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ABSTRACT

The cosmological "Li problem consists in explaining why the primordial Li abundance, as predicted by the standard Big Bang
nucleosynthesis theory with constraints from WMAP and Planck, is a factor of 3 larger than the Li abundance measured in the
stars of the Spite plateau defined by old, warm dwarf stars of the Milky Way halo. Several explanations have been proposed
to explain this difference, including various Li depletion processes as well as non-standard Big Bang nucleosynthesis, but the
main question remains unanswered. In this paper, we present detailed chemical evolution models for dwarf spheroidal and ultra
faint galaxies, compute the galactic evolution of “Li abundance in these objects, and compare it with observations of similar
objects. In our models, Li is mainly produced by novae and cosmic rays, and to a minor extent, by low and intermediate mass
stars. We adopt the yield combination that best fits the Li abundances in the Milky Way stars. It is evident that the observations
of dwarf objects define a Spite plateau, identical to that observed in the Milky Way, thus suggesting that the Spite plateau could
be a universal feature and its meaning should be discussed. The predictions of our models for dwarf galaxies are obtained by
assuming as Li primordial abundance either the one detected in the atmospheres of the oldest halo stars (Spite plateau; A(Li)
~ 2.2 dex), or the one from cosmological observations (WMAP; A(Li) ~ 2.66 dex). Finally, we discuss the implications of the

universality of the Spite plateau results.
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1 INTRODUCTION

The study of the evolution of the abundance of "Li is very important
for cosmology because its primordial abundance, together with the
abundances of He and D, allows us to impose constraints on the
baryonic density of the Universe (£2,). The study of the evolution of
7Li abundance has started with Spite & Spite (1982, 1986), Bonifacio
& Molaro (1997), and Bonifacio et al. (2007), who identified a clear
plateau for the Li abundance in dwarf halo stars. Rebolo, Molaro
& Beckman (1988) showed, for the first time, the relation of the
abundance of Li versus metallicity ([Fe/H]) for stars in the solar
neighbourhood, and suggested that the upper envelope of such a
plot indicates the evolution of the Li abundance during the Galactic
lifetime. This is because the large spread in Li abundances, visible
especially in disc stars, is the result of different levels of Li destruction
in stars in different evolutionary stages. This element, in fact, is easily
destroyed by nuclear reactions in stars. Such a spread is not evident,
instead, in the Li abundances of halo stars, and the interpretation of
this fact has been that Li in halo stars represents the primordial Li
abundance, because the plateau value was, at that time, in agreement
with big bang nucleosynthesis (BBN) theory. This fact and the small
observed spread in halo stars were interpreted as due to the lower
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convection occurring in low metallicity stars with consequent lack of
Li destruction. The upper envelope of the data in the fig. 3 of Rebolo
et al. (1988) shows a plateau for [Fe/H]< —1.0 dex, followed by
a steep rise of the Li abundance in disc stars, reaching the highest
value in TTauri objects, where Li is not yet destroyed. This value
coincides with the meteoritic one and is a factor of 10 higher than
the Spite plateau. An alternative interpretation of this plot is that the
primordial Li abundance is that observed in meteorites and the Li
in halo stars is the result of its destruction during stellar evolution
(see Mathews, Alcock & Fuller 1990). However, in this case a non-
standard Big Bang theory would be required. Before the WMAP
results, the theoretical primordial abundances of all light elements
were in agreement with the observed values (e. g. Ryan 2000), thus
suggesting a value for the baryon to photon ratio (1) and therefore
for Q2,. The WMAP results (Spergel et al. 2003), later confirmed by
Planck (Coc, Uzan & Vangioni 2014), suggested directly a precise
value for 1 and therefore a value for the primordial Li abundance.
Such a value (A(Li) = 2.66-2.73 dex) is higher by a factor of 3
than the one suggested by the Spite plateau (A(Li) ~ 2.2 dex), thus
creating what is called the Cosmological Lithium Problem: why halo
stars show an almost constant Li abundance lower than the primordial
one? Before discussing the various proposed solutions to the Li
problem, we remind how "Li is produced in stars: there is practically
only one channel for Li production and in particular there should
be a site where the reaction *He + o — ’Be + y can occur, but
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"Be should be rapidly transported by convection in regions of lower
temperatures where it decays into ’Li, and this is known as the
Cameron & Fowler (1971) mechanism. The proposed stellar sources
of 7Li are: red giant (RG), asymptotic giant branch stars (AGB),
novae, and supernovae core-collapse. D’ Antona & Matteucci (1991)
computed the Li evolution in the solar vicinity by means of a detailed
chemical evolution model and concluded that RG, AGB, and novae
should all contribute to Li production, and in particular that only
novae, exploding with long time delays (being binary systems of low
mass stars), could reproduce the steep rise of the Li abundance at
[Fe/H] > —1.0 dex, whereas AGB stars could not, and RGs give
only a negligible contribution. Later on, other papers included all
or part of abovementioned sources in Galactic models (see Romano
et al. 1999, 2001; Travaglio et al. 2001; Prantzos et al. 2017). The
Li production by the neutrino (v)-process (Woosley et al. 1990) was
included by Matteucci, D’ Antona & Timmes (1995) as one of the Li
sources, but this contribution is also negligible. The v-process occurs
in the shell above the collapsing core in a pre-supernova. The high
flux of neutrinos evaporates neutrons and protons from heavy nuclei
with the result of producing Li.

Various explanations have been put forward to explain the Spite
plateau Li abundance lower than the primordial one. They are:
turbulent mixing (Richard, Michaud & Richer 2005), gravity waves
in stellar interiors (Charbonnel & Talon 2005), pre-galactic Li
processing by massive Population III stars (Piau et al. 2006),
tachocline mixing induced by rotation (Spiegel & Zahn 1992; Piau
2008), mass dependence of Li depletion (Meléndez et al. 2010), pre-
Main Sequence depletion plus accretion (Fu et al. 2015; Molaro et al.
2012), and finally, non-standard BBN (Jedamzik et al. 2006; Hisano
et al. 2009). What remains difficult to explain is how such processes
can deplete Li at the same level in all halo stars. Moreover, even the
Milky Way Spite-plateau itself has been challenged in the last years,
since very metal-poor stars have been found with Li abundances
lower than the Spite-plateau (e.g. Sbordone et al. 2010; Bonifacio
etal. 2015), although in Aguado et al. (2019) is presented a star with
[Fe/H] < —6.0 dex with a Li abundance lying on the Spite-plateau.
This star has been observed in high resolution with UVES at VLT and
its inferred Li abundance is A(Li) = 2.02 % 0.08. These extremely
metal-poor stars are very rare and so far only 14 Galactic halo stars
with [Fe/H] < —4.5 dex have been observed (Christlieb et al. 2004;
Frebel et al. 2005; Caffau et al. 2012; Hansen et al. 2014; Keller et al.
2014; Allende Prieto et al. 2015; Bonifacio et al. 2015; Aguado et al.
2018a,b; Starkenburg et al. 2018; Nordlander et al. 2019) and only
seven of them are unevolved. More recently, Gao et al. (2020) have
claimed the existence of two plateaus in the halo stars, one warm
and one cool, with the warm one being at the level of the BBN Li
primordial value.

Observations of extragalactic objects have confirmed the existence
of the Spite plateau in the globular cluster M54 (Mucciarelli et al.
2014), in Sculptor dwarf galaxy (Hill et al. 2019), and in @ Centauri
(Monaco et al. 2010). More recently, Molaro, Cescutti & Fu (2020)
have found the Spite plateau also in Gaia-Enceladus (Belokurov
et al. 2018; Myeong et al. 2018; Helmi et al. 2018; Molaro et al.
2020), while Aguado et al. (2021) measured the Li abundance in
three S2 Stream members, and derived values fully compatible with
the plateau. These results show that the behaviour of 7Li abundance
is the same in the Milky Way halo stars, accreted satellites, and
extragalactic objects. This fact suggests that the Li abundance of the
oldest stars is not affected by environmental effects.

In this paper, we present model results relative to the Li abundance
for some dwarf spheroidal (dSphs) and ultra faint galaxies (UfDs),
and compare them with data. The Li data are taken from a compilation
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Figure 1. A plot of A(Li) versus Ter. Only stars with log(g) >3.7 are
included. The points are stars from the Galactic halo, S2, Slygr, M54, and
Omega Cen, respectively, taken from the compilation of Aguado et al. (2021).
The colours refer to the stellar metallicity.

by Aguado et al. (2021) and they show clearly that the Spite plateau
exists in all these objects for metallicities lower than [Fe/H] = —1.0
dex. Actually, being all the observed objects metal poor, the more
metal-rich stars with higher Li abundances are likely to be negligible.
The common feature of the Spite plateau among dwarf galaxies and
Galactic halo is here discussed in the light of cosmology and galaxy
formation and evolution.

The paper is organized as follows: in Section 2 we describe the
observational data, in Section 3 the chemical evolution models, and
in Section 4 the results. Finally, in Section 5 we present a discussion
and conclusions.

2 OBSERVATIONAL DATA

The observed Li abundances we adopted in this paper are the same
shown in fig. Al of Aguado et al. (2021). These data include stars
from the Galactic halo, Sculptor, S2 and Slygr streams, the globular
cluster M54, Omega Centauri, and Gaia-Enceladus. From the theoret-
ical point of view we have modeled several dSphs: Sculptor, Fornax,
Carina, Draco, Ursa Minor, Sextans, and Sagittarius, plus two UfDs:
Reticulum II and Bootes I. For all these galaxies we have adopted
the metallicity ([Fe/H]) distribution functions (MDF) from SAGA
database. All these objects are on average metal poor as the stars in
the Galactic halo, and their [Fe/H] extends from —5.0 to —1.0 dex.

In Fig. 1 we show a compilation of A(Li) values as functions of the
effective temperature (7.g) for stars of the Galactic halo, S2, Slygr,
M54, and Omega Cen. We include in the plot only stars with log(g) >
3.7, in order to be sure that no diffusion with lower layers could affect
the Li values. In the same plot we show the metallicities of the stars:
as one can see, the Li Spite plateau is evident and is neither affected
by Tes nor metallicity. In the figure it is also indicated the primordial
Li value as suggested by BBN.

3 CHEMICAL EVOLUTION MODELS FOR
DWARF GALAXIES

In this paper we present chemical evolution models devised for
specific dSphs and UfDs. Both galaxy types are characterized by
having suffered a very low star formation rate (SFR) compared to
the Milky Way, as indicated by the [«/Fe] ratios lower than Galactic
halo stars at the same metallicity, except for a small overlapping in
the lowest part of the metallicity range. This behaviour of the [«/Fe]
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Table 1. SF histories of dSphs and UfDs. In the first column it is reported
the name of the galaxy and in the second, third, and fourth column, the
number, time, and duration of the bursts of SF, respectively.

Galaxy n 1 (Gyr) d (Gyr)
Bodotes I (Bool) 1 0 1
Carina (Car) 4 0-2-7-9 2—-2-2-2
Draco (Dra) 1 6 4
Fornax (For) 1 0 14
Reticulum IT (RetII) 1 0 1
Sagittarius (Sgr) 2 0—45 4-25
Sculptor (Scl) 1 0 7
Sextans (Sex) 1 0 8

Ursa Minor I (Umi) 1 0 3

ratios has been interpreted as due to a very inefficient star formation
in these systems (e.g. Lanfranchi & Matteucci 2003; Salvadori &
Ferrara 2009; Matteucci 2012; Vincenzo et al. 2014; Romano et al.
2015). The a-ratios in UfDs are even smaller than those in the dSphs
and this is because in a low star formation regime, the Fe abundance
increases very slowly and when the contribution to Fe from Type la
SNe occurs, the gas out of which stars form is still very metal poor,
so we see low [«/Fe] ratios at low [Fe/H].

The models we have developed here well reproduce the [«/Fe]
versus [Fe/H] plots and the MDFs of each galaxy (Molero et al.
submitted).

3.1 Model prescriptions

We adopt a model similar to that of Lanfranchi & Matteucci (2004)
and Vincenzo et al. (2014) to describe the chemical evolution of
both UfDs and dSphs. It is assumed that galaxies form by infall
of primordial gas falling into the potential well of a diffuse dark
matter halo, which is 10 times more massive than the baryonic
content. The models are one-zone and assume instantaneous mixing
approximation but relax the instantaneous recycling approximation
in order to follow in detail the evolution of the abundances of several
light and heavy elements during 14 Gyr. For more details about the
model prescriptions, we address the reader to Vincenzo et al. (2014).
The evolution with time of the gas mass in the form of the element i,
M, (1), within the interstellar medium (ISM) is

Mg,i(t) =—y()X;(#) + (Mg,i)inf - (Mg,i)out + Ri(1), (1)

where X;(t) = M, ;(1)/Mg,(?) is the abundance by mass of the element
i at the time ¢ and M,,(?) is the total gas mass of the galaxy. The
terms on the right-hand side of the equation are as follows:

(i) The first term is the rate at which chemical elements are
subtracted from the ISM to be included in stars. ¥ (7) is the SFR and
is a Schmidt—Kennicutt law with k = 1 (Schmidt 1963; Kennicutt
1998),

V(1) = VMg, 2)

where v is the star formation efficiency [v = (0.005 — 1) Gyr™!,
depending on the galaxy]. Here we adopt the star formation histories
(SFHs) as derived by colour—-magnitude diagrams fitting analysis of
several authors (Hernandez, Gilmore & Valls-Gabaud 2000; Dolphin
2002; de Boer et al. 2012a, 2012b; Brown et al. 2014; de Boer,
Belokurov & Koposov 2015). The adopted SFH for each galaxy is
characterized in terms of the number (), time of occurrence(z), and
duration (d) of the bursts, as reported in Table 1.
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(i) The second term is the rate at which chemical elements are
accreted through primordial infalling gas,

(Mg,i)inf = aXLinfe_[/fint‘ , (3)

where a is a normalization constant constrained to reproduce the
present time total gas mass, Xi s is the abundance of an element i
in the infalling gas, and 7y is the infall time-scale (0.005-3 Gyr
depending on the particular galaxy).

(iii) The third term is the rate at which chemical elements are lost
through galactic winds. It is assumed to be proportional to the SFR,

(Mg,i)out = —wW(fl (4)

where w is an adimensional free parameter describing the efficiency
of the galactic wind (w = 1 — 12) and depends on the particular
galaxy.

(iv) The last term R;(7) represents the fraction of matter that is
returned by stars into the ISM through stellar winds, supernova
explosions, and neutron star mergers, in the form of the element
i. R;(t) depends on the initial mass function (IMF): here we adopt a
Salpeter (1955) IMF for all galaxies with a slope x = 1.35 over a
mass range of 0.1-100 Mg,

3.2 Stellar yields

For all the elements but Li, the stellar nucleosynthesis prescriptions
are as in Model 15 of Romano et al. (2010). For the yields of Li we
have considered three sources: (i) RG and AGB stars, (ii) novae, and
(iii) cosmic rays. For RG and AGB stars (i.e. low and intermediate
masses 0.8 < M/Mg, < 8), we adopt the Li yields by Karakas (2010)
and Doherty et al. (2014a, b), that cover also the mass range of super-
AGB stars (7-9 Mg). However, the Li production from these stars
is a minor one. The major contribution to the local abundance of
Li in our model is due to nova outbursts that are strong explosions
occurring on the surface of a white dwarf in a binary system when
the less evolved companion (either a main sequence or a giant star)
fills its Roche lobe (i.e. Starrfield et al. 1978). The explosions do
not destroy the white dwarf and each binary system suffers ~10*
outbursts on the average during its lifetime (Bath & Shaviv 1978).
As for the Li production in a single outburst, we choose the amount
suggested by Izzo et al. (2015) based on observations of the nova
V1369Cen: in particular, the assumed mass ejected by a nova system
during a single outburst is M; = 2.55 - 107!° M. It should be noted
that this Li detection has not been yet confirmed and that many
theoretical uncertainties are present in the Li nova yields (see José &
Hernanz 2007). For Li production by Galactic cosmic rays we adopt
the metallicity-dependent rate of Li production through spallation
processes as deduced by Lemoine, Vangioni-Flam & Cassé (1998)
from theoretical models. It is worth stressing that by assuming an
empirical law (e.g. Grisoni et al. 2019) we obtain similar results. We
do not include the v-process by massive stars since it is negligible
(it makes ~9 per cent of the meteoritic abundance, as shown by
Romano et al. 2001).

4 MODEL RESULTS

In Figs 2 and 3, we show the predicted evolution of A(Li) = 12
+log (Li/H) as a function of [Fe/H] for all the galaxies considered
in the present study and compared with data of similar objects. We
remind that our aim is fitting only the upper envelope of the data,
because Li is easily destroyed at temperatures >~2.8 x 10° K in
stars of all masses. We predict the Li abundance in the ISM of each
galaxy and then we compare it with the upper envelope of the stellar

202 1dy Gz uo 1sanb Aq 699€929/002/1/S0G/2I01HE/SEIUW/WIO0D dNO"DILUSPEDE//:SANY WOI) POPEOJUMOQ



Boo |

g . "-.1'1'.’{1'.:."'"- TR i
1 : }IJW g} ?
1 1;1_.1'.: {T-II] t _ll. s
i I 1!
i

IR
!
0 1 ! &II I’ II

i - 5 5 4 0 1
[Fe/H]

Dra

A(Li)

-2
[Fe/H]

Ret Il

[Fe/H]

Lithium 203

Car

-1

i - 5 - 4 o 1
[Fe/H]

For

5 5 -3 5 4 0 1
[Fe/H]

Figure 2. Predicted against observed Lithium abundances versus metallicity for Bootes I, Carina, Draco, Fornax, Reticulum II, and Sculptor. Observational
data are: A(Li) values of stars from S2 (red dots), from w Centauri (green dots), the globular cluster M54 (black dots), Sculptor galaxy (blue dots), the Slygr
stream (purple dots), from Gaia-Enceladus (magenta; Molaro et al. 2020), and from Galactic halo stars (grey dots). Among these last ones, we highlighted in
olive turn-off stars (log(g) > 3.7). All data are from Aguado et al. (2021; see also references therein). The purple lines refer to the BBN primordial Li from
WMAP and Planck, while the orange lines refer to a primordial Li with the value of the Spite plateau (2.2 dex). The thick lines, in both colours, refer to the
metallicity range of existence of the stars in each galaxy (see also Fig. 4), whereas the thin lines refer to a metallicity range where stars are negligible and

therefore represent only the abundances in the ISM.

data. Most of the stars in these galaxies are confined at metallicities
lower than [Fe/H] = —1.0 dex therefore the values of A(Li) for
metallicities larger than that refer mostly to the ISM (thin lines in
the figures). In other words, the Li abundances for [Fe/H]>—1.0
dex are mostly predictions, and it appears that dwarf galaxies have
the majority of their stars on the Spite plateau (see also Fig. 4).
If in the future we will be able to measure Li in more metal-rich
stars in dwarf galaxies, we should expect to find them in Sagittarius,

Carina, Sculptor, Ursa Minor, and Fornax, but not in Bootes I and
Reticulum, the two UfDs, which, on the other hand, should show
only the Spite plateau since they are very metal-poor objects and
less evolved than dSphs. In any case, the ISM of all the dwarfs
should show the same Li evolution as we observe in the Milky Way,
namely the steep rise of Li abundance that is due, in our models,
to the late contribution to Li from novae. The AGB stars can also
contribute to Li production at late times, but they likely produce

MNRAS 505, 200-206 (2021)
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Figure 3. Predicted against observed Lithium abundances versus metallicity
for Sextan, Sagittarius, and Ursa Minor I. Colour code and data are as those
described in Fig. 2.

negligible amounts of this element (Ventura, D’ Antona & Mazzitelli
2000; Karakas 2010; Ventura et al. 2020). Another possible late
source of Li are the RG stars, recently reappreciated on the basis of
GALAH data (Kumar et al. 2020), although extreme assumptions on
Li production are necessary, as discussed in Romano et al. (2001).
Moreover, theoretical models of low mass stars including rotation and
thermohaline mixing have shown that these stars efficiently destroy
Li during their lifetime (Charbonnel et al. 2020). From Figs 2 and
3, one can see two curves for each galaxy, one sitting perfectly on
the Spite plateau, since we have assumed the Li value of the plateau
as the primordial Li abundance, while the other curve is obtained
by adopting the SBBN Li primordial abundance. It is worth noting

MNRAS 505, 200-206 (2021)

that, as for the Milky Way (see Izzo et al. 2015), the two theoretical
curves merge at high metallicity, ending up with the same maximum
value. This is because Li destruction/production by successive stellar
generations overwhelms the primordial contribution by infalling gas,
thus the system loses memory of its initial Li content.

The observed and theoretical stellar metallicity distribution for
the studied galaxies is clearly seen in Fig. 4, where we report
the predicted and observed MDF for each galaxy. The fit to the
observational data in some cases is not perfect and it is mostly due
to the lack of observational points, but in other cases such as Carina,
Draco, and Sculptor the fit is very good.

5 DISCUSSION AND CONCLUSIONS

We have computed the evolution of 7Li abundance in several dSphs
and UfDs of the Local Group and compared the results with data
referring to similar objects and halo stars (Aguado et al. 2021). Both
models and data show a clear Spite plateau for [Fe/H] < —1.0 dex.
This universality of the Spite plateau is somewhat surprising since
we would have expected that the Spite plateau could depend on the
environment where stars do form, and therefore to be different in
different galaxies that suffered diverse histories of star formation, as
it is the case for the sample considered here. In fact, we considered
dwarf galaxies that have suffered a lower SFR than our Galaxy and
also different infalls and outflows of gas.

Various explanations have been proposed to explain the Spite
plateau in the Milky Way against the higher primordial Li value
suggested by BBN. First of all, Li-depletion in stars. Originally,
before WMAP, the common interpretation of the Spite plateau in
the Milky Way was that its value corresponds to the primordial Li
abundance, and this was justified by the fact that metal-poor stars have
thin convective layers and can retain the initial Li abundance of the
gas out of which they formed (see Deliyannis, Demarque & Kawaler
1990). In the following years, the difference between the Li value
in the Spite plateau and the primordial value from WMAP has been
attributed to Li depletion in pre-main sequence stars (e.g. Fu et al.
2015). There is a general consensus now that the Li depletion occurs
by means of extra-mixing below the convective zone and that this can
be due to rotation, diffusion, and turbulent mixing (e.g.Richard et al.
2005; Richard 2012). Internal gravity waves have also been suggested
(Charbonnel & Talon 2005). Another suggested possibility is that
Pop III pregalactic stars might have reprocessed the gas that later
formed the first Pop II stars (Piau et al. 2006, 2008). However, none
of these suggested solutions gives a clear answer on why Li should
have been depleted by the same amount in all the halo stars as well
as in stars of external galaxies and also of Gaia Sausage/Enceladus
(Molaro et al. 2020). This object has been recognized to be the debris
of a merger event occurred in the Milky Way 10 Gyr ago (Belokurov
et al. 2018; Myeong et al. 2018; Helmi et al. 2018). Our conclusions
are as follows:

(1) Models of galactic chemical evolution of dSphs and UfDs can
very well reproduce the observed Li abundances, if we assume that
the primordial Li abundance coincides with the Spite plateau. This
is because we assume that Li is mainly produced in novae, whose
contribution appears for ISM metallicities [Fe/H] > —1.0 dex, and
very few stars are found at those metallicities in these galaxies.
Therefore, we just predict the expected Li abundance for stars with
[Fe/H] > —1.0 dex and undepleted Li (namely inhabiting the upper
envelope of the A(Li) versus [Fe/H] space).

(i) However, since cosmology suggests a different value for
primordial Li abundance, which is 2-3 times higher than the Spite
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Figure 4. Predicted (light blue) against observed (black) MDF for Bootes I, Carina, Draco, Fornax, Reticulum II, Sculptor, Sextan, Sagittarius, and Ursa Minor

I. Observational data adopted for each galaxy are from SAGA database.

plateau, we have also computed models starting from this primordial
abundance. The model predictions lie indeed above the Spite plateau
for [Fe/H] < —1.0 dex but then they merge with the predictions,
obtained by adopting the primordial Li of the Spite plateau, for
larger metallicities.

(iii) Very likely the halo of the Milky Way has been partly formed
by accretion of stars from dwarf satellites, although we do not know
yet how many stars formed in situ and ex situ. The mixture of
in situ and ex situ halo stars are all apparently lying on the Spite
plateau, so Li is not a good discriminant for the origin of halo stars.
The easiest explanation for that would be that the primordial Li
abundance is indeed that of the Spite plateau, supporting a lower
primordial Li production driven by non-standard nucleosynthesis
processes. Otherwise a universal, unlikely, Li depletion mechanism,
independent of chemical composition and effective temperature
should be acting in low metallicity stars.

In conclusion, the universality of the Spite plateau is not yet under-
stood and more data are required especially at very low metallicities,
before drawing firm conclusions.
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