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Abstract. The standard model of stellar structure is unable to account for various observational
facts, and there is now a large consensus that some ‘extra mixing’ must occur in the radiation
zones. The possible causes for such mixing are briefly reviewed. The most efficient among them
is probably the shear-turbulence generated by the differential rotation, which itself results from
the transport of angular momentum that can be mediated through the large-scale circulation
induced by structural adjustments or by the applied torques (stellar wind, accretion, tides). In
solar-type stars this angular momentum transport is ensured mainly by internal gravity waves
that are excited at the boundary with convection zones. Another cause of mixing manifests itself
in the red giant phase, namely the thermohaline instability due to an inversion of the molecular
weight gradient. The implementation of these processes in stellar evolution codes is giving rise to
a new generation of stellar models, which are in much better agreement with the observational
constraints.
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1. Mixing in stellar radiation zones: the observational evidence
All along the 20th century, considerable progress has been achieved in modeling stellar

interiors, thanks to our great pioneers: Eddington, Chandrasekhar, Bethe, Schwarzschild,
Kippenhahn, Iben, and many others. Presently the standard model consists of well-mixed
convection zones, whose boundaries are defined by the Schwarzschild criterion, and of
stable radiation zones that do not allow for any mixing, except some convective pen-
etration. The most recent improvement was to include the atomic processes that are
responsible for the microscopic diffusion of the chemical species, and also for their grav-
itational settling and radiative acceleration. This standard model proves very successful
in predicting the main features of stellar evolution, such as the ascent of the giant branch
after the exhaustion of hydrogen in the stellar core. However, some properties of this
standard model are in disagreement with a number of observational facts.

Stars of intermediate mass – A-type stars in particular – display anomalies in their
surface composition, when they are compared to other, similar stars that are regarded
as ‘normal’. These anomalies are due to atomic processes, as was shown by Michaud
(1970) and his collaborators. Indeed, the radiative acceleration experienced by a given
ion depends strongly on its spectral properties, i.e. on its ability of absorbing or diffus-
ing photons, whereas its gravitational settling increases with atomic mass. Depending
on which process wins over the other, the considered species appear overabundant or
underabundant. But it turns out that these atomic processes are so efficient that they
would produce surface anomalies which are much more pronounced than those observed.
One consequence, for instance, is that helium would disappear from the surface of A-type
stars in about one million years, as was pointed out already by Vauclair et al. (1974) and
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Michaud et al. (1976). Since this is not observed, Vauclair et al. (1978) suggested that
some mild turbulence operates near the surface to smooth the composition gradients.

Another sign that some mixing must occur in stellar atmospheres is the striking flat-
ness of the celebrated Spite plateau, with the 7Li abundance in halo stars depending
little on effective temperature (Spite & Spite 1982). If element segregation were alone to
operate, the Li depletion would increase with effective temperature, as was recognized by
Deliyannis et al. (1990) and Proffitt & Michaud (1991), and was confirmed recently again
by Richard et al. (2002). Therefore one must invoke again some mild mixing occurring
below the surface that will enforce the flatness of this plateau.

Furthermore the overabundance, at the surface of massive stars, of chemical elements
(such as He, N) that are synthesized in the nuclear core, can only be explained if the
radiative interior undergoes some mixing (cf. Meynet & Maeder 2000). Interestingly, these
overabundances seem to be correlated with the rotation velocity of the stars (Herrero
et al. 1992, 2000).

A final example is provided by the surface abundances of Li, C and N of low-mass red
giants, after they reach the so-called bump in the luminosity function; these would not
appear if there were no extra mixing.

To sum it up, there are many indications that stellar radiation zones do not behave as
inert regions, but that they allow for some mild mixing.

2. How shall one treat that mixing?
Why should one bother with that mixing? One reason is that it injects hydrogen-rich

material in the nuclear core of stars, thus extending their life-time and changing the
age estimates based on cluster diagrams. Furthermore, since it modifies the profile of
chemical composition within the star, mixing has a strong impact on the later stages
of stellar evolution. Also, the matter that is carried away by winds has a non-standard
composition, which will orient differently the chemical evolution of the host galaxy.

One way to treat that mixing is what may be considered as the minimalist approach:
it consists in introducing a suitably parametrized turbulent diffusivity, and to adjust
the parameter(s) to fit the observations. Recently this was done rather successfully by
Korn et al. (2006), who showed that a unique parametric prescription for this turbulent
diffusivity could explain both the slow rise of the abundance of Fe with evolutionary
age in a metal-poor globular cluster, and that of 7Li (followed by its destruction as the
convection zone digs deeper). But there is no guarantee that this prescription would work
in other circumstances. That is why we prefer the physical approach, namely to strive to
implement the physical processes that are likely to cause the mixing.

3. Mixing processes in the radiation zone of rotating stars
The main mixing processes that operate in the radiation zone of rotating stars have

been identified some time ago (cf. Zahn 1992). These are the large scale circulation which
is induced by external torques or structural changes, and the turbulence generated by
the shear of differential rotation; their combined action is called rotational mixing.

3.1. Meridional circulation
Until recently, the large-scale meridional circulation which occurs in a stellar radiation
zone was ascribed to the fact that the isothermal surfaces are distorted by the centrifugal
force, with the consequence that the radiative flux is no longer divergence-free (Von
Zeipel 1924). In the original treatment (Eddington 1925, Vogt 1925, Sweet 1950), the
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meridional circulation was thus linked to the state of rotation, i.e. the circulation speed
and hence the amount mixing scaled proportionally to the square of the angular velocity.
The characteristic time was derived by Sweet, and it has since been named the Eddington-
Sweet time tES:

tES = tKH
GM

Ω2R3 , (3.1)

with tKH = GM 2/RL being the thermal adjustment time (or Kelvin-Helmholtz time). R,
M , L designate respectively the radius, mass and luminosity, Ω the angular velocity and
G the gravitational constant. Sweet’s result implied that rapidly rotating stars should be
well mixed by this circulation, and therefore that they would be prevented from evolving
to the giant branch. Since this is not observed, Mestel (1953) invoked the choking effect
of the composition gradients that build up due to the nuclear burning.

However, these early studies overlooked the fact that the circulation carries angular
momentum: starting from (unknown!) initial conditions, the star undergoes a transient
phase which lasts indeed about an Eddington-Sweet time, after which it settles into a
quasi-stationary regime where the circulation is governed mainly by the torque applied
to the star. For instance, when the star loses angular momentum through a wind, the
circulation adjusts such as to transport that momentum to the surface (Zahn 1992). The
resulting rotation is then non-uniform, and a baroclinic state sets in, with the temperature
varying with latitude along isobars. On the other hand, when the star does not exchange
angular momentum, the circulation would die altogether as predicted by Busse (1982),
if it had not to compensate a weak turbulent transport down the gradient of angular
velocity, because there again the rotation is non-uniform. Thus, in the absence of other
processes that will be discussed in §4.2, it is the loss (or the gain) of angular momentum
which drives the circulation and determines its strength, and not the rotation as such,
which intervenes only in the transient phases.

A similar circulation is also induced at the boundary of a radiation zone, when the
adjacent convection zone is in differential rotation. This occurs in the Sun, where helio-
seismology has revealed that the rotation rate changes from latitude-dependent in the
convection zone, to almost uniform in the radiative interior below, with the transition
occurring in a thin boundary layer, the tachocline.

What causes the thinness of the tachocline (it extends less than 5% in radius) still
remains to be elucidated. Indeed, the differential rotation which is imposed by the con-
vection zone should penetrate deep into the radiation zone, through thermal diffusion.
Such penetration could be prevented by strongly anisotropic turbulence, as was sug-
gested initially by Spiegel and Zahn (1992). An alternative explanation was put forward
by Gough and McIntyre (1998), involving a fossil magnetic field; however we shall see in
§4.2.1 that this solution is ruled out by recent numerical simulations. But the tachocline
spread could be prevented by the cyclic dynamo field, whose penetration is limited by
(ohmic) turbulent diffusion – the classical skin effect; that field would act with the shear
induced toroidal field to suppress the differential rotation, as was shown by Forgács-Dajka
and Petrovay (2002; see also Forgács-Dajka 2004).

3.2. Shear turbulence caused by differential rotation

As we have seen, the rotation regime that results from the applied torques is not uni-
form, and this flow is prone to various instabilities, which generate turbulence and there-
fore mixing. For a comprehensive review of these instabilities, we refer the reader to
Pinsonneault (1997) or Maeder & Meynet (2000). Here we shall consider only those
which apparently play a major role. namely the shear instabilities.

https://doi.org/10.1017/S1743921308022424 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921308022424


50 Jean-Paul Zahn

3.2.1. Turbulence produced by the vertical shear
Let us first consider the instability that is produced by the shear in the vertical direc-

tion, Ω(r). This instability is very likely to occur, because the Reynolds number char-
acterizing such shearing flows in stars is extremely high, due to the large sizes involved.
Depending on the velocity profile, the instability may be linear, or of finite amplitude. In
the absence of stratification, turbulence can be sustained whenever the Reynolds number
Re = w�/ν is larger than about Rec = 40 (Schatzman et al. 2000). (The Reynolds num-
ber Re is expressed here in terms of the velocity w and the size � of the largest turbulent
eddies, and ν is the kinematic viscosity.) However the stable entropy stratification in the
radiation zone hinders the shear instability: in the absence of thermal dissipation, the
instability occurs only if locally

N 2

(dVh/dz)2 � Ric , (3.2)

where Vh is the horizontal velocity and z the vertical coordinate. The buoyancy frequency
N is given by

N 2 =
gδ

HP

[(
∂ ln T

∂ ln P

)
ad

− d ln T

d ln P

]
, (3.3)

where g is gravity, HP the pressure scale height and δ = −(∂ ln ρ/∂ lnT )P . This condition
(3.2) is known as the Richardson criterion; the critical Richardson number Ric is of order
unity, and depends somewhat on the rotational profile.

In a stellar radiation zone, this criterion is modified because the perturbations are no
longer adiabatic, due to thermal diffusion. When the radiative diffusivity K exceeds the
turbulent diffusivity Dv = w�, which is generally the case, the instability criterion takes
the form (Townsend 1958; Dudis 1974; Zahn 1974; Lignières et al. 1999)

N 2

(dVh/dz)2

(
w�

K

)
� Ric when

(
w�

K

)
� 1. (3.4)

From the largest eddies that fulfill this condition, one can estimate the turbulent dif-
fusivity acting in the vertical direction in the radiation zone of a star; it scales as the
square of the local shear:

Dv = w� = RicK
Ω2

N 2 sin2 θ

(
d ln Ω
d ln r

)2

, (3.5)

provided that Dv � Rec ν ≈ 40ν.
The instability criterion (3.4) holds as such in regions of uniform composition, where

the stability is enforced only by the temperature gradient; when the molecular weight
µ varies with depth, it seems at first sight that one should replace this criterion by the
original one, expression (3.2), where now the buoyancy frequency is dominated by the
gradient of molecular weight:

N 2 → N 2
µ :=

gϕ

HP

d ln µ

d ln P
, (3.6)

with ϕ = (∂ ln ρ/∂ ln µ)P,T . As Meynet & Maeder (1997) pointed out, this very severe
condition would prevent any mixing in early-type main-sequence stars, contrary to what
is observed. We shall see next how that stabilizing action of µ-gradients can be overcome.

3.2.2. Turbulence produced by the horizontal shear
Likewise, the horizontal shear Ω(θ) will also generate turbulence, probably through a

finite-amplitude instability, because most plausible rotation profiles in stars are linearly
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stable. What type of turbulence then occurs is still a matter of debate. Its vertical
component will be constrained by the stratification and therefore it is likely that this
turbulence will be highly anisotropic, with much stronger transport in the horizontal
than in the vertical direction, i.e. Dh � Dv .

The postulated anisotropy seems plausible, given the strong stratification in stellar
radiation zones and the fact that no restoring force opposes the horizontal displacements;
such turbulence was conjectured already in Zahn (1975). We shall further assume that
this turbulence acts to suppress its cause, namely the differential rotation in latitude.
This will thus lead to a ‘shellular’ rotation state, where the angular velocity depends
little on latitude, and where we can assume that Ω ∼ Ω(r).

An interesting property of such anisotropic turbulence is that it interferes with the
advective transport due to the meridional circulation, and turns it into a vertical diffusion,
as it was pointed out by Chaboyer & Zahn (1992). To first approximation, the vertical
component of the circulation velocity is given by ur (r, θ) = U2(r)P2(cos θ), where P2 is
the Legendre polynomial of degree 2; then the resulting effective diffusivity is

Deff =
1
30

(rU2)2

Dh
, (3.7)

provided that rU2 � Dh . Unfortunately, a reliable prescription for that horizontal diffu-
sivity Dh is still lacking, in spite of recent developments. Maeder (2003) derived a new
expression from energy considerations, whereas Mathis et al. (2004) adapted the pre-
scription drawn from laboratory experiments by Richard & Zahn (1999); the two recipes
give similar results (which does not mean that they are valid).

Another property of such anisotropic turbulence is that, by smoothing out chemical in-
homogeneities on level surfaces, it reduces the stabilizing effect of the vertical µ-gradient.
The Richardson criterion for the vertical shear instability then involves also the horizon-
tal diffusivity Dh , and the vertical component of the turbulent viscosity can be derived
as before (Talon & Zahn 1997):

Dv = Ric

[
N 2

T

K + Dh
+

N 2
µ

Dh

]−1

sin2 θ

(
dΩ

d ln r

)2

, (3.8)

where N 2
T stands for the thermal part of the buoyancy frequency given by expression (3.3).

Thanks to this horizontal erosion, the µ-gradients are much less effective in hindering
the mixing.

4. Rotational mixing
The two transport processes that have just been discussed (meridional circulation and

shear-induced turbulence) are both linked with the (differential) rotation. Therefore,
when modeling the evolution of a star including these mixing processes, it is necessary
to calculate also the secular evolution of its rotation rate Ω(r, θ). The problem is simple
to handle, if one deals just with laminar flows. However, as already mentioned, the
differential rotation which is generated by this advection generates turbulence, which in
turn transports angular momentum. In addition, torques may be applied to the star,
either externally due to mass loss or accretion, or to tides exerted by a companion or an
accretion disk, or else internally, due to magnetic stresses and to internal gravity waves,
as we shall see next. To take all these effects into account, one has thus to solve the
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complete transport equation for the angular momentum:

∂

∂t

[
ρr2 sin2 θ Ω

]
+ ∇ ·

[
ρu r2 sin2 θ Ω

]
= applied torques, (4.1)

u being the circulation velocity.
The problem may be significantly simplified if the horizontal shear is nearly sup-

pressed by the anisotropic turbulence mentioned above. To lowest order Ω is then a
function of r only, and all perturbations from the non-rotating state separate in r and
colatitude θ, as illustrated here for the vertical component of the meridional velocity:
ur (r, θ) = U2(r)P2(cos θ). For a detailed account of how this modelization is imple-
mented, we refer to Zahn (1992), Maeder & Zahn (1998) and Mathis & Zahn (2004).

4.1. Rotational mixing of type I
We first examine the simplest case, that we call ‘rotational mixing of type I’, where
the angular momentum is transported by the same processes that are responsible for
the mixing, namely the meridional circulation and the turbulent diffusion. The angular
velocity Ω(r) then obeys the following transport equation, obtained by averaging equation
(4.1) over θ:

∂

∂t

[
ρr2 Ω

]
=

1
5r2

∂

∂r

[
ρU2r

2 Ω
]
+

1
r2

∂

∂r

[
ρνvr4 ∂Ω

∂r

]
, (4.2)

with νv ≈ Dv given by equation (3.8). In spite of the fact that this equation is only one-
dimensional, it captures the advective character of the angular momentum transport by
the meridional circulation: depending on the sign of U2 , i.e. on the sense of the circulation
in each hemisphere, angular momentum may be transported up the gradient of Ω, which
is never the case when the effect of meridional circulation is modeled just as a diffusive
process, as it is often done (cf. Pinsonneault et al. 1989 or Chaboyer et al. 1995).

We stated already that the circulation is governed mainly by the applied torques.
When there is no or little loss of angular momentum from the star, the circulation settles
into a regime of differential rotation where a weak inward flux of angular momentum
compensates the turbulent diffusion directed outwards, down the gradient of Ω(r). On
the other hand, when the star loses angular momentum (for instance through a wind), the
circulation adjusts itself such as to transport the required amount of angular momentum
towards the surface (Zahn 1992).

Massive main-sequence stars belong to the first category, and the implementation of
rotational mixing has been quite successful in improving their models (Maeder & Meynet
2000). The theoretical isochrones fit well the observed ones, even without introducing
convective overshoot from the core, and such rotational mixing accounts well for the
observed enhancement of He and N at the surface of early-type stars. This was first
illustrated with the evolution of a 9 M� star by Talon et al. (1997), and then generalized
to all massive stars by Meynet and Maeder (2000). Combined with a suitable prescription
for the mass loss, this type of mixing also yields the observed proportion of blue and red
giants. Finally, such mixing accounts perfectly for the destruction of Li on the blue
side of the Li gap, as was shown by Charbonnel and Talon (1999); in their calculations
they took the same value for the adjustable parameter characterizing the anisotropic
turbulence than that which was used to model the 9 M� star by Talon et al. (1997).

The second case applies to solar-type stars, whose modeling has been much less suc-
cessful, until very recently. In those stars, which lose most of their angular momentum
in their youth through a magnetized wind (Schatzman 1962), the meridional circulation
adjusts so as to carry the required angular momentum towards the surface, at least in
the absence of other processes (Zahn 1992). One would then expect that the amount of
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mixing, and hence the depletion of light elements, be proportional to the loss of angular
momentum. This would have as consequence that tidally-locked binaries would destroy
less Li than single stars, since the angular momentum carried away by their winds would
not be drawn from their internal rotation, but from their orbital motion; hence there
would be no need to transport angular momentum inside such stars, and their Li would
be preserved (Zahn 1994). However, there is no sign that tidally-locked binaries are less
Li-depleted than single stars, as was shown by Balachandran (2002); hence one must
conclude that the transport of matter is not correlated with the transport of angular
momentum.

Another hint is provided by the fact that lithium is seriously depleted in the Sun,
and that the somewhat less fragile beryllium is not, as was shown by Balachandran and
Bell (1997). This contrasted behavior may be explained if the mixing occurs only in the
vicinity of the convection zone, i.e. in the tachocline. As a matter of fact, the meridional
circulation which is induced in that layer by the differential rotation of the convection
zone (see section 3.1), can produce such localized mixing, as was shown by Brun et al.
(1999).

But the most severe observational test is that models built according to equation (4.2),
i.e. including only turbulence and meridional circulation, conserve a rapidly spinning core
(Pinsonneault et al. 1989; Matias & Zahn 1998), which is ruled out by helioseismology.
We must therefore conclude that another, more powerful process is responsible for the
transport of angular momentum in solar-type stars; it is that process which then shapes
the rotation profile and therefore, though indirectly, determines the extent of mixing.

4.2. Rotational mixing of type II
In what we call rotational mixing of type II, the chemical elements are still transported
by the meridional circulation and the turbulence caused by differential rotation, but the
angular momentum is carried by another process, which is powerful enough to establish
an almost uniform rotation profile in the solar radiative interior. Two candidates have
been proposed for this extra transport: magnetic torquing and internal gravity waves.

4.2.1. Magnetic field
Magnetic fields, because they are almost ‘frozen’ in the highly conducting stellar ma-

terial, are very powerful in reducing differential motions. This was already pointed out
by Mestel (1953), who claimed that a fossil magnetic field of moderate strength would
render stellar rotation nearly uniform. More precisely, in presence of an axisymmetric
poloidal field, the angular velocity tends to become uniform along the field lines, a prop-
erty referred to as Ferraro’s law (1937). Thus if the poloidal field lines lie entirely in the
radiation zone of a star, they impose there uniform rotation.

The situation changes however when the poloidal field connects with a differentially
rotating convection zone, such as that in the Sun. Then this differential rotation is trans-
mitted along the field lines, and the result is a non uniformly rotating radiation zone, as
illustrated by the calculations made by Charbonneau and MacGregor (1993). Can this
fate be prevented, for instance if the field is advected by a suitable flow?

Gough and McIntyre (1998) sketched a solution to this problem in which the ohmic
diffusion of the fossil field into the solar convection zone was prevented by the down-flow
associated with the thermally driven circulation in the tachocline. In turn, that field was
invoked to oppose the penetration of the tachocline into the deeper interior. The authors
were aware of course that the circulation had also up-flows, which would advect the field
into the convection zone, but if these up-flows cover only a small fraction of the domain,
the field would imprint a small amount of differential rotation in the radiation zone.
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Clearly, more detailed calculations were required to settle the question. The first of
these were performed by Garaud (2002), who built a set of stationary solutions for vari-
ous parameters. These solutions already hinted that the field lines would penetrate into
the convection zone over a broad band of high latitudes, and therefore imprint a sub-
stantial amount of differential rotation in the radiation zone. This behavior has been
confirmed by Brun and Zahn (2006) through 3-dimensional time-dependent calculations:
they found that even a deeply buried poloidal magnetic field will eventually connect with
the convection zone, and induce differential rotation below. We are thus led to conclude
that, in the Sun at least, it is not the magnetic field that is responsible for the uniform
rotation of the radiative interior.

However in other stars, such as magnetic A-type stars, fossil fields presumably play
a much more important role, as was recently shown by Braithwaite and Spruit (2004):
they certainly interfere with the circulation to modify the mixing in the radiation zone
(Mathis & Zahn 2005). Moreover, certain field configurations are unstable, and they could
produce MHD turbulence, and possibly mixing, before they relax into a stable state.

This is now being explored intensively through numerical simulations; the first indica-
tion we have gleaned from them (Zahn et al. 2007) is that this MHD turbulence behaves
rather as a superposition of Alfvén waves, and that it does not produce any mixing.

4.2.2. Internal gravity waves
Since magnetic fields seem unable to enforce uniform rotation in the radiative interior

of solar-type stars, we must turn to the other possible mechanism, namely the transport
of angular momentum by the internal gravity waves emitted by the turbulent motions at
the base of the convection zone. The importance of that process was already anticipated
by Press (1981) and Schatzman (1993).

The restoring force operating on gravity waves is the buoyancy force: therefore they
travel only in stably stratified regions, i.e. in radiation zones. Presumably a whole spec-
trum of such waves is emitted at the base of the convection zone of late-type stars; they
penetrate into the radiation zone, transporting angular momentum which they deposit
wherever they are dissipated through radiative damping. It is by shaping the rotation
profile that they indirectly participate in the mixing of chemicals.

Let us first examine the behavior of those waves which are of short wavelength, and
are dissipated close to the convection zone. Prograde waves carry positive angular mo-
mentum, retrograde waves negative angular momentum. When they travel in a medium
which is rotating faster then the region where they have been emitted, their frequency is
Doppler-shifted, leading to higher dissipation for the prograde waves than for the retro-
grade waves. For this reason the angular velocity tends to increase where it was already
high, and its slope with depth steepens until the shear becomes unstable. That turbulent
layer then merges with the convection zone. But in the meanwhile the retrograde waves
have deposited negative angular momentum somewhat further down, thus building there
another shear layer of opposite direction, which now takes the place of the former one.
And the cycle repeats. A similar phenomenon is observed in the Earth atmosphere, where
it is called the quasi-biennial oscillation (cf. McIntyre 1994).

The question then arises how this very thin shear layer, located just below the con-
vection zone, affects the waves of longer period and wavelength, which are much less
damped, and are therefore able to reach the core of the star. If there is no slope in angu-
lar velocity, the shear layer oscillation is perfectly symmetrical in time, and its effect is
the same on the prograde and on the retrograde waves. But if Ω increases even slightly
with depth in that layer, the prograde waves will be more dissipated, which allows the
retrograde waves to extract angular momentum from the deep interior. This scenario
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has been tested through numerical simulations performed by Talon et al. (2002), using
a rather crude approach where the Coriolis force was neglected and where an arbitrary
turbulent viscosity was imposed. Recently it has been confirmed through more detailed
and more realistic calculations performed by Talon and Charbonnel; beside the internal
gravity waves, they include also the meridional circulation and the shear induced tur-
bulence (Talon & Charbonnel 2003, 2004, 2005). Their calculations are one-dimensional,
with the flux of angular momentum averaged over level surfaces, which are assumed to
rotate uniformly due to the anisotropic shear-induced turbulence discussed above.

The result is spectacular: internal gravity waves succeed in achieving nearly uniform
rotation in solar-type stars at the solar age (see also Charbonnel & Talon 2005). Fur-
thermore their models predict the observed Li abundances as a function of age, which
is a crucial test to validate the mixing processes. They explain the Spite plateau for
population II stars, and the Li dip in galactic clusters. For the first time, we now have a
coherent and consistent picture of internal mixing in all main sequence stars!

5. Thermohaline mixing
Numerous spectroscopic observations provide compelling evidence for a non-canonical

mixing process that modifies the surface abundances of Li, C and N of low-mass red
giants when they reach the bump in the luminosity function. These abundance patterns
cannot explained by the rotational mixing described above (see Charbonnel & Palacios
2004). Based on numerical simulations, Eggleton et al. (2006) proposed that a molecular
weight inversion created by the 3He(3He,2p)4He reaction may be at the origin of this
mixing, and they ascribed it to the Rayleigh-Taylor instability.

In fact, while the inverse µ-gradient gradually builds up below the convective envelope,
the first instability that appears is the thermohaline instability, as it was shown by
Charbonnel and Zahn (2007). This instability is well known in oceanography, where it
arises when salty warm water lies above cold fresh water (Stern 1960). In the laboratory,
the instability takes the form of ‘salt fingers’; since heat diffuses faster than salt, these
fingers sink because they grow increasingly heavier than their environment, until they
become turbulent and dissolve. In stellar interiors, the role of salt is played by a heavier
species, such as helium in a hydrogen-rich medium.

In a star, this instability occurs in a stable stratification that satisfies the Ledoux
criterion for convective stability, but where the molecular weight decreases with depth:

N 2
T + N 2

µ > 0, N 2
µ < 0. (5.1)

(The buyoancy frequencies N 2
T and N 2

µ have been defined above in §3.2.1.)
In its fully developed regime, the thermohaline instability manifests itself as a complex

phenomenon, displaying fingers, ‘staircases’, collective instabilities, etc. Numerical sim-
ulations reveal that its properties strongly depend on the governing parameters, and on
the applied boundary conditions. As yet, there is no simple way to describe the mixing
achieved by that instability in stars. Lacking of something better, one can follow Ulrich
(1972), who assimilated this mixing to a diffusive process, and was the first to derive a
prescription for the turbulent diffusivity; for a general equation of state, it is

Dt = Ct K
−N 2

µ

N 2
T + N 2

µ

for N 2
µ < 0, (5.2)

K being the thermal diffusivity. Ulrich’s non-dimensional coefficient Ct involves the as-
pect ratio α (length/width) of the fingers: Ct = 8π2α2/3; for the value he advocates,
α = 5, this coefficient is rather large: Ct = 658.
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Figure 1. Mixing processes in a stellar radiation zone: a highly non-linear problem, with multiple
interactions. In the standard model, the only mixing processes taken into account are convective
penetration and microscopic diffusion. Rotational mixing involves the meridional circulation
induced by external torques or structural changes and the shear turbulence due to differential
rotation; in rotational mixing of type I, angular momentum is carried exclusively by the same
processes. In rotational mixing of type II, the angular momentum is transported either by
magnetic stresses or by internal gravity waves. (Adapted from Mathis & Zahn 2005, courtesy
A&A).

When applying this prescription to a evolutionary sequence, the models predict the
abundance ratios [7Li/H], [12C/13C], [C/Fe] and [N/Fe] that are in excellent agreement
with the observed values, as it was shown by Charbonnel and Zahn (2007).

Elsewhere in this volume, S. Vauclair describes another occurrence of thermohaline
mixing, when a star accretes heavy material, such as telluric planets (see Vauclair 2004).

6. Conclusion
To conclude, we are entering a new era of modeling stellar interiors, where rotation

will be explicitly taken into account, and where the transport processes discussed above
will be implemented in the models. This is not an easy task, because it involves intri-
cate couplings, as illustrated by the flow chart displayed in Fig. 1. The (differential)
rotation is responsible for the meridional circulation and the shear-induced turbulence,
which transport angular momentum and react back on the rotation profile. These mech-
anisms modify the distribution of chemical elements, which itself interferes with them. A
magnetic field modifies the rotation and therefore also the circulation and the turbulent
transport; it may become unstable and will then contribute to the mixing. Internal grav-
ity waves emitted at the edge of convection zones will transport angular momentum, and
modify the rotation profile. Furthermore some mixing occurs in the vicinity of convection
zones, due to convective penetration, and to the circulation induced in the tachoclines
through the differential rotation imposed by the adjacent convection zones. Finally, ther-
mohaline mixing occurs in stably stratified regions, when the molecular weight increases
with height.
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Most pieces of this scheme are now based on sound physics and robust prescriptions,
but some weaknesses remain to be remedied.

Above all, we need to improve the description of the turbulent transport due to
shear instabilities, in particular that operating in the horizontal direction. Also, the
way we handle convective penetration and the generation of internal gravity waves
is far from satisfactory – but the same could be said about our present treatment
of the convection zones. We must clarify whether the gravity waves are able to dif-
fuse chemicals, beside transporting angular momentum, as was argued by Schatzman
(1993). We still don’t know for sure which physical process prevents the spread of the
solar tachocline. We have to introduce magnetic fields in our models, at least where
we think that they could play a role. Finally, we are in great need of a reliable pre-
scription for the thermohaline mixing. In all these subjects, there is much to be ex-
pected from the high-resolution numerical simulations that are now undertaken by several
teams.

In the meanwhile, the transport processes discussed above have, as they stand, al-
ready been introduced in several stellar evolution codes, in collaborative efforts such as
described by Decressin et al. (2008). Their treatment will continue to greatly benefit from
observational constraints, in particular from those we anticipate from asteroseismology.
It is clear that in not so distant future those non-standard mixing processes will be an
integrant part of the standard model.
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Forgács-Dajka, E. 2004, A&A 413, 1143
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Zahn, J.-P. 1991, A&A 252, 179
Zahn, J.-P. 1992, A&A 265, 115
Zahn, J.-P. 1994, A&A 288, 829
Zahn, J.-P., Brun, A. S., & Mathis, S. 2007, A&A 475, 145

https://doi.org/10.1017/S1743921308022424 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921308022424


Instabilities and mixing in stellar radiation zones 59

Discussion

Canuto: Salt-Finger existence is heavily dependent on the strength of the shear present
whatever its origin – Lab data on SF do not include shear av therefore they must be
used with care when applied to the real world – A theory of SF+Turbulence has recently
been proposed.

Zahn: I agree that shear will play a role, and we know that there is shear because of
differential rotation.
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