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I. ASTROPHYSICAL CONTEXT

~ Since the last IAU Colloquium devoted to Ap stars, the continuous development of
high signal to noise observations and of computerized analysis tools have greatly
increased the effectiveness of abundance anomalies as a probe of hydrodynamical
processes in stars. Until the 1980s, they seemed limited to ApBp and AmFm stars
where the effects are largest. More recently the abundances of Li and He have been
suggested to play important diagnostic roles for hydrodynamics in both the Sun
(Proffitt and Michaud 1991b, Pinsonneault ez al. 1989) and Halo stars (Proffitt and
Michaud 1991a, Pinsonneault et al. 1992, Vauclair 1988, Charbonnel e al. 1992,
Deliyannis and Demarque 1991). The observation of a Li abundance gap in F stars
of clusters has raised the question of the link between these objects and the AmFm
stars (Michaud 1986, Charbonneau and Michaud 1988, 1991) or alternately with
solar type stars. The observed Li abundance on the subgiant branch sheds some light
on this problem (Charbonneau et al. 1989; Charbonnel and Vauclair 1992). In solar
type stars, the observed Li abundance constrains the superficial turbulence that may
inhibit surface He gravitational settling (Proffitt and Michaud 1991b) whose effects
can be detected using solar seismology (Guzik and Cox 1992, Dziembowski et al.
1992).

Research on peculiar stars consequently acquires a new dimension. These
objects cease being freaks outside of the main stream of astrophysical research,
Instead, they open the way to an understanding of the competition between
hydrodynamical and particle transport processes that play an important role in most
stars (see Michaud 1991a and most papers in that Symposium proceeding).

In past reviews (Michaud 1976, 1980, 1986) the emphasis was put on
observational evidence supporting the importance of atomic diffusion as a particle
transport process. Here instead, we first review recent developments in the
calculations of particle transport processes (§II). The effect of atomic diffusion on
stellar evolution for the Sun, as well as in F and A stars will be briefly mentioned
(8III) as well as developments concerning physical processes in the presence of
magnetic fields (§IV; see also Babel, this volume), followed by recent results
concerning the competition between atomic diffusion, turbulence and mass loss (§V;
see also Charbonneau, this volume, for a discussion of accretion, mass loss and
meridional circulation) in particular in relation to Li abundance observations.
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II. PARTICLE TRANSPORT PROCESSES

Various formulations of the diffusion equations and approximations for the diffusion
coefficients have been used over the last few years. They are reviewed in more
detail in Michaud and Proffitt (1992). We here only briefly mention the main points
in a). A more detailed discussion of light induced drift is presented in b) since it
may well play a significant role in peculiar stars.

a) Diffusion Equations and Coefficients

The various formulations of the diffusion velocity equations (see, for instance,
Chapman and Cowling 1970 and Burgers 1969) can all be made to give essentially
the same results. The results do depend however on the diffusion coefficients.
Approximations have been made by many authors in order to avoid carrying out
triple integrals numerically in the evaluation of the coefficients. This leads to
approximate analytic solutions which are accurate in the limit of very dilute plasmas.
The collision integrals are then proportional to
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often referred to as the Coulomb logarithm. For very dilute plasmas, In A j is large
and its value does not depend sensitively on the value of the constant appearing in
the logarithmic term. This constant depends on approximations made in arriving at
an analytic expression. In the interior of the sun and halo stars, InA; is not much
larger than one (see Fig. 1 and 2 of Michaud and Proffitt 1992). The use of analytic
expressions is then unjustified. One should instead use the results of a complete
numerical integration for the collision coefficients (Paquette et al. 1986). Michaud
and Proffitt (1992) have proposed analytic expressions that they calibrated to the
results of Paquette et al. in order to facilitate their use in evolutionary calculations.
They are more accurate and as easy to use as the expressions proposed by Bahcall
and Loeb (1990).

There remain uncertainties in the calculations of the collision integrals. They
come from the physical assumptions made in arriving at the collision integrals and |
diffusion equations, not from the mathematical simplifications needed to derive
simple analytic expressions (see Michaud 1991 for a discussion). In main sequence
stars, the uncertainties are probably larger for highly ionized heavy elements (Z
large) than for H or He.

The abundance variations that diffusion leads to depend on the relative value
of radiative acceleration and gravity. The use of atomic data banks accumulated by
the Opacity project and by Kurucz (1991) should allow to reduce the uncertainty in
the value of gz from a factor of 2-3 to a factor of 1.2-1.4. Using the results of the
Opacity project Alecian, Michaud and Tully (1992) have obtained accurate g; for Fe.
They have shown that Fe can be supported over a large fraction of the envelope and
since Fe has been found to be the dominant opacity source over a certain T range in
stellar envelopes (Rogers and Iglesias 1992), the local overabundances of Fe created
by atomic diffusion could have significant impact on stellar evolution models. One
should calculate the atomic diffusion of Fe at the same time as one carries out the
stellar evolution calculations. Local overabundances of Fe could lead to a kappa
mechanism to drive the observed pulsations (see Kurtz this volume) of Ap stars (see
also Cox et al. 1992 for a similar suggestion in a different context).
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Similar effects may be expected from C, N and O and probably some other Fe
peak elements.

b) Light Induced Drift

Light induced drift (LID) is a physical phenomenom observed in certain laboratory
experiments (Atutov 1986). It is different from the effect of gz in driving diffusion.
1t does not arise from the transfer of momentum from the radiation field to atoms but
from the transfer of momentum from one type of atoms to another through selective
excitation of one type of atoms.

LID arises when the radiation field is anisotropic within a line profile. The
simplest case is that of a purely Doppler broadened resonance line (from the ground
state of the neutral atom) of a trace element. When the atom is moving away from
the star it sees the flux (more precisely, the anisotropic part of the intensity) on the
blue side of the line centre in the star reference system. Assume that the flux is
larger on the blue side. More atoms are excited in the blue half of the profile (when
they move away from the star) than in the red half (when they move toward the star).

The collisional cross section (for momentum exchange with the main gas) of
the excited state is generally larger than that of the ground state. Consider neutral
He colliding with neutral H in its ground state, The collision cross section is mainly
determined by the radius of the electrons around the He nucleus and, in the He
ground state, the electrons are much more tightly bound than in the excited state. The
‘collision rate is about nine times larger for the excited state of He with H than for
the ground state of He. In the direction which has most excited atoms there will be
a larger collision rate or, equivalently, a smaller mean free path. This imbalance
induces a drift of the element in the direction with least excited atoms (toward the
centre in this case).

The preceding discussion has been made in terms of the frequency anisotropy
of the radiative flux. It can easily be seen from symmetry arguments that only the
spatially anisotropic part of the radiative intensity is involved since otherwise atoms
would have no way to know in which direction they should drift. It is then only
necessary to consider the part of the radiation field that is spatially inhomogeneous.
This could involve all the odd moments of the radiation field.

LID was suggested by Atutov and Shalagin (1988) to be more efficient than
radiation driven diffusion in causing particle transport in stars. LeBlanc and Michaud
(1992) did detailed calculations for a few elements in model atmospheres of A stars.
They compare velocities induced by LID and by g; for a given line. They obtained,
when the diffusion approximation may be used for the radiative flux:
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where A is the atomic number of the element, f is the oscillator strength of the
transition considered and K»(A) is the related opacity, g, and g, are the statistical
weights of the lower and upper energy levels, u = hy /(kT) and D is the diffusion
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coefficient. The quantity W is a measure of the anisotropy of the flux within the
line. It appears in the ratio of the two velocities since the radiative acceleration is
caused by all photons within the line whereas LID comes from a substraction of the
excitation caused on each side of a Doppler broadened line. The collisional
frequencies p, and g, are the momentum transfer frequencies for the ground and first
excited states.

The potential importance of LID may be estimated by considering a fictitious
element with a first excited level at 7 eV whose statistical weight equals that of the
ground state (g,= g,). Assume a thermal velocity V; = 10° cm s* and a resonance
line with f= 1. We maximize the effect by assuming that the element is neutral so
that we may use (i, -po)/po = 1 for the ratio of the difference of the collisional rates.
The diffusion coefficient, D, is calculated for neutral He (when N, = 10 ¢cm?®) in
protons. The anisotropy, W is assumed equal to 1 to maximize the effect. Then
one obtains Vp/Vg,p ~ 2 102, so that drift dominates over radiation driven diffusion.

Under favourable condmons LeBlanc and Michaud then confirm Atutov and
Shalagin (1988)’s result that LID dominates particle transport. The question is then
to what extent do the assumed ideal conditions materialize. In stellar atmospheres,
most elements are either ionized or there is a hydrogen convection zone efficiently
mixing all elements. Consider an HgMn star of 12000 K; all elements except He and
Ne are ionized. Since they are colliding mainly with protons, the momentum
exchange rate is mediated by the Coulomb interaction which is not expected to be
strongly affected by the excitation of electrons in the core. Using approximations
that would need to be confirmed by more detailed atomic physics calculations,
LeBlanc and Michaud (1992; §III) obtain (i, - pe)/pe = 107 to 10™ in this case. The
diffusion coefficient is however also reduced by a factor of about 100. An anisotropy
W = 1 is unrealistic except for isotopes; taking W = 102 to 10" appears more
realistic and leads (taking all corrections into account and assuming everything thing
else to remain the same) radiation driven diffusion to dominate by a factor of 10 to
100 over LID. For Li in F stars, they obtain that radiation driven diffusion
dominates by a factor of 100,

In the previous discussion, only one line was considered. For most elements
the anisotropy is caused by the random presence of a neighbouring line. This occurs
as frequently on the blue as on the red side of the line and the effect of LID then
cancels on a random basis. This reduces the relative effect of LID by a factor of 10 -
when many lines (of order 100) are involved in the radiative acceleration
calculations. For most elements in most stars (outside of convection zones), the
effect of LID should then be a factor of about 100 smaller than radiation driven
diffusion.

The maximum relative effect of LID is expected for an element such as He
where all the lines of the dominant isotope (‘He) cause a frequency anisotropy on the
same side of the lines of the less abundant isotope and when He is substantially
neutral. On Figure 4 of LeBlanc and Michaud (1992), is shown a comparison of
LID and radiation driven diffusion in an atmosphere of T, = 18000 K, log g = 4
and N(He)/N(H) = 0.1. The effect of LID is measured by the acceleration, g p,
that would be needed in the diffusion equation to lead to the LID velocity. The
effect of LID dominates, for N(He)/N(H) = 0.1 and 1 % *He, over the interval 0 <
log 7y < 1.8. The effect of LID was overestimated in these calculations by a factor
of 2 to 4 and the interval over which LID dominates is more appropriately 0.5 < log
7z < 1.5. This is still an important interval. There is then at least one case where
LID is expected to dominate particle transport in stars. As the He abundance is
reduced, the effect of LID progressively decreases. It becomes negligible once the
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evolutionary calculations of A and F stars.

The stellar evolution was calculated for models with mass varying from 1.2 to
2.2 Mg, to cover the T, range of the Li gap and the Am-Fm stars (Richer 1992).
The OPAL opacities (Rogers and Iglesias 1992) were used.

Consider, for example, a model with T,, = 7800 K on the zero age main
sequence; its T, goes down to 6300 K just before crossing to the giant branch ( see
Fig. 1 of Michaud and Richer 1992). The time evolution of the Li abundance is
governed locally by the relative values of the radiative acceleration on Li (gg(Li)) and
of gravity. On arrival on the main sequence, Li is not supported below the
convection zone since it is mainly in the He like configuration. Slightly above
AM/My = 10° and down to AM/M = 10%, g.(Li) > g and Li is pushed to AM/M o
= 10" where a Li cloud forms. As time passes the bottom of the convection zone
approaches the Li cloud that has formed during evolution where g (Li) = g.

By comparing these calculations, done entirely from first principles, to
observations of Li in clusters (Richer and Michaud 1992), it is found that: a) the
position of the Li gap is at T,; = 6740 K, in agreement with observations; b) the
depth of the Li gap is by a factor of 100 at the age of the Hyades using the OPAL
tables, in agreement with observations ; ¢) the width of the gap is only half as wide
as observed; d) as clusters become older the position of the gap shifts to slightly
lower T, e) for stars with T, > 7000 K, there is a need for an alternate
hydrodynamical process competing with diffusion. This is the AmFm domain where
there is a need for such a process to reduce the anomalies that uninhibited diffusion
leads to (see also Alecian, this volume).

A similar time dependence of the abundance is to be expected for other
elements in AmFm stars. Calculations are in progress for Be, C, N, O and Fe. For
heavy elements, the cloud is expected when there is a state of ionization where g; <
g. This state has to dominate g, so that others do not fill the gap. This may not
always occur. Only detailed calculations will tell which elements are similarly
affected. A comparison to observations of a large number of heavy elements in
AmFm stars of clusters should allow a rigorous test of a model for these objects.
Because of the potential presence of clouds of different elements, detailed
evolutionary calculations are needed.

IV. ATMOSPHERES OF MAGNETIC STAR

In the presence of a strong horizontal magnetic field, protons and electrons are frozen
in, while neutral hydrogen can diffuse vertically. As a consequence, the hydrostatic
equilibrium density gradient applies to neutral hydrogen alone and, coupled with the
progressive ionization of hydrogen in a 9000 K model atmosphere, this leads to a
much compressed atmospheric region (see Babel and Michaud 1991). More detailed
modelling is in progress (LeBlanc Michaud and Babel, in preparation). In particular,
it is important to determine if hydrogen lines are significantly affected. Since this
is calculated from first principles but leads to large effects only if the horizontal
magnetic field suppresses convection, this may lead to a diagnostic of the effect of
horizontal magnetic fields on convection.

Babel (this volume) discusses many developments in the modelling of magnetic
stars.
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total He abundance has been reduced to 10° of it original value. This is simply
understood as the consequence of the disappearance of the lines causing the flux
anisotropy. The effect of LID is important only for the less abundant isotope.

Assume that a star, such as 3 Cen A, starts its main sequence life with normal
abundances of the two He isotopes. Assume that its outer regions are stable.
Particle diffusion leads to the progressive decrease of the abundances of both *He and
‘He throughout the atmosphere and to the progressive replacement of ‘He by *He
starting only after underabundances by factors of 10 to 100 have materialized. This
leads to approximately the observed *He/*He ratio only after time scales 3 times
longer than the evolutionary time scale for this star (Martel 1979; Michaud et al.
1979; Vauclair Michaud and Charland 1973). This difficulty would be alleviated by
LID. Since the upwards drift of *He would start, over the interval 0.5 < log 7y <
1.5, immediately after the star formed, the time needed for *He to replace “He should
be reduced by a factor of 3-10. This remains to be confirmed by detailed time
dependent calculations including the effect of LID and without the overestimates in
the evaluation of LID that were made by LeBlanc and Michaud. This involves
calculating triple integrals.

No other evident candidate was identified where LID may play a dominant
role. LeBlanc and Michaud concluded that LID was unlikely to play a dominant role
for the isotope separation of Hg because Hg is too ionized. This should be checked
when detailed diffusion calculations are made for that element.

The effect of LID should further be checked in models for cool magnetic stars
where the convection zones may be suppressed by the magnetic field (see Babel, this
volume) and where more chemical elements are largely neutral. It would be largest
for elements with relatively large first ionization potentials.

III. THE SUN, F AND A STARS

The effect of atomic diffusion on the evolution of the Sun and of F and A stars
has been reviewed in more detail in Michaud and Proffitt (1992) and in Michaud and
Richer (1992). Only the main points are mentioned here.

For the Sun, disagreements among previous studies have been analyzed by
Proffitt and Michaud (1991b). If diffusion is not inhibited below the convection zone,
the current surface mass fraction helium abundance of the Sun, Y,, should be about
0.03 (10%) lower than the initial solar helium abundance.

The current solar Li abundance is 100-200 times smaller than the initial value
and it appears difficult to account for all of the depletion by pre-main sequence
burning. Some mixing appears needed to carry the Li to a temperature where it
burns. While the cause and nature of main sequence mixing is controversial,
observational data can constrain its magnitude. Figures 1 to 3 of Proffitt and
Michaud (1991b) show that it does not seem possible to reduce the surface settling
by more than a factor of two without over-depleting Li.

Observations of solar p-modes provide a means for directly measuring the He
abundance of the surface convection zone (see the discussion in Dziembowski et al.
1992 and in Kosovichev et al. 1992). These measurements suggest a surface He
abundance consistent with the diffusion predictions noted above (see also Guzik &
Cox 1992). Once current uncertainties in other physics (opacities, abundances, and
convection theory) are resolved, the oscillations should provide a direct test of
turbulent mixing in G dwarfs.

Using the Sun, the value of «, the ratio of the mixing length to the pressure
scale height, was calibrated, so that no arbitrary parameter remained in the
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evolutionary calculations of A and F stars.

The stellar evolution was calculated for models with mass varying from 1.2 to
2.2 My, to cover the T,; range of the Li gap and the Am-Fm stars (Richer 1992).
The OPAL opacities (Rogers and Iglesias 1992) were used.

Consider, for example, a model with T,; = 7800 K on the zero age main
sequence; its T, goes down to 6300 K just before crossing to the giant branch ( see
Fig. 1 of Michaud and Richer 1992). The time evolution of the Li abundance is
governed locally by the relative values of the radiative acceleration on Li (g (Li)) and
of gravity. On arrival on the main sequence, Li is not supported below the
convection zone since it is mainly in the He like configuration. Slightly above
AM/Mg = 10 and down to AM/M = 10, gx(Li) > g and Li is pushed to AM/M o,
= 10® where a Li cloud forms. As time passes the bottom of the convection zone
approaches the Li cloud that has formed during evolution where gq(Li) = g.

By comparing these calculations, done entirely from first principles, to
observations of Li in clusters (Richer and Michaud 1992), it is found that: a) the
position of the Li gap is at T,; = 6740 K, in agreement with observations; b) the
depth of the Li gap is by a factor of 100 at the age of the Hyades using the OPAL
tables, in agreement with observations ; ¢) the width of the gap is only half as wide
as observed; d) as clusters become older the position of the gap shifts to slightly
lower T.g; e) for stars with T,,, > 7000 K, there is a need for an alternate
hydrodynamical process competing with diffusion. This is the AmFm domain where
there is a need for such a process to reduce the anomalies that uninhibited diffusion
leads to (see also Alecian, this volume).

A similar time dependence of the abundance is to be expected for other
elements in AmFm stars. Calculations are in progress for Be, C, N, O and Fe. For
heavy elements, the cloud is expected when there is a state of ionization where g, <
g. This state has to dominate gz so that others do not fill the gap. This may not
always occur. Only detailed calculations will tell which elements are similarly
affected. A comparison to observations of a large number of heavy elements in
AmFm stars of clusters should allow a rigorous test of a model for these objects.
Because of the potential presence of clouds of different elements, detailed
evolutionary calculations are needed.

IV. ATMOSPHERES OF MAGNETIC STARS

In the presence of a strong horizontal magnetic field, protons and electrons are frozen
in, while neutral hydrogen can diffuse vertically. As a consequence, the hydrostatic
equilibrium density gradient applies to neutral hydrogen alone and, coupled with the
progressive ionization of hydrogen in a 9000 K model atmosphere, this leads to a
much compressed atmospheric region (see Babel and Michaud 1991). More detailed
modelling is in progress (LeBlanc Michaud and Babel, in preparation). In particular,
it is important to determine if hydrogen lines are significantly affected. Since this
is calculated from first principles but leads to large effects only if the horizontal
magnetic field suppresses convection, this may lead to a diagnostic of the effect of
horizontal magnetic fields on convection.

Babel (this volume) discusses many developments in the modelling of magnetic
stars.
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V. TURBULENCE AND MASS LOSS

In the preceding sections, all results were obtained from first principles. In this
section, we give examples of how two processes, turbulence and mass loss, that
currently require arbitrary parameters for their description, might affect the
abundance anomalies of light elements.

The extent to which material mixing occurs in radiatively stable regions of
stellar interiors is one of the major unknowns in the physics of main-sequence stars.
While the abundance anomalies of many elements are probably affected by
turbulence, those of the light elements are specially affected since they are destroyed,
close to the surface, by nuclear reactions. Observations of Li and the other light
elements offer direct clues about mixing in outer stellar layers. Many authors have
suggested that there is a close relationship between material mixing and the transport
of angular momentum, although Garcia Lopez and Spruit (1991) have suggested that
turbulence generated by g-mode oscillations might also be relevant. Garcia Lopez
and Spruit can reproduce the F-star Li gap only if they multiply their estimate of
turbulence by an arbitrary factor of 15.

One especially challenging observational constraint on rotationally induced Li
depletion mechanisms in low mass stars, is the observation that, in the Pleiades and
o Per, the fastest rotating, most active stars tend to have the highest Li abundances
(see Soderblom et al. 1992 for a discussion of these relations in the Pleiades). This
can apparently not be explained by an age spread. As current rotational mixing
theories result in more mixing at higher rotation rates, something is being left out of
the theory of pre-main-sequence Li depletion.

Schatzman (1977) made the earliest attempts to constrain the scale of turbulent
mixing in the solar interior by using the observed solar Li depletion, and by
assuming that the differential rotation in radiative regions was maintained in a state
of marginal stability. He assumed that this resulted in a turbulent diffusion
coefficient proportional to, but much larger than, microscopic viscosity. While it is
now apparent that this simple formulation is inadequate, it did establish the scale of
turbulence needed to explain the observed solar Li depletion.

Most recent discussions of rotationally induced mixing, assume that the
turbulent mixing relevant for Li burning is generated either by the shear instability
resulting from differential rotation (Spiegel & Zahn 1970, Zahn 1974), or by
instabilities related to meridional circulation (e.g. Chaboyer & Zahn 1992). Other
instabilities may dominate the production of turbulence in the deep stellar interior,
but these will not be discussed here.

Low mass stars arrive on the ZAMS with high rotational velocities and spin
down by angular momentum loss via a magnetic wind (Schatzman 1958, Weber &
Davis 1967). Mixing due to shear instabilities in the differential rotation from this
magnetic braking of the surface rotation has been suggested to explain the slow
destruction of Li that apparently affects the Sun and lower mass Pop. I stars.
Detailed stellar evolutionary models that follow the interior angular momentum and
chemical distribution as a function of time have been presented by Pinsonneault ez al.
(1989, 1990) using the Yale Rotating Stellar Evolution Code (YREC). They use
estimates for the onset of various hydrodynamic instabilities, and assume solid body
rotation and efficient chemical mixing along equipotential surfaces. They also
assume that both angular momentum and chemical transport can be modeled by a 1-D
diffusion equation, with the value for the turbulent diffusion coefficient for chemical
species being proportional to that for angular momentum. They conclude that the
transport in the outer layers of solar type stars is dominated by the secular shear
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instability and that the transport of material needs to be ~ 30 times less efficient than
that of angular momentum in order to match both the observed solar rotation and Li
depletion.

While the YREC models can qualitatively reproduce the observed Li
abundance as a function of time for stars of about one solar mass, there are a number
of improvements needed. For example, they assume that the angular momentum loss
rate is proportional to (° at all angular velocities. It has recently become apparent
that this overestimates the angular momentum loss at very high rotation rates (see the
discussion in Charbonneau 1992). The details of the assumed internal angular
velocity distributions of the current YREC ZAMS models and their subsequent
rotational evolution are thus rather questionable. It will be interesting to see how a
more realistic angular momentum loss law will affect their detailed results. In
addition, the YREC models offer no apparent explanation of the observed positive
correlation between high rotation and high Li abundance observed in the Pleiades and
o Per.

For higher mass stars, such as those in the Hyades Li gap, even greater
uncertainties exist. Rotational velocities increase with increasing T, in the Hyades
Li gap. This appears to be due to the decreasing efficiency of angular momentum
loss as the convective zone thickness decreases, but there are no good quantitative
description. For these objects, it is more difficult to disentangle the relative
contributions of surface angular momentum loss and angular momentum transport
from the interior to the observed rotational velocity evolution than for lower mass
stars.

The first YREC models (Pinsonneault et al. 1990) did not reproduce
simultaneously the observed rotation and Li abundances in the F star Hyades gap.
Better fits have been obtained by approaches that assume that the F star Li gap is the
result of turbulence related to meridional circulation, as this depends more on a given
star’s current rotational velocity, and less on the amount of differential rotation than
is the case for the secular shear instability. The exact form of the meridional flow,
and its relation to the generation of turbulence remains controversial (Charbonneau,
this volume).

Chaboyer & Zahn (1992) and Zahn (1992) assume that turbulence is highly
anisotropic and much larger in the horizontal than in the vertical direction. They
conclude that this leads to solid body rotation and constant chemical abundances on
equipotential surfaces. The vertical transport of material can then be modeled by a
1-D pure diffusion equation, while the transport of angular momentum requires a
more complex 1-D equation that includes an advective term. Charbonneau (1992)
finds that detailed 2-D calculations support this picture if the horizontal turbulence
is arbitrarily assumed to be very strong. Zahn (1992) estimates that the interaction
between differential rotation caused by surface angular momentum loss and
meridional circulation leads to substantial turbulent mixing, while the same stellar
rotation rate in the absence of angular momentum loss results in much reduced
chemical mixing. This can potentially explain both the hot and cool sides of the Li
gap, and also allow turbulence to be sufficiently small in A and B stars rotating at
<100 km s that sufficient gravitational settling can occur to allow the observed
diffusive abundance anomalies. However, the detailed calculations needed to support
this picture have yet to be done, and it remains to be seen if Zahn’s approach can
explain the observed abundance and rotational velocity patterns without the necessity
of arbitrarily fine tuning the theory’s parameters.

Charbonnel, Vauclair & Zahn (1992) and Charbonnel & Vauclair (1992) have
undertaken calculations based on Zahn’s ideas. They have however, assumed solid
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body rotation and taken a fixed form for the velocity field of the meridional
circulation. While they can, with appropriate adjustment of the overall scale of the
turbulence, fit the cool side of the Li gap well, they must make additional
assumptions about the nature of turbulence to explain the hot side of the Li gap.
Their formulation also clearly predicts too much turbulence in AmFm and HgMn
stars to allow sufficient gravitational settling to explain the observed patterns of
abundance anomalies. This suggests that they are overestimating the amount of
turbulent mixing caused by meridional circulation in stars that rotate as solid bodies.
While the narrow dispersion of Li abundances in halo dwarfs with T,; >
5500 K (Spite & Spite 1982, and Deliyannis, Pinsonneault, & Duncan 1992) suggests
that there has been little depletion since these stars formed, alternative interpretations
have been suggested. Recent calculations with the YREC (Pinsonneault, Deliyannis
and Demarque 1992) have led to a uniform depletion by a factor of five to ten of the
surface Li of halo stars. This depends, in particular, on the range of rotational
velocities assumed for halo stars at their formation. The Pinsonneault et al. results
help to constrain the circumstances under which a large uniform depletion is possible.

U S G b -—_———— Li
»n 9 7
............................ Be mLi (ZAMS)
He x°Li (ZAMS)

0.8

PN A IR T RSN U S B

0.6 -

0.4

0.2

surface abundance / initial abundance

T T T T T
IR ST N T A

N N SRt T SR
0 0.01 0.02 0.03 0.04 0.05
mass of fully mixed surface layer / stellar mass

Figure 1 Fractional reduction (at 15 Gyr) of the surface abundance of a few
elements as a function of the stellar mass assumed mixed. See the text.

Indeed, when gravitational settling is taken into account, the minimum possible
"Li depletion in 15 Gyr old metal poor dwarfs is far from negligible, regardless of
the amount of internal mixing. In figure 1 we show the results for the surface
abundances at 15 Gyr in a 0.75 M, star with log Z/Z, = -2.3, if it is arbitrarily
assumed that a surface layer of a given mass is forced to be completely mixed
throughout the star’s evolution. The thicker the mixed surface layer, the smaller the
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surface abundance decrease due to gravitational settling, but mixing more than the
outer 3% of the mass begins to increase the nuclear destruction of 'Li. As a result,
at this age, the maximum surface abundance of 'Li is at most 68% of its initial value.
No distribution of internal mixing can give less depletion. Also, the lack of an
observed Pop. II Li dip near 6200 K (if confirmed), suggests that at least the outer
1 % of the mass (but less than 3 %) in stars near this T, is well mixed, even though
the surface convection zone contains only 5 10 of the stellar mass. Theoretical
estimates of the original Li abundance of Pop. II dwarfs will become truly reliable
only after Li depletion in Pop. I dwarfs is more completely understood.

While Richer (1992) concludes that atomic diffusion alone cannot explain all
Li abundances for T, > 7000 K in the Hyades, the relative importance of
turbulence, atomic diffusion and mass loss is not yet established. Results presented
by Michaud and Richer (1992) show that the Li clouds that form within stars are
affected by mass loss as soon as the mass loss rate exceeds a critical value:

au 1.6 107M A 30

el (4)

dt Z2 !

where M is in solar mass, A is the atomic mass number and Z the charge of the ion
considered. The critical rates are, in F stars, between 10 and 10 M, yr?. Since
the measured solar mass loss rate is 10" M yr and F stars have smaller convection
zones than the Sun, it is plausible that they have a mass loss rate within the range of
the critical mass loss rate. Such mass loss rates were modeled by Richer (1992) and
some results reviewed by Michaud and Richer (1992). The modelling of particle
transport for more elements in AmFm stars should allow to determine the relative
role of atomic diffusion, mass loss and turbulence in AmFm stars and in the Li gap.
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