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Two problems are discussed here. The first one is the 0.4 deregiancy between tHei abun-
dance derived from the spectra of metal-poor halo stars erotte hand, and from Big Bang
nucleosynthesis, based on the cosmological parametestaimred by the Wilkinson Microwave
Anisotropy Probe (WMAP) measurements, on the other hanthiurh, indeed, can be depleted
in the convection zone of unevolved stars, by a combinatfadiffusion and slow mixing with
the hotter layers below the convection zone, wHeiigs destroyed by théLi(p,a)*He reaction.
The understanding of the hydrodynamics of this crucial zosar the bottom of the convective
envelope in dwarfs or turn-off stars of solar metallicitysliacently made enormous progress with
the inclusion of internal gravity waves. However, similaonk for metal-poor stars is still lack-
ing. So in spite of several investigations claiming to haselp explained the above mentioned
’Li discrepancy, it is not yet clear whether or not the depleticcurring in the metal-poor stars
themselves is adequate to produc_aplateau. The second problem concerns the difficulties
met in accounting for the large amountéi recently found in metal-poor halo stars (Asplund et
al. 2006 [15]). It has already been suggested (Cayrel et8@l7 24]) that the convection-related
asymmetry of théLi line could mimic the signal attributed so far to the weaktd ofSLi in the
red wing of the’Li line. However, this suggestion was only based on a hydnadyical simu-
lation for a single set of atmospheric parameters, reptigpthe halo turn-off star HD 74000.
Now the theoretical line asymmetry has been computed foxeanded range in effective tem-
perature, gravity and metallicity, covering the stars @& fsplund et al. sample. The computed
asymmetry is about two per cent, a value which is also the roé#me ®Li/Li ratio of the full
sample determined with symmetric profiles by Asplund et 80& Our conclusion is that these
observations can be reinterpreted in terms of intrinsie isymmetry, plus the amount&fi/ ’Li
given by Asplund et al. reduced by 0.02. This drasticallyucsss the number of certafii
detections, from 9to 1 or 2.
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1. The WMAP / Spite plateau discrepancy

The Big Bang nucleosynthesis leads now to very accurateqgbies of the primordial abun-

dances, with the cosmological parameterN(baryons)N(photons) constrained by the observa-
tions of WMAP. On the usual scale of abundances by numberoigper 18% hydrogen atoms,
the logarithmic abundance dt.i is logn(Li) =2.64+ 0.04 (Spergel et al. 2007 [1]), against a
logaritmic abundance of.22+ 0.08 for the Spite plateau (Charbonnel & Primas 2005 [2]). The
first idea which comes to mind is that the nuclear fragility’bf can deplete the element by the
same mechanism which has depleted this nuclide in the Subdayt  dex in 4.6 Gyr. The main
difficulty with this scheme is that the Spite plateau is baoth dind shows only a very small scatter.
It is a priori difficult to imagine a mechanism leading to a constant dapietver two decades in
metallicity and almost 1000 K in effective temperature. phheblem of the small scatter was also
serious as long as effects of stellar rotation were beli¢gdzk a main ingredient of the depletion
mechanism. The inital distribution of stellar rotation urés without doubt a statistical scatter. We
shall come back to this mechanism in subsection 1.3.
Other possible mechanisms have been proposed. In secliomelshortly discuss the proposal
that the depletion of the Spite plateau is due to a massivatiast of the cosmic matter before
the birth of the galactic halo stars (Piau et al. 2006 [3])sdation 1.2 we quote proposals using
supersymmetric particles, very briefly, because the stulfj@onsidered elsewhere in this volume.
In section 1.3 we discuss in detail the diffusion — slow mixinuclear burning mechanism, now
widely studied in dwarfs of solar metallicity.

1.1 A major astration of cosmic matter before the formation d halo stars

Piau et al. 2006 [3] have proposed that about half of the migbe @osmic matter from which
the halo stars formed was already processed by pregalap@sovae (SNe) of masses between
10 and 40M,,. Although this scenario has some interesting featureserairg, for example, the
high depletion of Liin the extremely iron poor, C-enriché¢ardHE 1327-2326, the level of astration
invoked seems incompatible with the expected resultingltigty on the part of the plateau below
[Fe/H]=-2.0 (Prantzos 2006, NIC-IX [4]).

1.2 Supersymmetric particles

If they exist, supersymmetric particles may have playedl@ twoth in depletingLi and in
producing®Li during the Big Bang, winning on the two sides. As the topastbeen developed
elsewhere in this volume, | will just mention here a few referes dealing with this topic: Jedamzik
2004 [5], Pospelov 2007 [7], Cumberbatch et al. 2007 [8], ldngakabe et al. 2007 [9].

1.3 Depletion by the diffusion — slow mixing — nuclear burnirg mechanism

Atmospheres of low mass unevolved stars are rapidly mixembhyection and a small amount
of convective overshooting. Below the convection zonesth&tion is rather complex. Heavy ions
settle down very slowly, but if a new ionization stage is reat; radiative support by continuous
plus line absorption can block this motion. Under the impuasGeorges Michaud (see the Meeting
in Honor of Georges Michaud 2005 [10]) an enormous amountaskuwas been done in this field.
The situation is complicated by the existence of hydrodyinaheffects which tends to modify this
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vertical stratification and by the existence of meridioniedudation. Initially, turbulence generated
by differential rotation was considered to be the main casaixing, inhibiting to some degree
the effects of diffusive sedimentation. The presence ofdghamical turbulence which tends to
scramble the effects of diffusion, also enables the depiaif fragile nuclides which are destroyed
at higher temperatures some depth below the bottom of theecton zone. In that case, the
hydrodynamical turbulence creates a slow mixing betweenctimvection zone and the burning
region below. Very clearly, this is the case for Sun, in whicé photospheriéLi is depleted by
more than a factor 100 from an ISM initial value o83Korn et al. 2007 [11] have constrained the
role of diffusion by comparing the abundances of a few eldmanunevolved stars and evolved
stars in the globular cluster NGC 6397. They derive a dapietif ‘Li by about 025 dex using

a stellar model of O. Richard (see [10]). This value depenunuhe difference of effective
temperature between the unevolved stars and the evolves] atad upon the empirical model of
Richard, done before the theoretical work of Charbonnel &A72008 [14]. The latter approach
has been very successful in explaining a large body of obens able to constrain the theory.
First the evolution with time can be checked by observingssta clusters of various ages, from
the Pleiades to M67. Then the Boesgaard-Tripicco dip [L8kpa@ severe challenge to the theory,
which was resolved only very recently [14]. The simultarealservation of the three fragile
nuclides’Li, 'Be, and®B in field stars (Boeesgaard et al. 1998 [13]) supplies diegittence that
the depletion is linked to the physical properties of theleiyand reaches levels unattainable
by diffusion only. This body of observations has allowed td fhe theory of loss of angular
momentum and of chemical mixing in cool stars on a much bétiating than before. A key
ingredient has been to take into consideration internafyravaves as well as the effects of rotation
(meridional circulation and shear turbulence) [14]. Utdoately the low-metallicity stars of the
galactic halo have not yet been investigated in as muchl dstgiopulation | stars. Further work is
needed before a well accepted conclusion can be drawn.

1.4 New observational results on the metal-poor tail of the fte plateau

Very few unevolved stars at extremely low metallicity arebt enough to be subjected to the
spectroscopic study of the weak Li feature. A sudden dropéTiti abundance at metallicities
below 0.01 the solar metallicity is quite visible in a diagrplotted not in logarithmic coordinates,
but on a linear scale (see Fig. 22 in Asplund et al. 2006 [E3rred to as ALNOG6 further on). In a
study of the unevolved metal-poor halo stars, Bonifacid. @007 [16] have studied 17 objects with
metallicities between-3.8 < [Fe/H] < —2.7 (see Fig. 1). This study supports the conclusion that
in this metallicity range something is happening to the&piateau: (i) the scatter in Li abundance
is much larger here than on the plateat2(6 < [Fe/H] < —1.5). The double-lined spectroscopic
binary CS 22876-032 is a striking example of this behavioom@onent A (higher mass) has a
logarithmic ’Li abundance of 2.2, component B has a Li abundance of only ([177], see also
Fig. 1). (i) a decline of the abundance ‘fi at very low metallicity looks probable. Garcia Pérez
2008 [18] also finds a drop at these lowest metallicities cWitian be connected to the strict upper
limit of “Li < 0.6 found in the ultra-metal-poor star HE 1327-2326 at [Fe/F§:3 (Frebel et al.
2008 [19]).
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Figure 1: The metal-poor end of the Spite plateau. Note the increasates, and the trend towards a drop
of the Li abundance at the lowest mean metallicities. Adaptam Bonifacio et al. 2007 [16] and Gonzalez
Hernandez et al. 2008 [17].

2. The®Li problem

Until 2006, only very few determinations of the abundancélofwere performed. The ob-
servation is very difficult, the resonance line S being a weak doublet, blended with the cor-
responding doublet ofLi, shifted by only 0.16 A to the red of th&.i line, and about 20 times
weaker. The doublets are not resolved because of the themdaturbulent broadening of the
lines. So, the presence 8ifi is detected only by a slight extra depression of the redgvwihthe
unresolved'Li feature (Fig. 3). A drastic change occurred with the papeAsplund et al. 2006
[15], who published a set of 24 determinations®bf abundances, based on high quality spectra
acquired with ESO’s VLT/UVES combination. The surprisimgult was a kind ofLi plateau (top
of Fig. 23 of their paper) at the level logfLi) ~ 0.8. As clearly demonstrated by their Figure 23
this behavior does not fit the expectations based on cosp{€R) production (again their Fig. 23,
bottom). This result has immediately triggered new thécaepapers trying to explain the néii
plateau.

2.1 The pregalactic Cosmic Ray solution

Rollinde, Vangioni & Olive 2006 [20] have considered pregdic cosmic rays generated by
shocks around population Il objects. By collisions betwaecelerated and at rest helium nuclei,
the so calleda fusion process generates both Lithium isotopes by the icemctHe(ar, D)SLi
and“He(a, p)’Li. This process works, but needs a very large fraction ofkinetic energy of
population Ill SNe to be converted into CR energy, as note®tantzos 2006 [21] and Evoli et
al. 2008 [22]. It seems also difficult to produce a plateau thendiagram log(6Li) vs. [Fe/H] —
in the hierarchical model of Galaxy formation of Evoli et 2008. Other scenarios involving CR
production have been proposed, but are exposed to simitiascr

2.2 The supersymmetric particle solution

See the list of references given in section 1.2, and paper. ByeRis (NIC-X, this volume).



Overview of the lithium problem R. Cayref

— 7 — 7

0.1

———— T —T—————T— r

full sample N= 24 mean= 0.022sdev= 0.018 ] full sample N= 24 mean 0.022 sdev 0.017

0.1

isubsample N= 9 mean= 0.04kdev= 0.013 ] subsample N= 13 mean 0.021 sdev= 0.013
0 1 's}
oL 4 S L 4

0
T
o

|
0
T

*\\@‘ﬁ‘@w

[ factor selection= 2.000 ] err_max < 0.013
8
7

SL\/7U ratio
o
e
e
—=
DN
e
6L\/7Lw ratio

1 1 1

I I I I
-3 -2.5 -2 -1.5 -1

-3 s -2 -1.5 -1
[Fe/H] [Fe/H]

-0.05

Figure 2: left panel:Fig. 13 (middle) of ALNO6. Selected objects: dfilldots, discarded objects: open
circles. The mean value af®Li)/n("Li) of the full sample is 0022, the mean value of the selected subsample
is 0.041. Right panel: Same as left panel excepted tha tbets®i is now done on the accuracy only error
< 0.013. The mean value is not affected now

2.3 The’Li asymmetry solution: new results

Observationally, théLi measurement relies on the detection of a slight extraefsion of
the red wing of the'Li feature. However, such a line asymmetry already existaaut the pres-
ence offLi. 3D hydrodynamical models of convection produced by tH@®BOLD code [23]
clearly predict a convection-induced line asymmetry ofilsinmstrength. Cayrel et al. 2007 [24]
have shown that, in the case of the star HD74000, a halo ffistew of metallicity [Fe/H] = -2.0,
the derivecPLi abundance is reduced to a negligible amount when takitmancount this intrin-
sic line asymmetry. It was also shown that iron lines withiegjent widths similar to those of
the doublet components of tHei feature, and with the same stratification, show about tiaes
amount of asymmetry as the computed one’far This is the only “sanity” check suggesting that
our computed asymmetries are correct. The referee askéwasbuld compare our asymmetries
with those obtained with the 3D models used in ALNO6, for eglam This was not possible for
’Li, by lack of published data. We tried to use the publisheth da Allende Prieto et al. [25] on
iron bisectors for Procyon. However in the short time ald#lave do not claim to have reached a
definite conclusion. Work is in progress to investigate important point.

The big question is to know what amount&fi would remain in the Asplund et al. analysis
of 24 halo stars if the natural asymmetry’di had been properly included. In order to get some
idea of that, we have extended the computation of the tHeatetsymmetry of théLi feature to
other values of the parameters metallicity, effective terafure and gravity, spanning the range
of Asplund et al. observations. Specifically, new compatetihave been performed for the cen-
tral effective temperature of the samples =6300 K, at the 3 metallicities [Fe/H}=3.0, —2.0,
and—1.0, and for the two gravities lag= 4.0 (turn-off) and 45 (unevolved dwarfs). At the cen-
tral metalliciy, [Fe/H]=2.0, the computations were made also 1@ =5900 K and again for
logg=4.0 and 45. The results of these computations are presented below.
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2.3.1 A statistical problem with the subsample with detecte 6Li

Before proceeding further, it is worth to note that what ghedy calls theSLi plateau is
the almost constarfiLi abundance of the stars having a certain detectiofLaf namely those
satisfying the condition{®Li)/(’Li) > 20 ; o being the estimated accuracy in the determination
of this ratio. As the abundance 6fi is almost constant in the sample, and the noise is alsty fair
constant, it means that all valuesrgfLi)/ n(’Li) below about 2 per cent have been discarded. This
is clear in Fig. 13 of ALNOG6, reproduced here as Fig. 2. We aterésted in the meaning of the
"plateau” with respect to the full sample we note that the mefthe ratio for the full sample is
0.022, compared t0.041 for the subsample. The median of the full sample is 0.@18election
criterion involving the value of the studied variable is lk&lown to introduce a severe bias (see the
warning of Kapteyn & Weersma 1910 [26] about small paralax@ selection witt(éLi)/n(’Li)
> 30 would move the plateau to a still higher value d345, whereas a selection on the error only,
keeping errors below.013, when the mean error iS0154, leads to a mean ofLi)/n(’Li)=0.021,
almost unchanged (Fig. 2). A more severe constraint on tbaracy of the determinations, error
< 0.012, gives a mean of 0.18, still close to the mean of thesauthple. In what follows we claim
that the true measured signal is about 2 per cent inducedebgsymmetry ofLi (affected by the
measurement error). The mean of 0.022 acquires then a neificition: absence diLi. The
certain detections are now decreased in number, as onlgsrafr above 0.02 represent certain
detections. The new number is of the order of 1 or 2, and ali§idepends on the value of.

2.3.2 The size and behavior of the convective line asymmetry

Our main interest is investigate the dependence of the ctimedine asymmetry upon stellar
metallicity, effective temperature and surface gravitgbl€ 1 gives our preliminary results for a
small grid of 8 hydrodynamical simulations. The entry ‘asjgithe excess of absorption in the red
wing of the blend relative to the equivalent width of the fule. 'Asym’ was determined by fitting
the asymmetric 3D line profile, obtained from NLTE line fotima calculations on a numbeN}
of selected snapshots from the hydrodynamical simulatieite a combination of two symmetric
1D line profiles. It is what is measured in practice to deteerihe ration(®Li)/n("Li).

For givenTes and logy, the predicted line asymmetry is fairly constant for matiies below
[Fe/H]=—2, but increases noticeably towards higher [Fe/H]. Hottarsswith lower gravity (turn-
off stars) show higher line asymmetries than cooler unedhiwarfs.

2.4 The source of the line asymmetry

It is interesting to have a look at the dynamical origin of time asymmetry. Obviously, it
is the hydrodynamical asymmetry between upward and dowhwa@nvective flows that is at the
origin of the asymmetry of the 3D line profiles. Fig. 5 showssidgram of the vertical velocity at
4 optical depths in a typical 3D hydrodynamical modik(= 6250 K, logg = 4.0, [Fe/H= —2.0).
There is little asymmetry at logoss= —3 or —2, but in the lower photosphere (logss= —1 and 0)
the asymmetry is conspicuous. For the centre of the dis@DRNLTE contribution function of the
Lil resonance line peaks at lagss~ —1. The broadening is large and the asymmetry is important
(Fig. 5). In 3D-LTE, however, the contribution function haslouble peak, one at lagss~ —1,
but a second one at in very superficial and very cool layerk {@dere the velocity distribution is
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Figure 3: The red line is a (intrinsically asymmetric) 3D-NLTE profité the major component ofLi
(areaW), computed for atmospheric parametésg = 6250 K, logg = 4.0, [Fe/H] = —3.0. The blue line

is the mirror image (with respect to the bisector of the linee} of the red line completing a symmetric
profile with the left wing of the red profile. The differencetiween the right wings of the red and the

blue profiles (are&W) measures the amount of asymmetry of the 3D profile (signhAW/W = 0.020).

The green dots represent the profile dfla/ ’Li blend, computed with the symmetric profile and a ratio

n(8Li)/n(’Li)=0.022, equal to the mean value of the observations of B&Nor a selection of stars with

parameters 6100 K Te < 6400 K and 37 < logg < 4.3. The signal of this blend measures the isotopic

ratio: n(®Li)/n(’Li) =AW/W=0.021. There is a slight difference between the signals prediloy the

asymmetric 3D profile and tH.i/ “Li blend (the®Li blend is slightly more red-shifted and shallower), but

these differences are too small to be measurable.
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Figure 4: Same as fig 3, except that here [Fe/H]=-2.0.
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Figure 5: Histogram of vertical velocities at 4 optical depths in th@asphere of a typical metal-poor star
(Ters = 6250 K, logg = 4.0, [Fe/H}= —2.0). Positive (negative) velocities correspond to blued{yshifts.
See text for details

Tet logg [Fe/H] asym. N XxY xZ[Mm?3]
6250 4.0 -3.0 0.020 20 2626x127
6250 4.0 -2.0 0.021 16 2626x127
6250 4.0 -1.0 0.037 20 2626x127
6250 4.5 -3.0 0.012 18 .Gx7.0x39
6250 4.5 -2.0 0.011 19 .Gx7.0x39
6250 4.5 -1.0 0.017 20 .Gx7.0x39
5900 4.0 -2.0 0.015 20 2626x125
5900 4.5 -2.0 0.011 19 .8x6.0x38

Table 1: Computed line asymmetry expressed as equivalent isotap@SLi/ ‘Li (asym.), and 3D model
propertiesTes is the effective temperature, lgghe surface gravity, [Fe/H] the metallicity, the number of
considered statistically independent snapshotsXard x Z the geometrical extend of the computational
box. All models use six wavelength bins to represent the leaggh dependence of the radiative energy
exchange, and a grid of 140140x 150 cells.

narrower and virtually symmetric. This explains why the BCE analysis of ALNOG6 differs from
our 3D-NLTE analysis. There is a substantial differencehim tivo profiles, the 3D-LTE profile
being a superposition of an asymmetric line (the part fortineithe lower photosphere) and of a
symmetric line (with a different shift) formed in the highgotospheric layers.

Clearly, the real situation is more complex than suggestethé simplistic picture outlined
above. Itis not only the distribution of the vertical veliycbut also its correlation with the temper-
ature fluctuations that determines the shape of the linel@rdfloreover, horizontal motions also
become important when integrating the line profile acrosssthllar disk.
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2.5 Conclusion

The level of the plateau attributed &bi in ALNO6 [15] is affected by a bias which, when cor-
rected, moves the plateau to a mean valu®Lgf' Li~ 0.022. The study of théLi line asymmetry
with a 3D-NLTE code on 3D hydrodynamical models obtainechwlie COBOLD code leads to
asymmetry signals of respectively 0.020, 0.021 for [Fe/H]3.0 and—2.0 respectively, ales =
6250 K, logg = 4.0. Stars corresponding to the subsample of ALNO6 with 61€0Tks < 6400 K,
3.7 < logg < 4.3,have a ratim(°Li)/ n("Li) with a mean value of 0.021 (14 objects). For metallicity
[Fe/H]=—1, the predicted asymmetry signal is 0.037, and the obsesmied in ALNO6 is 0.023,
not a very good fit but the number of objects is only 4. The éftéche gravity is a decrease of
the asymmetry by a factor of 2 when lgg- 4.5 instead of 4. The only certain unevolved star in
the ALNO6 sample is HD19445: observed signal: 0.002, asytmynpeedicted 0.010. The conclu-
sion is that the plateau of the remarkable ALNOG6 set of olzEms can be reinterpreted without
a contribution byPLi. However, a detailed re-analysis of a few stars with ttghbist apparerfiLi
content is necessary before a final conclusion can be drawhdo.
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