the
parameters m = 0.22 and p = 2.1, which refer respectively

2 Tt was shown by D21a that a different prescription for the vertical
shear was required to reproduce the Li-dip that is observed in a group
of F-type stars centred around ~6600 K, as observed e.g. in the Hyades
and Praesepe open clusters (Cummings et al. 2017).
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to an exponent related to the magnetic field geometry and the
exponent relating rotation and activity. For the parameter K
that is linked to magnetized wind braking, we use the value
of 7.5 x 10°° erg that was calibrated by D21a so as to repro-
duce the solar surface rotation at the age of the Sun. We assume
the same initial rotation rates on the PMS as observed in open
clusters (Gallet & Bouvier 2015, see also Amard et al. 2016 and
D21a,b). Median, slow, and fast rotation refer to initial rota-
tion periods of 4.5, 9.0, and 1.6 days respectively. We set the
timescale of the disc coupling at 5 Myr in the first two cases,
and 2.5 Myr in the last one. We check the importance of these
assumptions in Sect. 3.2.

2.2.3. Penetrative convection

Our models include penetrative convection treated as an over-
shoot with the formalism of Augustson & Mathis (2019) that
affects only the chemicals. The corresponding diffusion coeffi-
cient that enters Eq. (1) is

Da(r) = Dy [1 —exp (— exp(& + E))} ,

dov . (0/00)3/2 A (3)

where Dy = amrrvconvHp/3, Veonv 18 the mean velocity of con-
vective elements, H, = dr/dIn P is the pressure scale height, doy
is the parameter that controls the overshoot depth, and (v/uvy) is
the ratio of the velocity of the convective elements when taking
rotation into account to the non-rotating inviscid value. We used
the coefficients u = 5 x 1073 and 1 = 6 x 1073 prescribed by
Baraffe et al. (2017), and d,, = 0.0325 as calibrated by D21a,b
to reproduce the surface Li abundance of young open clusters.

2.2.4. Atomic diffusion and parametric turbulence

Atomic diffusion is treated with the formalism of Thoul et al.
(1994) to solve the Burgers equations and compute the individ-
ual atomic diffusion velocities of all the isotopes that are taken
into account in STAREVOL. The collision integrals are com-
puted following Paquette et al. (1986). We account for the par-
tial ionisation of chemical elements for temperatures lower than
5 x 10° K (Schlattl 2002). Our models do not include radiative
accelerations, which are always smaller than gravity for Li in
Population II stars along the plateau (e.g. Vick et al. 2013).

Turbulence in the radiative zone is parametrized following
the expression initially proposed by Richer et al. (2000) to com-
pete with atomic diffusion in AmFm stars. The corresponding
diffusion coefficient that enters Eq. (1) follows a simple alge-
braic dependence on density:

o) 7
D =400Dye(Ty) | ——| ,
(1) He(T0) [p(To)

where Dy.(Ty) is the He atomic diffusion coefficient at the
layer within the star where the temperature is T (see below),
and that is computed with the analytical approximation Dy, =
3.3x1075T%3/[4 pIn(1+1.125x 1071573 /p)] from Richer et al.
(2000)3. Since Li burning is very sensitive to temperature, the
free parameter T can be adjusted to lead to more or less pho-
tospheric Li depletion. The p~> dependence resulted from fitting
the abundance anomalies in AmFm stars by Richer et al. (2000).
We discuss the calibration of 7y and compare it to the value
derived by D21a,b for Pop I stars in Sect. 3.2.

“

3 This approximation for Dy is done only when computing Dr(r), but
not for the stellar structure computation.
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Table 1. Transport processes included in our models.

Process [Quantity]

Reference

Parameters adjusted

for Pop I (D21ab) for Pop 11

Atomic diffusion [C]

Parametric turbulence Dt [C]
Penetrative convection D4 [C]
Horizontal shear Dy, — v, [C-AM]
Vertical shear D, — v, [C-AM]
Parametric viscosity vagq [AM]
Magnetic torque [AM]

Thoul et al. (1994), Paquette et al. (1986) -
Richer et al. (2000), Richard et al. (2005)
Augustson & Mathis (2019)
Mathis et al. (2018)

Zahn (1992)

Eggenberger et al. (2012); D21a
Matt et al. (2015), Amard et al. (2019)

logTy=6.42
doy = 0.0325

logTy=6.28

Vaad = 3.5 x 10* cm?s™!

K=75x10"erg

Notes. C for chemicals and AM for angular momentum.

3. Model calibration

In this section, we discuss the validity of the parameters that
were calibrated for Pop I stars (see Table 1) in the mod-
els of Pop II plateau stars for which we do not have infor-
mation on their initial and internal rotation rates. We assume
A(Li)=2.3dex* for the plateau value (Norris et al. 2023) and
12 Gyr for the mean age of the plateau stars. We first focus on a
‘reference’ star, which we chose assuming that the typical mass
of the Spite stars is M = 0.74 M, with the chemical composition
of [Fe/H] = —-2.0 and [a/Fe]=0.3. This star has an effective
temperature of 6234 K at 12 Gyr (according to our model). We
then test the robustness of the calibration across the [Fe/H] and
T range of the Spite plateau.

3.1. Additional parametric vertical viscosity

As extensively discussed in the literature, with the currently
available prescriptions, shear turbulence and meridional circula-
tion alone do not account for enough angular momentum trans-
port to reproduce the internal rotation profile of the Sun and
of some well-studied Pop I main sequence stars (see refer-
ences in Sect. 1). As of today, there is no asteroseismic data
to depict the internal rotation of Pop II main sequence stars
and to calibrate the value of the parametric additional viscos-
ity v,qq for them. To the best of our knowledge, no theoretical
estimate exists of the relative efficiency in Pop II stars of the
magnetic Tayler instability, which is one of the main candidates
for efficient angular momentum transport in the Sun and solar-
type stars (Eggenberger et al. 2022b, and references therein).
On the other hand, Talon & Charbonnel (2004) showed that for
Pop II stars lying along the Li plateau, the other main candidate,
namely internal gravity waves, should efficiently lead to a quasi-
solid rotation state, similar to that of the Sun (Talon et al. 2002;
Charbonnel & Talon 2005).

We assume that the theoretical behaviour of internal gravity
waves legitimates the use of the same value of v,qq as in the R1
models of D21a,b (i.e., 3.5 x 10*cm? s™!, constant in space and
time). We show in Fig. 2 the internal profiles of angular velocity
at different evolution stages for two models of the reference star
computed with v,qg = 0 and 3.5 x 10* cm? s™!. As in the case of
Pop I low-mass stars, the additional vertical viscosity strongly
flattens the internal rotation profile along the main sequence.

We show in Fig. 3 the impact of the v,4q parameter on the
evolution of the Li and He surface abundances for the same ref-
erence star models. In these two specific cases, we turned off

4 AL = log,o(Nyi/Nu)+ 12 where Ni; and Ny are the number density
of Lithium and Hydrogen respectively.

Vage=0 “‘\m.
Vs=3.5x10* cm?/s S — X=0.1X,
10° =

®, nHz

0.2 0.4 0.6 0.8
"Re

0.0

Fig. 2. Angular velocity profiles within the models with M = 0.74 M,
[Fe/H] = -2.0, [@/Fe] = 0.3 computed with and without additional vis-
cosity (vagg = 3.5x10* cm? s~! and 0, red and orange lines respectively)
at different evolution stages. Both models include rotation at the median

rate.

the parametric turbulence for chemicals (Dr(r) = 0, Eq. (4)). Li
depletion at the surface is due to the combined effect of atomic
diffusion, meridional circulation, penetrative convection, and
shear-induced turbulence, which eventually transports this frag-
ile element from the convective envelope to slightly deeper radi-
ation layers where it can burn.

He abundance variations, on the other hand, result from the
relative efficiency of the hydrodynamic processes that slow down
the effects of atomic diffusion. As expected, Li is more depleted
when v,qq = 0 because of the steep rotation gradients that build
inside the star (Fig. 2), leading to more efficient shear-induced
mixing, hence more Li destruction, but also less efficient atomic
diffusion on He which decreases more slowly (see description
of Fig. 4 below). When efficient angular momentum transport is
simulated by the additional viscosity, the radial profile of angular
velocity is much flatter; hence shear-induced mixing is less effi-
cient. Li is less efficiently driven to the burning region, leading
to slower surface Li depletion. On the other hand, He decreases
more rapidly at the surface of the star because atomic diffu-
sion is less counteracted by the hydrodynamical processes. In
both models, however, the Li abundance at the age of ~12 Gyr
is higher than the assumed plateau value of 2.3 dex. As in the

case of the VRl/Z‘J models of Pop I stars (D21a,b), an additional
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Fig. 3. Evolution of the surface Li abundance and “He in mass frac-
tion (solid and dashed lines respectively) as a function of age in models
with M = 0.74M,, [Fe/H] = -2.0, [a/Fe] =0.3 with no additional
viscosity and parametric turbulence(red line), with additional viscosity
but without parametric turbulence (orange line), and with both taken
into account (with log Ty = 6.28, blue line). The light blue band
around the solid blue line indicates the A(Li) evolution for models with
Vada = (3.5£1.5)x10* cm? s~! and parametric turbulence (log Ty = 6.28).
The green lines are for a model with v,q9 = 3.5 X 10*cm?s™!' and
parametric turbulence as in Pop I stars (log 7y = 6.42). All the models
include rotation at the median rate.

process for the transport of chemicals is required to fit the Li
data, which we treat below as parametric turbulence.

3.2. Calibration of parametric turbulence and choice of the
initial rotation period

As can be seen in Fig. 3, Li depletion in the reference star is too
strong when assuming the 7 value for parametric turbulence
Dr (Eq. (4)) that was calibrated in Pop I solar-type dwarfs stars
by D21b (log Ty =6.42). We have adjusted the value of Ty to
reach the plateau value (A(Li) = 2.3 dex; Norris et al. 2023, see
Sect. 4) at the age of 12 Gyr for the reference star computed with
Vadd = 3.5 x 10* cm? s~! and median rotation velocity. Although
for calibration purposes we adopt the value of 12 Gyr as the aver-
age age of Pop II stars, we allowed an age variation of about
1 Gyr for most of them. The value that best fits our assumptions
is log Ty = 6.28 (see discussion in Sect. 3.3). The time evolu-
tion of Li and He at the surface of the corresponding model is
shown in Fig. 3. Parametric turbulence slows down the effect of
atomic diffusion, as indicated by the behaviour of He which is
less depleted at the surface than in the previous models. On the
other hand, it transports more efficiently Li down to its nuclear
burning temperature below the convective envelope, leading to
more Li depletion than when the transport by only meridional
circulation and shear turbulence were accounted for.

The different diffusion coefficients for chemicals are shown
in Fig. 4 for the reference star models computed with different
assumptions. The first three rows from the bottom are for v,qq =
3.5x 10*cm?s7!, parametric turbulence Dt with log Ty = 6.28,
and different initial rotation rates taken in the same range as for
Pop I stars. When angular momentum extraction by the wind is
efficient, i.e., on the PMS (left column, the age of each model
is about 1.3 Myr) and at the beginning of the MS, the diffusion
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coeflicients related to meridional circulation and vertical shear
(D and Dy, respectively) are of the same order of magnitude
as the diffusion coefficient Dy. Later along the MS, however,
D.g¢ and D, decrease together with the magnetic torque, and
the transport of chemicals is driven by Dr. In the middle of the
MS (X¢ = 0.5Xj, corresponding to ~7 Gyr for these models),
parametric turbulence is ~4 magnitudes stronger than rotation-
induced mixing and becomes even stronger at later stages. While
Li depletion on the PMS is slightly affected by the initial rota-
tion rate via the depth of convective penetration through the ratio
(v/vo), the final Li depletion is almost independent of the initial
rotation rate in the range considered for Pop I stars (Fig. 5). At
the age of 12 Gyr, the A(Li) difference between the models with
slow and fast rotation is only 0.01 dex. Due to a lack of data on
the initial rotation of young Pop II stars or evidence for different
behaviour, we decided to keep the median rotation rate for the
grid of models.

The first row from the top in Fig. 4 corresponds to a refer-
ence star model with v,gq = 0, parametric turbulence Dt with
log Ty = 6.28, and median rotation rate. Comparison with the
second row from the top illustrates the effect on v,q9 on merid-
ional circulation and vertical shear as discussed in Sect. 3.1. In
particular, the vertical shear is stronger due to the steeper dif-
ferential rotation after angular momentum has been extracted by
the stellar wind. Finally, we show in Fig. 3 with the light blue
band the Li predictions for models of the same star computed
with different values of v,qq (2 X 10* and 5 x 10*) and with the
same value of the parametric turbulence calibrated to reach the
plateau (compare the light blue band to the blue line). Since para-
metric turbulence drives the Li depletion in that case, the actual
value chosen for v,qq in the domain explored barely modifies
the Li depletion. Without internal rotation information for Pop II
stars, we thus face a slight degeneracy between the determination
of the additional viscosity for the transport of angular momen-
tum and that of the parametric turbulence for chemicals. For this
reason, we decided not to explore possible variations of addi-
tional viscosity in space and time as proposed, for example, by
Spada et al. (2016).

For our grid of models, we thus assumed the value of v,qq =
3.5 x 10* cm?s™! for all our models of VMR]?‘ Pop II stars as
in the R1 models of D21a,b for Pop I stars and median rota-
tion with the same initial period as for Pop I stars. The only
parameter that we need to change to reach the Li plateau value
is the anchoring temperature T for parametric turbulence, with
log Tp = 6.28 instead of 6.42 in Pop I stars (see further discussion
in Sect. 3.3). This is consistent with Richard et al. (2005) who
determined logTy ~ 6.25—6.28 to best fit the constancy of the Li
plateau against the effects of gravitational settling. In their study,
the log Ty range came from the consideration of different temper-
ature scales used in the observational samples they considered,
which lead to different Li abundance determinations (see also
Charbonnel & Primas 2005), and from the mean age assumed
for the sample stars. The robustness across the Li plateau (in both
[Fe/H] and T.g) of the calibration we did with the M = 0.74 Mo,
[Fe/H] = —2.0 models is discussed below.

3.3. Robustness of the calibration across the Spite plateau
and key differences between Pop Il and Pop | stars

In their seminal paper, Richard et al. (2005, see also Richard
et al. 2002b) discussed the properties of Pop II stars that lead
to the constancy of the Li plateau, both in [Fe/H] and T.g. They
showed that for low-metallicity MS stars across a large range
in [Fe/H], the two main quantities that drive Li settling through
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Fig. 4. Radial profiles of diffusion coefficients (left axis) of meridional circulation (Deg), vertical shear (D,), parametric turbulence (Drg2s),
penetrative convection (D4 ) and of the Li and He mass fractions (right axis) for the models with M = 0.74 M,, ([Fe/H] = —2.0 and [@/Fe] =0.3)
with median, slow, and fast rotation as indicated, shown on the PMS (shortly after the core became radiative, age ~ 1.3 Myr), at the ZAMS,
and on the MS when the central hydrogen mass fraction Xc = 0.5X, and 0.1X,, where Xj is the initial H mass fraction (from left to right).
The upper row corresponds to the model without additional parametric viscosity (v,q¢ = 0) and the other rows are for models computed with

Vadd = 3.5 x 10* cm?s™!

and three initial rotation rates. The pinkish area corresponds to the convective envelope. For the PMS structure, we show

the profiles down to the centre to demonstrate the initial (almost flat) behaviour of Li in the models.

atomic diffusion and Li nuclear burning, namely the mass of the
convective envelope and the temperature at its base, depend only
on the stellar effective temperature (see Fig. 2 of Richard et al.
2002b and Fig. 1 of Talon & Charbonnel 2004). With our (a
priori) more sophisticated models that include rotation-induced
processes but where parametric turbulence is still required to
counteract atomic diffusion and transport Li to the burning
region, we humbly confirm their findings and extend the com-
parison to Pop I stars. We discuss in particular the behaviour of
the key physical properties that potentially explain the difference
in Li behaviour in the low and high metallicity regime using our
entire grid of VRIX" Pop IT and Pop I models.

Besides the mass and the temperature of the convective enve-
lope, the important quantities for the combined effect of atomic
diffusion and turbulence on the surface Li depletion are the den-

sity below the base of the convective envelope and the density
gradient in the radiation layers down to the Li burning region.
The first one determines the atomic diffusion timescale if tur-
bulence is not present, which can be represented by the atomic
diffusion coeflicient just below the convective envelope. The
He atomic diffusion coefficient Dy.(BCE) is shown in Fig. 6
for Pop II and Pop I stars at the ZAMS (see also Fig. 7) and
in the middle of the main sequence. For [Fe/H] between —4.0
and —1.5dex, Pop II stars are very compact, with a very sim-
ilar density below the base of the convective envelope, lead-
ing to similarly small atomic diffusion coefficients at a given
effective temperature and stellar mass. The models predict simi-
lar compactness down to [Fe/H] =—5.8 dex for which we have
adopted the C and Na abundances of the most Fe-poor sam-
ple star (yet, this star is not a CEMP-object, see Sects. 4.1.1
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Fig. 5. Li evolution and rotational effects in ,,, dei" models. Upper
panel: Li evolution in models with M = 0.74 M, ([Fe/H] = -2.0 and
[a/Fe] =0.3) and three different rotation rates (slow, median, and fast).
Bottom panel: difference between Li abundance as a function of age
with respect to the model with median rotation.

and 4.1.5). This explains why Li depletion for Pop II stars of sim-
ilar effective temperature is potentially independent of [Fe/H].
At the same time, density gradients dp/dr at the BCE also show
independence on metallicity up to [Fe/H] — 1.5 dex. However,
they decrease together with the atomic diffusion timescale when
the stellar mass increases (Fig. 7). These facts, combined with
the prescription for parametric turbulence (Eq. (4)), and more
specifically the fact that it changes as p~3, imply the existence
of a relatively constant value of 7 at which the equilibrium
is maintained between atomic diffusion and parametric turbu-
lence for Pop 1I stars across the T.q and the [Fe/H] ranges of the
plateau.

When [Fe/H] increases above ~—1.5 dex, however, the den-
sity and the atomic diffusion coefficient below the base of the
convective envelope strongly vary with both [Fe/H] and Teg
(and mass, Figs. 6 and 7). This explains the need for a dif-
ferent (higher, see D21a,b) anchoring temperature 7 for para-
metric turbulence above a certain limit in metallicity around
[Fe/H] ~ —0.5 dex) to counteract the effect of the atomic diffu-
sion and lead to the observed Li depletion at a given effective
temperature.

The evolution of the surface Li abundances as a function of
T.r and [Fe/H] is shown in Fig. 8 for our grid of Pop II vleX“
models. As can be seen from Fig. 3, the reference model star
with [Fe/H]=-2.0 and M = 0.74Mg reaches the value of
A(Li)=2.3 dex at almost exactly 12 Gyr. At this age, the model
has T = 6234 K. While some stellar models with effective tem-
peratures T.g > 6000K and an associated lithium abundance
A(Li) of 2.3dex reach this specific value at varying ages, the
majority of them consistently do so within the age range of 11—
13 Gyr. This fits within our aforementioned assumptions about
age variations of Pop II stars, and, thus, we conclude that our
models can effectively describe the Spite plateau.

It is important to emphasize that regardless of the specific val-
ues of [Fe/H] and [«@/Fel], it is the total metallicity z that is crucial
for understanding the Li behaviour. Despite the higher opacity of
a-elements compared to iron, two stars with identical total metal-
licity, but, at the same time, different [Fe/H] and [a/Fe], exhibit
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Fig. 6. Atomic diffusion coefficient of He just below the base of the
convective envelope for Pop II and Pop I models (open and filled cir-
cles respectively) at the ZAMS and in the middle of the MS when
Xc = 0.5X, (upper and bottom panels respectively). The [Fe/H] value
of the models is colour-coded. With black five-pointed stars, we show
the predicted values for the model with [Fe/H] = —5.8 computed for the
most Fe-poor star J0023+0307 (Sect. 4.1.1 and 4.1.5).

very similar Li depletion rates. Our tests indicate that this holds
true both for Pop II and Pop I stars. This fact explains why in other
galaxies, the pattern of Li evolution may be similar to what we
observe in the Milky Way, even if their chemical evolution fol-
lows a different pathway (Matteucci et al. 2021).

4. Observational tests to model predictions

In Sect. 3, we calibrated our models assuming the plateau value
to be A(Li) =2.3 dex according to Norris et al. (2023). We now
look in more detail at their sample of carefully selected field
Galactic halo stars and complement it with data for field stars
from GALAH DR3 (Buder et al. 2021). We characterize the
sample stars, eliminate peculiar objects, and compare to our
model predictions for Li across the plateau ([Fe/H] < —1.5 dex
and T.¢ > 5800K) and in more Fe-rich dwarf stars (in what
follows, we use the term ‘dwarf’ for main sequence and main
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sequence turnoff stars). Finally, we use data in the globular clus-
ter NGC 6752 to test our model predictions for Li and metals
after the MS turnoff.

4.1. Field dwarf stars
4.1.1. N23 sample

N23 re-investigated the shape of the Spite plateau using
literature data for ~200 stars with [Fe/H] between —6 and
—1.5dex, Ty between 6700 and 5500K, and log ¢g=3.5
(see references in N23). After a careful evaluation of the
uncertainties in the Li abundances resulting from the different
methods used to determine stellar 7 in the original papers (see
also Charbonnel & Primas 2005), they have homogeneously
re-determined the 1D,LTE Li and [Fe/H] abundances of the
literature sample stars by anchoring T.r to the Infrared Flux
Method (IRFM) of Meléndez et al. (2010). Here we use their
‘Corrected-Literature’ values as recommended by the authors,
and we adopt the value of 5800 K they find for the minimum 7eg
of the Li plateau. Also, we computed 3D,NLTE corrections with
the code Breidablik (Wang et al. 2021). For this, we used T,
[Fe/H], and A(Li) values from N23 and log g computed from
stellar luminosity L and mass M (see Sects. 4.1.3 and 4.1.4 for
details about the computation of luminosity and mass) as logg =

log go + log(M/My) + 410g (Ter/Teio) — log(L/Ly), where we
adopted Tero = 5772 K and log g, = 4.438. Although the cor-
rections are very low (the mean absolute value is ((ANLTE|) ~
0.016dex); hereafter, we use 3D,NLTE abundance of
Li for N23.

As underlined by N23, their literature sample contains stars
with peculiarities potentially caused by binarity-induced pro-
cesses (e.g. mass transfer from a companion) or environmen-
tal effects (e.g. very early Galactic chemical evolution under the
influence of Pop III stars, see e.g. Piau et al. 2006). Those should
be discarded when studying the primordial Li abundance and
especially when testing the stellar Li depletion solution. Follow-
ing their discussion, we excluded stars classified as blue strag-
glers (BS) according to catalogues by Ryan et al. (2001a,b) and
Carney et al. (2005). We also eliminated CEMP(-no) stars from
the sample by cross-checking with Lucey et al. (2023) who fol-
low Beers & Christlieb (2005) and set the lower [C/Fe] limit
for CEMP stars to +0.7 dex. Finally, we excluded binaries and
chemically peculiar stars based on the classification provided by
the SIMBAD database (Wenger et al. 2000). Last, we applied for
the remaining sample the method for dwarf selection described
in Sect. 4.1.3. As a result, the final sample we keep from N23
contains 57 ‘normal’ Plateau dwarfs.

Fig. 9 shows the position of all the stars from N23 in the
Hertzsprung—Russell diagram (HRD) for different metallicity
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Fig. 8. Evolution of the surface Li abundance as a function of Teg
for stars of different initial masses and different initial Fe content.
Short horizontal ticks and numbers along the tracks indicate age in
Gyr. The dashed horizontal line and surrounding pinkish area show the
mean value of the Spite plateau (according to Norris et al. (2023)) and
0.05 dex scatter around it. The reference model is denoted with a four-
pointed star.

bins up to [Fe/H] =—1.5 £ 0.25 dex, with the above-mentioned
peculiarities indicated by the symbol styles, and the ‘normal’
dwarfs colour-coded with their Li content. Their distribution
in the A(Li) versus [Fe/H] diagram is shown in Fig. 10. In
the [Fe/H] domain below —3dex where the so-called melt-
down of the Li plateau was reported (Sbordone et al. 2010;
Bonifacio et al. 2012, 2015, 2018), the corresponding large
spread of Li abundances below the plateau is due to peculiar stars
that we have excluded based on the criteria described above.
In particular and as underlined by N23, the incidence of C-
rich stars in their original literature sample is very high in this
Li—[Fe/H] domain. In the most iron-poor range ([Fe/H] < —3.75),
all stars except one are extremely C-rich. These Li plateau ‘out-
liers’ are thus expected to have been Li-deficient at birth (see
e.g. Meynet et al. 2010; Norris & Yong 2019; N23). The most
Fe-poor dwarf that belongs to this bin, J0023+0307, is, how-
ever, not a CEMP, and it has a Li value slightly below the
plateau. The tracks we show in the corresponding panel are for
tailor-made models that we computed with [Fe/H]=-5.8 dex
and the observed [Na/Fe] and [C/Fe] values (1.9 and 3.5 dex
respectively, hence not a CEMP star; Frebel et al. 2019). This
star presents abundances of a-elements (Mg, Si, Ca, Ti) at very
different levels (from [Ca/Fe] ~ 0 dex to [Mg/Fe] ~ 2.8 dex). For
this reason, we computed models with three different values of
a-enhancement — [a/Fe] =0.5, 1.0, and 2.0dex. However, the
difference between models with different [a/Fe] is negligible,
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Fig. 9. Position in the HRD of all the N23 sample stars in different
metallicity bins (we use their ‘Corrected-Literature’ value for Teg ).
Grey symbols correspond to stars on the subgiant branch (SGB) and
to the peculiar objects (legend in the insert). Li abundance (3D,NLTE)
is colour-coded for the 57 ‘normal’ (colour-coded) Plateau dwarf stars
(indicated as MS in the insert) that we use for the comparison with the
theoretical Li predictions. Solid lines show the MS part of the computed
evolutionary tracks computed for the middle [Fe/H] values of each bin
except for the upper left bin that shows models at [Fe/H] = —5.8 dex
that we computed assuming the C and Na content of the most Fe-
poor dwarf, J0023+0307, for which we also show the error bars on its
luminosity.

and we show only models with [a/Fe]=1.0dex. In our fol-
lowing discussion about the stellar depletion solution, we keep
only the 57 ‘normal’ (colour-coded) Plateau dwarf stars (with
Tesr = 5800K, and [Fe/H] < —1.5 dex).

4.1.2. GALAH sample

We selected Plateau field dwarf stars from the GALAH DR3
sample with —2.84 < [Fe/H] < —1.25dex and Tz > 5800 K.
The lower limit of the metallicity range corresponds to the
most metal-poor star in GALAH DR3 after applying all the
selection criteria (see below). We applied the quality flags on
stellar parameters (T.¢ and log g), Li abundance and [Fe/H]:
flag_sp=0, flag_li_fe=0, flag_fe_h=0. The flag_sp cri-
terion is very likely to eliminate peculiar stars as those we
excluded in N23 sample. Also, we selected only objects with
S/N per pixel >30 as recommended by Buder et al. (2021) and
age uncertainty o,e/age <10% with age (and o) from the
value-added catalogue of GALAH DR3. We kept only stars with
low values of interstellar extinction (Ag < 0.2). As was dis-
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Fig. 10. Li abundance (3D,NLTE) as a function of [Fe/H] for the N23
sample (‘Corrected-Literature’ values). We keep the same symbol nota-
tion as in Fig. 9. For the 'normal’ Plateau dwarf stars (red circles), the
vertical arrows indicate Li upper limits. For the most Fe-poor dwarf,
(shown with the red five-pointed star), J0023+0307, we also show the
Li value determined by Aguado et al. (2019, green five-pointed star).
The horizontal arrows indicate upper limits for [Fe/H]. The dashed line
indicates the Spite plateau value of A(Li) =2.3 dex used for the calibra-
tion of our models.

cussed in Charbonnel et al. (2021), this parameter might be in a
strong degeneracy with T, which affects the precision of the
latter and luminosity, thus causing an incorrect determination
of age. Finally, to select dwarfs, we initially selected stars with
log g > 3.8 and then performed the dwarf selection algorithm to
eliminate possible contamination by subgiants (see Sect. 4.1.3).
The final GALAH sample of dwarf stars along the [Fe/H] and
T.x domain of the Li plateau consists of 72 stars. It is worth
mentioning that, unlike the N23 sample, GALAH DR3 provides
1D,NLTE abundances of Li.

GALAH DR3 contains a large number of dwarf stars at
higher metallicities, including the metallicities of Pop I stars
even at super-solar metallicities, which is necessary for the com-
parison of our model predictions with observational data in the
high-metallicity regime (see Sect. 4.1.6). For this purpose, we
completed the sample with stars at [Fe/H] > —1.25dex and
log g > 4.0 that meet the above mentioned quality flags. The
additional "high-metallicity’ subsample covers the T.g range of
the plateau from 5800 K to 6500 K.

4.1.3. Final step of the selection of the dwarfs

For both the N23 and GALAH samples, we performed the
following procedure to carefully select dwarf stars (MS and
MS turnoff). First, we computed the stellar luminosities of the
sample stars using the Gaia DR3 data. For this, we took into
account bolometric correction BC; computed with the tool by
Creevey et al. (2023) and interstellar extinction Ag: L/L, =
1004 (Mg"~(G+5-510g(d)+BCo-A0) | where M2 = 4.74™ (Pria et al.
2016), G is the apparent magnitude, and d is the geometric
distance (Bailer-Jones et al. 2021). Then, with the use of our
evolutionary tracks, we defined the main sequence area in the
HRD for each metallicity of the grid (see Fig. 11). This area
is represented by a polygon with Zero-Age Main Sequence
(ZAMS) as vertices on one side and either the Terminal Age
Main Sequence (TAMS) for stars more massive than ~0.8 Mg
or points with the age of 13.8 Gyr (age of the Universe accord-
ing to Planck Collaboration XIII 2016) for the less massive ones.
In STAREVOL, the TAMS is defined as a moment when central

0.6

0.4

0.2
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Fig. 11. Process of selection of dwarfs. Lines show evolutionary tracks
for masses between 0.65 and 0.82 M, and metallicities of [Fe/H] =
—2.0 (left group tracks) and [Fe/H] = —1.5 (right group of tracks). For
better visibility, the tracks for [Fe/H] = —2.0 and [Fe/H] = —1.5 were
shifted by 500K to the left and the right correspondingly. Black parts
of the lines and pinkish areas indicate the main sequence, while grey
lines show the subgiant stage. The green area is an interpolation of the
main sequences from the presented tracks to the metallicity of [Fe/H] =
—1.65. The points show mock stars that have different positions with
respect to the interpolated main sequence area: one star is completely
outside of the area even with its uncertainties, another one is outside but
hits the area with its Ty uncertainty, and the last one is inside the area
(last two are shown in green).
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Fig. 12. [Fe/H], Te, age, and mass distributions of the ‘normal’ dwarf
stars in the [Fe/H] and T.q ranges of the plateau from the GALAH and
N23 samples (orange and red histograms respectively).

hydrogen content X¢ drops to 1077, The last step is to determine
whether an individual star is inside or outside the MS area. How-
ever, for consistency, for each star, we performed linear interpo-
lation of the position of all the vertices on the corresponding
value of [Fe/H] and [a/Fe] of the star. We considered that a star
is a dwarf if the values of its luminosity and T fall into the
polygon at least within the 1-0- confidence interval. However, if
the polygon and the star’s luminosity and T confidence inter-
vals do not overlap, we marked this star as non-dwarf.
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Fig. 13. Milky Way map with the Pop II dwarf stars shown as red
and orange points (the N23 and GALAH subsamples respectively).
The background image comes from ESA/Gaia/DPAC and is applied
using the mw_plot Python module. The inset shows the globular cluster
NGC 6752 (image credit: NASA/STScI).

The [Fe/H] and T.g distributions of both the N23 and
GALAH Plateau samples are presented in the upper panels of
Fig. 12. Their positions, as well as the position of the globular
cluster NGC 6752 (see Sect. 4.2), in the Milky Way map are
shown in Fig. 13. In this figure, it is seen that the vast majority
of the selected stars are located well above the mid-plane of the
Galactic disc, i.e. in the halo (~94% of the samples stars have
galactic latitude |b| > 15°).

4.1.4. Determination of masses and ages of the sample stars

We computed the masses and ages of all the field dwarf stars
we selected from N23+GALAH (except for J0023+0307) using
SPInS (Lebreton & Reese 2020) with our present grid of mod-
els, following the steps described in Borisov et al. (2022). For
luminosities, we used the values that we previously computed
and described in Sect. 4.1.3. For the stars from N23, we adopted
values of 100K, 0.1 dex, and 0.2dex for uncertainties of 7.,
[Fe/H], and log g respectively. For the GALAH sample, we
used the uncertainties from the original publication for individ-
ual stars.

We accounted for metallicity [M/H] =log(Z/Z,) variations
during the evolution due to atomic diffusion and other transport
processes. Although this effect does not significantly change the
surface metallicity of a star in the domain we explore (A[M/H]
rarely exceeds 0.05 dex), it is known to decrease the theoreti-
cal ages and increase the estimated masses compared to models
without atomic diffusion (e.g. VandenBerg et al. 2002). Fig. 14
shows the evolution of the surface [M/H] and A(Li) and of the
structure of a star with M = 0.81 Mg, [Fe/H] = —1.5, and
[a/Fe]=0.3. It is clearly seen that once the star leaves the MS
and becomes a subgiant, its convective envelope rapidly deep-
ens (so-called first dredge-up) and brings back to the surface the
metals that have ‘sunk’ in the radiative layers along the MS. This
is, however, not the case for Li as it has not accumulated below
the convective envelope but has burned at relatively low burn-
ing temperature where it was transported by the turbulence (see
Sect. 3.2).

The bottom panels of Fig. 12 show the age and mass distribu-
tions of the Pop II dwarf stars selected from the samples of N23
and GALAH in the [Fe/H] and T.¢ regime of the Li plateau. The
age of the selected sample stars is between ~9 and 13 Gyr, with a
peak around 12 Gyr (as the typical age we assumed in Sect. 3.2).
Their [Fe/H] goes from around —4 dex, with only J0023+0307
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Fig. 14. Evolution of metallicity [M/H] =1og(Z/Z;) and Li content
A(Li) (upper panel, blue and red lines respectively) and stellar struc-
ture (Kippenhahn diagram, bottom panel) in the M = 0.81 M star
with [Fe/H] = —1.5 and [@/Fe] =0.3. In the bottom panel, the green
areas indicate the convective regions. Light blue, yellow, and orange
areas show the radiative zone at the pre-main sequence, main sequence,
and subgiant stages correspondingly.

with [Fe/H] below —4 dex (see Sects. 4.1.1 and 4.1.5). For this
star, we did not determine its mass and age but a rough visual
estimation based on its position in HRD (see Fig. 9)suggests its
mass lies approximately between 0.72 and 0.76 M.

4.1.5. Comparison between models and observational data
in the T.gz—[Fe/H] regime of the plateau

We first focus on the [Fe/H] and T ranges of the Li plateau.
We compare in Fig. 15 the observed Li abundances of normal
Plateau dwarf stars as a function of their effective temperature to
the corresponding theoretical Li isochrones in different [Fe/H]
bins. Since some stars of the N23 sample have ages between 9
and 11 Gyr (see Sect. 4.1.4 for details on age determination), we
show isochrones at two different ages, 12 + 1 Gyr and 10 + 1 Gyr
for this sample. For the GALAH sample which contains mostly
stars with ages above ~11 Gyr, we only show the former one.
Each metallicity bin extends by 0.25dex to each side of the
metallicity values of the grid. However, we made the lowest
metallicity bins wider (both for the N23 and GALAH Pop II
samples) to include the star J0023+0307 with [Fe/H] = —5.8 dex
(N23) and two stars that have [Fe/H] slightly below —2.75
(GALAH). Also, as well as in Fig. 9, the lowest metallicity bin
shows models [Fe/H] = —5.8 with C- and Na-enhancement.

We see very good agreement between the models and the
observations within 1o~ for most stars of both N23 and GALAH
samples including the ones in the low-metallicity bins with —5.8 <
[Fe/H] < —2.75dex. There are, however, a couple of low
metallicity dwarfs that sit below the theoretical plateau. Two
of them have only lithium upper limit values. The third out-
lier is the most Fe-poor star of the N23 sample, J0023+0307.
It shows no iron line but an upper limit for its [Fe/H] was
derived from Call K (<-5.8 and <—6.6 from Frebel et al. 2019
and Aguado et al. 2019 respectively). It is marginally enriched in
C for such an extremely Fe-poor star ([C/Fe] > 3.9 dex), poten-
tially excluding contamination from a binary companion. As dis-
cussed in the original papers, its abundance patterns including its
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Fig. 15. Comparison between Li observations and theoretical Li
isochrones as a function of 7. in different [Fe/H] bins. Blue and red
isochrone lines and data points correspond to two age ranges, 10 + 1 and
12 + 1 Gyr respectively. Circles and arrows correspond to Li abundance
determinations and upper limits respectively. Error bars show mean Teg
and A(Li) uncertainty of stars in a given bin. Top and bottom: N23 and
GALAH sample stars respectively. In the upper left panel, we show
the position of the star most Fe-poor dwarf of our sample, J0023+037,
with the Li and T values from N23 (red five-pointed star) and from
Aguado et al. (2019, green five-pointed star), with the theoretical Li-
isochrones for the corresponding [Fe/H] = -5 to 8 dex models.

overabundances in Mg and Si point towards a second-generation
star formed out of material enriched by a single Population
IIT massive star exploding as a fallback supernova. While
Frebel et al. (2019) and N23 derived values of 1.7 and 1.86
respectively for its A(Li), Aguado et al. (2019) derived a value of
2.02 + 0.08, much closer to the Plateau and our model predictions.

In Fig. 16 we show, for different ages, the theoretical upper
and lower Li envelopes as a function of [Fe/H]. These lines
connect respectively the highest and lowest Li abundances at
a given [Fe/H] and age predicted by the models in the T.g
range of the plateau. As expected, the theoretical dispersion at
a given age between the upper and lower Li envelopes is very
small in the [Fe/H] range of the Spite plateau. Additionally, the
envelopes become slightly positively sloped when age increases.
Following N23, we computed the theoretical slope within the
[Fe/H] interval of —3 to —1.5dex, resulting in values of 0.04
and 0.05 at 10 and 13 Gyr respectively. At the same time, the
observational slope among the normal sample stars (in the same
metallicity range) is 0.08 + 0.02 and 0.05 + 0.02 for the N23
and combined N23+GALAH samples. This is in good agree-
ment with Asplund et al. (2006) who reports the value of 0.10 +
0.01. The fact that the theoretical slope is even slightly lower
than the observational one underscores the constancy of the
log Ty value in the metallicity range of the Plateau. Otherwise,
increasing turbulence would lead to a decrease in slope or even
potential inversion. This imposes a strong constraint on the
underlying mechanism, which is imitated in our models by para-
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Fig. 16. Li abundance (3D,NLTE) as a function of [Fe/H] for the N23
and GALAH DR3 sample stars (squares and circles respectively) with
age colour-coded. Solid lines show the theoretical Li upper and lower
envelopes (upper and bottom panels respectively) at different ages (see
the legend), i.e., the maximum and minimum Li values at a given [Fe/H]
and age expected from the models with 5800K < T%MS < 6500K.
We do not show it here, but the highest/ lowest A(Li) values for the
models at [Fe/H] = —5.8 dex are 2.34/2.29 and 2.23/2.18 at the ages of
10 and 13 Gyr respectively. The dashed line shows the initial Li abun-
dance assumed in the models. In the upper panel, the four-pointed stars
show predictions from the models with log7) = 6.42 and solar metallic-
ity from D21b with age similarly colour-coded.

metric turbulence. Finally, Li depletion as modelled here does
not predict a Li meltdown regime at very low metallicity, which
further supports the non-stellar origin of this feature that seems
to appear observationally only when CEMP stars are considered
(see Sect. 4.1.1). Contrary to the conclusion of Aguado et al.
(2019), we thus claim that the Li abundance in the most Fe-
poor and not C-enhanced star, J0023+0307, which extends the
Li plateau over more than five orders of magnitude in [Fe/H],
strongly supports the stellar depletion solution to the cosmolog-
ical Li problem. The determination of Li abundances in very
metal-poor stars without (or with limited) C-enhancement is thus
strongly encouraged.

4.1.6. Comparison between models and observational data
— Li dispersion in more Fe-rich stars

As discussed above (see also Sect. 3.3), the stellar Li-depletion
solution to the Li plateau constancy is sustained by the fact that
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very Fe-poor low-mass stars have very similar compact struc-
tures on the main sequence. Stellar compactness decreases how-
ever around [Fe/H] ~ —1.5 dex, inducing larger variations in the
temperature and density gradients in the stellar radiative zones
as the stellar mass and metallicity vary. In addition, while at low
metallicities we see only old stars, stellar populations in the more
Fe-rich domain of the Milky Way have high dispersion in ages.
These two facts are expected to result in a high dispersion of Li
abundance in more Fe-rich dwarfs because the Li depletion rate
depends on [Fe/H], mass, and age. Stellar lifetime is also highly
dependent on mass and, to a much lesser extent, on metallicity
which leads to the fact that the upper mass limit decreases when
we look at older stars.

The corresponding theoretical behaviour of the upper and
lower Li envelopes (hence of the expected dispersion) at differ-
ent ages is shown and compared to the observations in Fig. 16.
The data correspond to the normal dwarf stars in the Teg range
from 5800K to 6500 K from N23 and the extended sample of
GALAH DR3 with ages colour-coded (the points are plotted in
the age ascending order to show the oldest stars that exist in dif-
ferent parts of this diagram). The dashed line shows the initial
Li value assumed in our models as a function of [Fe/H] (see
Sect. 2.1). Although the linear interpolation we used between
the BBN and meteoritic Li values is not fully justified and
might cause discrepancies between the observed Li abundances
and model predictions, it follows the observational trend in the
youngest and most Fe-rich stars, and it cannot affect the the-
oretical Li dispersion pattern qualitatively. At the metallicities
higher than that of the Li plateau, the models predict increas-
ing Li dispersion and fit very well the observed upper and lower
Li envelopes at different ages. However, there are still many
stars with [Fe/H] above ~—0.5 dex that present Li values below
the theoretical predictions. This is also true for the Sun whose
photospheric Li abundance (A(Li), = 0.96 = 0.05 dex accord-
ing to Wang et al. (2021)) is significantly lower than expected
from the models presented in Fig. 16 and that are computed
for log Ty = 6.28. Indeed, and as discussed in Sect. 3.2, stars
with [Fe/H] above ~—1.5 dex require an increase of this param-
eter, which would lead to an increase in Li depletion rate and
hence a decrease of Li abundance. For this purpose, we also
show upper values at the solar metallicity predicted by models
for dwarfs with log Ty = 6.42 and TeZé*MS < 6500K from D21b
for which turbulence was adjusted to reproduce solar-type stars
around solar metallicity. Since these models are computed with
a mass step of 0.1 Mg, for higher precision, we interpolated the
Li values from the models at ages 2, 6, and 8 Gyr. Interpolated
values approximately correspond to masses of 1.25, 1.15, and
1.05 M. These results shall help future studies of the physical
origin of the process that we simulate as parametric turbulence.

4.2. Globular cluster stars — Lithium and metals

The abundance variations of metals around the MS turnoffin glob-
ular clusters have been successfully used to pinpoint the combined
effects of atomic diffusion and turbulence in Pop Il low-mass stars
(e.g. Korn et al. 2007; Lind et al. 2008; Nordlander et al. 2012;
Gruyters et al. 2013, 2014; Gavel et al. 2021; Nordlander et al.
2024). We have carried out this additional test on our models
using Mg and Li data for the globular cluster NGC 6752 from
Gruyters et al. (2013) and Gruyters et al. (2014) (hereafter G13
and G14 correspondingly), where the former one provides mea-
surements for individual post-turnoff stars and the latter one aver-
aged values for four groups of stars at different evolutionary
stages: turnoff, SGB, base of the RGB, and RGB. Although the
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G14 sample is more complete, the G13 sample covers a wider
T range. The G14 sample contains 146 and 124 stars with mea-
surements of Mg and Li abundance correspondingly. To avoid
initial abundance variations among the multiple stellar popula-
tions hosted by the cluster (for a review on multiple stellar popu-
lations in globular clusters, see Gratton et al. 2019), we consider
only those stars from G14 that were identified as being part of the
‘primordial’ (i.e., first) population. These stars should have the
same original composition as field halo stars of similar [Fe/H].
We are left with 25 and 34 stars with measurements of Li and
Mg respectively. We adopt the same age for the cluster as G14
(13.5 Gyr). The authors derive [Fe/H] = —1.6 and [@/Fe] = 0.3 for
the cluster. Other estimations suggest its [Fe/H] value is around
—1.5 (e.g. [Fe/H] = —1.49, Souza et al. 2020; —1.48, Gratton et al.
2005; 1.55, Harris 1996). Considering these slight differences and
in order to save computational time, we used the already com-
puted models for [Fe/H] = —1.5 and [@/Fe] =0.3. We completed
them with a few additional models around the cluster turnoff mass
of 0.8 My’ to trace the SGB and RGB with a higher level of
discreteness.

We compare the model predictions to the Li and Mg obser-
vations as a function of T (as a proxy for the evolution stage)
in Fig. 17. For both elements, the magenta lines connect the
theoretical abundances in models of different initial masses at
13.5Gyr (i.e., isochrones for Li and Mg). Although we cali-
brated models to reproduce Li abundance in turnoff MS stars,
we obtained a very good agreement between the observational
data and model for Li beyond the MS until the end of the
first dredge-up. As discussed in Sect. 4.1.4, the abundances of
heavier elements (including Mg) that have accumulated below
the convective envelope along the MS due to atomic diffusion
recover their initial values as the first dredge-up occurs (see
also Fig. 14 for the global metallicity [M/H]). The theoretical
predictions for Mg were homogeneously shifted by —0.14 dex
to account for the differences between the initial Mg content
assumed in our models and the observations. The shift value was
computed to minimise the y? discrepancy between the model
and observation. Although the models were not calibrated to
fit the Mg abundance increase in post-turnoff stars, they still
reproduce the observed trend at a fairly high level of confi-
dence. Our results are in agreement with those of the models
of G14 with atomic diffusion and parametric turbulence derived
a slightly lower value of log Ty = 6.20 than ours for parametric
turbulence in order to recover the main observational trends for
metals in NGC 6752. The corresponding initial Li abundances
they retrieved with their optimal model are thus slightly lower
(A(Li)=2.58 £0.10) than the BBN+CMB value we assume in
our models with log Ty =6.28. We consider, however, that the
difference is not compiling, for two reasons. First, the different
input microphysics in G14 and our models can lead to slight stel-
lar structure differences, with differences in the optimal log T
simply hiding our ignorance about the origin of the parametric
turbulence. Second, the significance of the trends for metals is
relatively weak in NGC 6752.

5. Summary and conclusions

The discrepancy between the Li value predicted by BBN+CMB
and the one observed along the Spite plateau has long been
a matter of debate. In this work, we investigated the stellar
depletion solution using the same assumptions as in the models

3 To this end, we computed models with initial masses of 0.795, 0.798,
0.802, 0.805, 0.808, and 0.81 Mg,
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Fig. 17. Upper panel: trend of Li abundance in stars of the primordial
population of NGC 6752. Black points correspond to the data points
from G14 and blue diamonds show the averaged values for different
evolutionary stages of stars from G13 (turnoff, SGB, base of the RGB,
RGB from left to right). The model prediction at 13.5 Gyr is shown with
the magenta line with points labelled according to their mass. Bottom
panel: same but for the abundance of Mg.

of Dumont et al. (2021b,a) that explain the Li behaviour and the
surface and internal rotation of Population I low-mass stars. In
addition to atomic diffusion and parametric turbulence that were
considered in previous studies of Li depletion in Pop II stars
(e.g. Richard et al. 2005; Korn et al. 2007), the models include
rotation-induced processes, parametric vertical viscosity for the
transport of angular momentum, as well as penetrative convec-
tion with a rotational dependence, and magnetic braking. Given
the lack of asteroseismic data for Pop II Plateau dwarf stars, we
adopted the same value for the vertical viscosity as required in
the VRI/T;‘ models of D21a/b to explain the internal rotation pro-
file of solar-type stars, and we show that variations around this
value do not significantly impact the Li content at the age of
Pop II stars (see Sect. 3.1). We adopted the same initial rotation
periods as Amard et al. (2019) and D21a,b for Pop I low-mass
stars and show that Li depletion at the age of the Plateau dwarfs
is marginally impacted by the initial rotation rate. Finally, the
only difference to the VRl/f” models of D21a/b is the value of

log Ty where the efficiency of parametric turbulence is anchored,
which we adjusted to counteract atomic diffusion and fit the
surface abundance of Li observed along the Plateau. Using the
BBN+CMB Li value as the initial Li abundance for Pop II stars,
we found that the value of log 7y = 6.28 fits the best the today-
observed value of A(Li)=2.3. This value is in good agreement
with log Ty = 6.25 found by Richard et al. (2005) whose models
include only atomic diffusion and parametric turbulence that turn
out to be the dominant processes for surface Li depletion along
the plateau compared to rotation-induced meridional circulation
and horizontal shear as modelled in the VRI/{“ configuration.

We have demonstrated that the constancy of the Li Spite
plateau over a large range of metallicities results naturally from
the similar compactness of the plateau dwarf stars, whose struc-
ture does not significantly change in a wide metallicity range.
Consequently, these stars are expected to undergo the combined
action of parametric turbulence and atomic diffusion at a similar
level of efficiency.

At the same time, we have explained the constancy of the
Spite plateau in quite a wide range of T.g. Although, at a given
metallicity, atomic diffusion efficiency increases with Teg, its
effect is balanced by the changing of the density gradient below
the base of the convective envelope. Eventually, these two effects
create a domain in the [Fe/H]-T.x space where stars have very
similar rates of Li depletion, which results in a plateau with
very little Li dispersion. When using the same 7 value over a
[Fe/H] range covering five orders of magnitude below —1.5 dex,
the le? models predict a very modest positive slope for the
Li plateau, but no Li meltdown at [Fe/H] below —2.5 dex. This
is in excellent agreement with the trend found after a detailed
analysis of the peculiarities of dwarf stars with Li data in the
very low metallicity regime. There, the dwarf stars that lie below
the plateau are all CEMP or other chemically peculiar stars, sup-
porting the environmental origin (influence of Pop III stars in the
original composition, and/or binarity-induced processes) of the
meltdown. The Li abundance close to the Plateau of the most Fe-
poor star, J0023+0307, which is not C-enriched, provides strong
additional support to the stellar depletion solution of the cosmo-
logical problem.

We compared trends of Li and Mg in post-turnoff stars of the
globular cluster NGC 6752 with the model predictions. These
stars experience the first dredge-up caused by the rapid deepen-
ing of the convective envelope which results in the increase of
most metals and the decrease of Li. We found a perfect agree-
ment between observed Li abundances and models that have
the most recent measurement of the primordial Li abundance of
A(Li) =2.75 dex (Pitrou et al. 2018; Coc & Vangioni 2017) as a
starting point. Also, the modelled trend for Mg abundance fits
well with the observational data. This further supports the stel-
lar depletion solution to the cosmological Li problem. Possibly,
Mg and Li data in post-turnoff stars in metal-rich globular clus-
ters could help estimate how the Li abundance increased in the
interstellar matter from the BBN to the meteoretic value in the
—1 < [Fe/H] < —0.5 dex range. Up to date, it is in this range that
there are the greatest uncertainties in the behaviour of Li. Under-
standing this may help shed light on the history of enrichment in
the Galaxy.

The same stellar structure considerations consistently
explain the change of Li depletion and dispersion regime for
[Fe/H] around —1.5dex, i.e., at the transition in metallicity
between Pop II to Pop I stars. The stellar compactness decreases
strongly above this metallicity, and the density at the base of
the convective envelope (hence the atomic diffusion efficiency)
varies strongly with T and metallicity. This explains the need
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for a higher anchoring temperature for parametric turbulence for
Pop I dwarfs than for Pop II stars along the plateau. This also
leads naturally to higher Li dispersion in Pop I stars at a given
age (e.g. ~0.6-0.7 dex at the solar metallicity at 2 Gyr), and more
generally since Pop I low-mass stars that cover a large range in
age. This plateau-to-scatter transition pattern is in good agree-
ment with the observational data, which further supports a con-
sistent stellar depletion solution to the Li behaviour in low-mass
stars from different Galactic populations and to the Li cosmolog-
ical problem.
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