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A physical mechanism that allows: the formation of the 13C pocket

→ proton penetration from the envelop during the TDU → 12C(p,γ)13N(β+ ν)13C
→ 14N is the most important neutron poison. 
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MIGHT STELLAR MAGNETIC FIELDS TRIGGER 
THE FORMATION OF A 13C-POCKET SUITABLE 
TO ADDRESS OBSERVATIONAL CONSTRAINTS?
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Since @vu
@u ¼ 0 and the density is a known function of r

only (q / rk), vr separates from vu. Eq. 1 then becomes an
ordinary differential equation that can be easily solved,
yielding:

vrðr; tÞ ¼ CðtÞ r$ðkþ 1Þ; ð2Þ

This is in fact a simplification of a multi-D problem into
a simple one-dimension problem. The possibility to do that
is critically dependent on assuming that rotation is slow

enough not to modify the circular symmetry of the star over
the time scale of our interest. This simply means that rota-
tional effects must be negligible over the duration of a TDU
episode, during which we want protons to penetrate into
the He-rich zone. Since such a duration is short
(’100 years), no rotational distortion is actually expected
on the basis of the common rotational velocities of low
mass stars, so that this constraint is virtually always
satisfied.

As mentioned, another critical condition occurring in
these layers is the rapid drop of the density with radius.
Actually, the region of interest is rather wide in radius
(from 1 to several solar radii) but contains very little mass
and this explains why dissipative terms dependent on the
presence of matter and charge are in general small. Also
the magnetic diffusivity is negligibly small in these condi-
tions. Hence, in the simple geometry adopted, the induction
equation (number 3 in the quoted paper) simplifies to a lin-
ear, first-order, partial differential equation in Bu, whose
general solution can be written as:

Bu ¼ UðnÞrkþ 1; n ¼ $ðk þ 2ÞwðtÞ þ rkþ 2 ð3Þ

As is common with sets of (partial) differential equa-
tions, the general solution contains mathematically arbitrary
functions. In particular, the functions w and U in Eq. (3)
and C in Eq. (2) have a single link between them (w must
be the time integral of C, as shown by Nucci and Busso,
2014). Hence we have actually two arbirary and indepen-
dent functions of time in our solution: let’s say they are C
and U. Their arbitrariety is an indication that the solution
is extremely general: it will continue to exist for whatever
choice of the two functions we may want to adopt.

This makes the solution itself very robust, free from
model-dependencies other than those contained in the ini-
tial hypotheses already discussed. One can then notice that
the basic stellar quantities on which our treatment depends
(density, temperature, pressure, rotational velocity and
magnetic field) vary on time scales that are extremely long
as compared to the duration of an individual TDU phe-
nomen, during which our process of mixing must be active.
We are therefore interested to a behavior in which the mix-
ing velocity is time-independent. In it, the mentioned func-
tions will assume some specific values C(t0), U(t0), simply
acting as coefficients of the functional dependence on r of
the buoyancy velocity and of the magnetic field. In our
physical application of the mathematical solution, the arbi-
trariety of the functions must also be handled so that the
involved quantities are expressed in meaningful units and
have values in accordance with observations. This implies
that CðtÞ must be chosen to have dimensions [cm(k+2) s$1],
while U must be measured in units [Gauss cm$(k+1)] (as a
consequence, w must have dimensions [cmk+2], same as
for n). For the details of the calculations see again Nucci
and Busso (2014).

In the family of solutions fulfilling all the requirements,
for our purposes we can limit ourselves to those describing
a fast transport, as done originally by the quoted authors;
this is dictated by the mentioned need of having processes
effective enough to occur in the short time interval available
at a TDU. In particular, if r0 is the radius of the layer at
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Fig. 1. Panel (a). The physical structure of the He-rich layers in an
AGB star of 1.5M& and solar metallicity at the 6th TDU. The
model was recalculated by us for this paper with the Scwarzschild
criterion for convection, with the code by Straniero et al. (2003).
We choose this specific structure for illustration purposes, because
it represents a good average situation, suitable to desciribe the
‘‘typical” conditions on the TP-AGB. As shown, the density and
the pressure decrease very rapidly as a function of the stellar radius
(actually, little mass in contained in this zone, DM ’ 0.01M& ).
Panel (b). The proton profile we obtain below TDU, at the same
pulse as in the first panel, together with the ensuing abundances of
13C and 14N after hydrogen reignition. The abundance of 13C
dominates over that of the neutron poison 14N, limiting the latter’s
effects in neutron filtering; moreover, the 13C profile is more
extended and flatter than provided by models based on more
traditional, exponentially-decreasing proton penetration. (A color
version of this figure is available in the online journal.)
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chemical peculiarities generated there, it can induce abundance
anomalies at the surface. The density unbalance produced by the
upflows would also generate downflows for maintaining mass
conservation (Parker 1984), thus providing the required circula-
tion. Recently, on the basis of numerical α−Ω dynamo models,
Nordhaus et al. (2008) showed that with only a small energy
drain from the convective envelope, the differential rotation re-
quired to maintain a dynamo and the magnetic buoyancy can be
sustained. Using an appropriate velocity field, these authors also
showed that magnetic field values similar to those envisaged by
BWNC at the base of the convective envelope would result from
the dynamo process. Subsequently, attempts have been made to
merge the ideas of thermohaline and magnetic mixing, sug-
gesting magnetothermohaline mechanisms (Denissenkov et al.
2009; Denissenkov & Merryfield 2011).

Modeling the dynamo process from which magnetically
induced matter transport originally derives (see, e.g., Nozawa
2005; Nordhaus et al. 2008; Pascoli & Lahoche 2010) in
three dimensions is a task normally undertaken with strong
mathematical simplifications, often introduced through a first-
order perturbation treatment. In a problem that is intrinsically
highly nonlinear, such approaches, unavoidable in complex
three-dimensional (3D) calculations, are highly uncertain. Due
to the possible relevance of magnetic mechanisms for stellar
mixing, this paper aims to verify whether the advection of
matter by magnetic fields is really a viable transport mechanism,
i.e., if it offers an exact solution to the MHD equations. In so
doing, we start with a simple 2D geometry, studying the motion
using polar coordinates in planes parallel to the equator, as
finding complete and exact 3D solutions in an analytic way is
a very complex mathematical task. It is also hardly constrained
physically because one should describe the interactions between
poloidal and toroidal fields, and we do not have any experimental
or observational data on these interactions in AGB stars. On
the other hand, trusting 2D solutions is risky if they are not
properly verified with a 3D scheme. As a compromise between
two opposite difficulties, we shall therefore perform a dedicated
3D analytical approach to the problem that is, for us, most
important: the behavior of the radial velocity. In this way, we
aim to verify under which conditions, if any, the solution found
in the 2D framework continues to hold in 3D, thus confirming
or disproving magnetic buoyancy as an effective promoter of
radial matter transport.

The need for nonconvective transport affects other problems
of stellar physics, beyond those to which this work is dedicated.
One such case, closely connected to the phases discussed
here, is the penetration of protons from the envelope into the
He-rich layers when the H-burning shell is switched off after
a thermal pulse. In that case, the transport is supposed to drive
the subsequent formation of 13C in a local reservoir, where it
will then burn through the 13C(α, n)16O reaction, producing the
neutrons needed for s processing (Trippella et al. 2014). We
therefore consider the present attempt as being preliminary for
subsequently dealing with the second problem (which will be
presented separately in paper II, which is forthcoming; it cannot
be included here because of space limitations).

In Section 2, the MHD equations are introduced, and our as-
sumptions for the geometry of the magnetic field and for the
environmental conditions are presented. The exact analytical
solutions for the equilibrium of a magnetized stellar plasma
are shown in Section 2.1 (their derivation is also synthetically
outlined in the Appendix). Section 2.2 illustrates how these so-
lutions naturally imply an expansion if the magnetic field is

variable in time and how this relates to the usual treatment of
buoyancy in stellar physics. In Section 3, the specific case of
the radiative layers above the H-burning shell of an evolved star
is discussed in some detail. Section 4 then presents a general
discussion of what is expected to occur in the envelope. Here
the presence of macroturbulence related to convection, which
cannot be treated exactly, permits only a rather schematic and
time-independent approach. In Section 5, we extend the anal-
ysis, considering also meridional motions, i.e., we pursue 3D
modeling, to understand under which conditions the solution
found for the radial velocity can continue to hold. Finally, some
general implications of our analysis and their encouraging indi-
cations in favor of magnetically induced mixing are summarized
in Section 6.

2. MHD WITH AZIMUTHAL FIELDS IN RED GIANTS

The equations of the problem, expressed in Eulerian form and
adopting cgs units, are

∂ρ

∂t
+ ∇ · (ρv) = 0 (1)

ρ

[
∂v
∂t

+ (v· ∇)v− cd v+ ∇Ψ
]

− µ∆v+ ∇P +
1

4π
B × (∇ × B) = 0 (2)

∂B
∂t

− ∇ × (v× B) − νm∆B = 0 (3)

∇ · B = 0 (4)

ρ

[
∂ϵ

∂t
+ (v· ∇)ϵ

]
+ P∇ · v− ∇ · (κ∇T ) +

νm

4π
(∇ × B)2 = 0.

(5)

In the above equations, ϵ is the internal energy per unit mass.
P, T, and ρ are the pressure, temperature, and density of the
plasma, and κ is the thermal conductivity. B is the magnetic
induction field, v is the plasma velocity, µ is the dynamic
viscosity (the product of density and the kinematic viscosity
η), and µ∆vis a simplified form often used for the viscous force
per unit volume in stellar MHD (it would formally hold for
incompressible fluids with constant µ). Ψ is the gravitational
potential, and νm is the magnetic diffusivity. The term cd v
represents the aerodynamic drag force per unit mass.

2.1. The Equilibrium of a Stellar Plasma
in the Quasi-ideal MHD Case

In light of the approach outlined in the Introduction, we start
our analysis using a simple 2D geometry for the fields in an
inertia frame, hence avoiding effects like poleward tilts induced
by the apparent Coriolis force (see, e.g., Choudhuri & Gilman
1987). Indicating with r the radial coordinate and with ϕ the
azimuthal angle in the equatorial plane, we therefore assume
that B = (Br (t, r,ϕ), Bϕ(t, r,ϕ), 0) is such that Br = 0. This
describes an azimuthal field as a function of r, ϕ, and time t. We
also consider pure circular symmetry in the equatorial plane, so
that the velocity components do not depend on the azimuthal
angle; we also let the velocity field be parallel to the equator.
Hence, v= (vr (t, r,ϕ), vϕ(t, r,ϕ), 0) is such that vϕ = vϕ(t, r)
and vr = vr (t, r).
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After checking that the above rules are in fact satisfied, we assumed magnetic fields to

remain constant in time, so that the simplest version of the analytical solutions by Nucci

and Busso (2014) can be used and the radial component of the outflow velocity is given by:

vr = �r�(k+1) (2)

where � = vprk+1
p . We notice here that, although k is not strictly a free parameter (in the

sense already specified), its value changes slightly in di↵erent evolutionary stages and for

di↵erent stellar masses (see discussion after equation 3). This means that our models still

have some “parameterizations”. This depends on the fact that the solutions are valid when

“quasi-free MHD” is valid, but this forcedly does not o↵er a very stringent constraint in

terms of the starting layer rp (hence of k itself).

As stated, above the H-shell k is always rather close to �3 (see later) and rp, vp are

the values of the radius and of the rising velocity at the starting point P of the outflow.

The toroidal component of the magnetic field can be written as:

B' = B',p

⇣rp
r

⌘�k+1

, (3)

where B',p is constant. Again, we use the su�x “p” to indicate the values of the parameters

pertaining to the layer from which buoyancy (on average) starts. The choice of this notation

is inherited by Wasserburg et al. (1995); Nollett et al. (2003) and Palmerini et al. (2011),

who in their models indicated as Tp the temperature of the deepest layers of the H-shell

reached by the transported material. The parametric models of the quoted authors were

essentially based on a fine tuning of two main free parameters: the amount of material

mixed into the stellar envelope and the maximum penetration of the mixing. The first

one depends in its turn both on the velocities of the upward and downward streams of

matters and on the fraction of the area, at fixed radius, occupied by the “conveyor-belt”.

n is the number density of the plasma.
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three rules are satisfied, when toroidal magnetic structures are
generated in radiative layers by a dynamo process, they are
subject to a necessary buoyancy phenomenon induced by their
extra magnetic pressure. As shown in the mentioned work by
Nucci & Busso (2014), the radial component of the outflow
velocity and the toroidal component of the magnetic field can
then be written as

v
dw t

dt
r 1r

k 1( ) ( )( )= - +

B r 2k 1( ) ( )x= Fj
+

where

w t r . 3k 2( ) ( )x = + +

Here w and Φ are mathematically arbitrary functions, which
need to be physically specified by boundary conditions. Note
that the solutions allow for both time-dependent and constant
magnetic fields, as it is expressed via the function Φ(ξ) that can
be fixed arbitrarily. This is one of the advantages of the very
general analytical solutions found by Nucci & Busso (2014). In
particular, Φ can be for simplicity chosen to be a constant. Then
the boundary conditions are such that w(t) can be chosen
arbitrarily. The simplest solution admitting buoyancy is

w t t, 4( ) ( )= G

where v rp p
k 1G = + . Then we can write

v v
r

r
5r p

p
k 1

( )⎜ ⎟⎛
⎝

⎞
⎠=

+

and

B B
r
r

, 6p
p

k

,

1

( )
⎛
⎝⎜

⎞
⎠⎟=j j

+

where Bj,pis constant. Here, with the suffix “p” we indicate the
values pertaining to the layer from which buoyancy starts (see
later, and also the fourth row in Table 1). In general, we see that
the form of the buoyancy velocity inducing mixing depends on
radius as a power law with exponent −(k + 1).

Choosing the stellar model discussed by Busso et al. (2007),
as an example for a 1.5 Me star of solar metallicity, one sees
that at the development of a TDU episode, the dependencies of
P, T, and ρ on the radius have the form illustrated in Figure 1
(we chose the sixth TP for the sake of exemplifying).

We can see from Figure 1 that the relation

r
r

r 7p

p
k

k( ) ( )r
r

=

holds with a high accuracy (with a regression coefficient
R2= 0.994) and k is approximately −4.4. Hence the first
condition found by Nucci & Busso (2014) for obtaining a
solution suitable to guarantee stable mass transport is satisfied.
Actually, it is satisfied even better than for H-rich layers, as the
absolute value of k is very large: magnetic buoyancy can
therefore guarantee a velocity of transport for He-rich materials
into the envelope which easily becomes very fast. This is
important, in view of the short time interval available for
mixing before the reignition of the H-burning shell (typically
less than one-third of the interpulse period, i.e., a few
thousands years, reduced to about a hundred for the actual
phase of TDU).
One has now to verify that also the other two condi-

tions hold.
In order to do this, Table 1 shows a typical physical situation

in the He-rich layers at the same TDU episode of Figure 1,
from the model discussed by Busso et al. (2007) and Nucci &
Busso (2014).
Following the approaches by Chapman & Cowling (1969),

Parker (1960), Spitzer (1962), and Nucci & Busso (2014), the
parameters of interest (dynamical viscosity and magnetic
Prandtl number) are shown in the two last columns of Table 1,
as given by the formulae

c 8s ( )m l r=

P T n2.6 10 , 9m
5 4 ( )´ -�

where cs is the sound speed c Ps( ( ) )g r= , γ is the adiabatic
exponent, λ is the De Broglie wavelength for the He ions, and n
is the number density of the plasma. The small values of μ and
the values of Pm that are significantly larger than unity over
most of the He-rich layers certify that the same quasi-ideal
MHD conditions found by Nucci & Busso (2014) above the
H-burning shell also hold below the convective envelope at
TDU, at least over a layer reaching almost 0.01Me; see
Table 1 for more details. This is a zone safely larger than any
extension of the 13C-pocket explored so far (Maiorca et al.
2011, 2012; Trippella et al. 2014; Cristallo et al. 2015a). All the
conditions for a fast circulation induced by quasi-ideal MHD
are therefore well satisfied.
Hence, we can expect that magnetic buoyancy pushes matter

rapidly matter from the He-rich layers (homogenized by the
occurrence of a TP) to the envelope, thus inducing also a
downflow of protons for maintaining mass conservation across
the envelope. In the next section we shall now explore how this
downflow can plausibly occur.

Table 1
Models Parameters relevant for the Calculations presented in Sections 2 and 3 at Various Distances in Mass (ΔM) Below TDU

ΔM (Me) Radius/R* Mass (Me) P (dyn cm−2) T(K) ρ (g cm−3) μ Pm

0.000 8.25×10−4 0.61934 3.34×1011 2.94×106 9.83×10−4 4.0×10−6 4.7
0.001 2.89×10−4 0.61835 2.70×1014 1.68×107 0.39 4.3×10−4 12.8
0.004 1.37×10−4 0.61534 2.80×1016 4.29×107 7.81 0.016 27.0
0.005 1.09×10−4 0.61434 8.47×1016 5.58×107 18.58 0.041 32.5
0.010 5.78×10−5 0.60434 1.82×1018 1.12×108 222.18 0.440 52.3

Note.Data refer to the sixth TDU episode for the model star of M = 1.5 Me, Z= Ze as discussed in Busso et al. (2007).
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only (q / rk), vr separates from vu. Eq. 1 then becomes an
ordinary differential equation that can be easily solved,
yielding:

vrðr; tÞ ¼ CðtÞ r$ðkþ 1Þ; ð2Þ

This is in fact a simplification of a multi-D problem into
a simple one-dimension problem. The possibility to do that
is critically dependent on assuming that rotation is slow

enough not to modify the circular symmetry of the star over
the time scale of our interest. This simply means that rota-
tional effects must be negligible over the duration of a TDU
episode, during which we want protons to penetrate into
the He-rich zone. Since such a duration is short
(’100 years), no rotational distortion is actually expected
on the basis of the common rotational velocities of low
mass stars, so that this constraint is virtually always
satisfied.

As mentioned, another critical condition occurring in
these layers is the rapid drop of the density with radius.
Actually, the region of interest is rather wide in radius
(from 1 to several solar radii) but contains very little mass
and this explains why dissipative terms dependent on the
presence of matter and charge are in general small. Also
the magnetic diffusivity is negligibly small in these condi-
tions. Hence, in the simple geometry adopted, the induction
equation (number 3 in the quoted paper) simplifies to a lin-
ear, first-order, partial differential equation in Bu, whose
general solution can be written as:

Bu ¼ UðnÞrkþ 1; n ¼ $ðk þ 2ÞwðtÞ þ rkþ 2 ð3Þ

As is common with sets of (partial) differential equa-
tions, the general solution contains mathematically arbitrary
functions. In particular, the functions w and U in Eq. (3)
and C in Eq. (2) have a single link between them (w must
be the time integral of C, as shown by Nucci and Busso,
2014). Hence we have actually two arbirary and indepen-
dent functions of time in our solution: let’s say they are C
and U. Their arbitrariety is an indication that the solution
is extremely general: it will continue to exist for whatever
choice of the two functions we may want to adopt.

This makes the solution itself very robust, free from
model-dependencies other than those contained in the ini-
tial hypotheses already discussed. One can then notice that
the basic stellar quantities on which our treatment depends
(density, temperature, pressure, rotational velocity and
magnetic field) vary on time scales that are extremely long
as compared to the duration of an individual TDU phe-
nomen, during which our process of mixing must be active.
We are therefore interested to a behavior in which the mix-
ing velocity is time-independent. In it, the mentioned func-
tions will assume some specific values C(t0), U(t0), simply
acting as coefficients of the functional dependence on r of
the buoyancy velocity and of the magnetic field. In our
physical application of the mathematical solution, the arbi-
trariety of the functions must also be handled so that the
involved quantities are expressed in meaningful units and
have values in accordance with observations. This implies
that CðtÞ must be chosen to have dimensions [cm(k+2) s$1],
while U must be measured in units [Gauss cm$(k+1)] (as a
consequence, w must have dimensions [cmk+2], same as
for n). For the details of the calculations see again Nucci
and Busso (2014).

In the family of solutions fulfilling all the requirements,
for our purposes we can limit ourselves to those describing
a fast transport, as done originally by the quoted authors;
this is dictated by the mentioned need of having processes
effective enough to occur in the short time interval available
at a TDU. In particular, if r0 is the radius of the layer at
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Fig. 1. Panel (a). The physical structure of the He-rich layers in an
AGB star of 1.5M& and solar metallicity at the 6th TDU. The
model was recalculated by us for this paper with the Scwarzschild
criterion for convection, with the code by Straniero et al. (2003).
We choose this specific structure for illustration purposes, because
it represents a good average situation, suitable to desciribe the
‘‘typical” conditions on the TP-AGB. As shown, the density and
the pressure decrease very rapidly as a function of the stellar radius
(actually, little mass in contained in this zone, DM ’ 0.01M& ).
Panel (b). The proton profile we obtain below TDU, at the same
pulse as in the first panel, together with the ensuing abundances of
13C and 14N after hydrogen reignition. The abundance of 13C
dominates over that of the neutron poison 14N, limiting the latter’s
effects in neutron filtering; moreover, the 13C profile is more
extended and flatter than provided by models based on more
traditional, exponentially-decreasing proton penetration. (A color
version of this figure is available in the online journal.)
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The density of envelope material injected (downflow mass) into the He-
layers will vary as:

After integration between envelope border and the innest layer, we obtain:

We multiplied for the infinitesimal element of volume:

corresponding to an exponential profile:

Comparing this result with the mass transported by magnetic buoyancy

we obtain the amount of proton injested in the He-rich region for the 

formation of the 13C-pocket

Courtesy of O. Trippella



Since @vu
@u ¼ 0 and the density is a known function of r

only (q / rk), vr separates from vu. Eq. 1 then becomes an
ordinary differential equation that can be easily solved,
yielding:

vrðr; tÞ ¼ CðtÞ r$ðkþ 1Þ; ð2Þ

This is in fact a simplification of a multi-D problem into
a simple one-dimension problem. The possibility to do that
is critically dependent on assuming that rotation is slow

enough not to modify the circular symmetry of the star over
the time scale of our interest. This simply means that rota-
tional effects must be negligible over the duration of a TDU
episode, during which we want protons to penetrate into
the He-rich zone. Since such a duration is short
(’100 years), no rotational distortion is actually expected
on the basis of the common rotational velocities of low
mass stars, so that this constraint is virtually always
satisfied.

As mentioned, another critical condition occurring in
these layers is the rapid drop of the density with radius.
Actually, the region of interest is rather wide in radius
(from 1 to several solar radii) but contains very little mass
and this explains why dissipative terms dependent on the
presence of matter and charge are in general small. Also
the magnetic diffusivity is negligibly small in these condi-
tions. Hence, in the simple geometry adopted, the induction
equation (number 3 in the quoted paper) simplifies to a lin-
ear, first-order, partial differential equation in Bu, whose
general solution can be written as:

Bu ¼ UðnÞrkþ 1; n ¼ $ðk þ 2ÞwðtÞ þ rkþ 2 ð3Þ

As is common with sets of (partial) differential equa-
tions, the general solution contains mathematically arbitrary
functions. In particular, the functions w and U in Eq. (3)
and C in Eq. (2) have a single link between them (w must
be the time integral of C, as shown by Nucci and Busso,
2014). Hence we have actually two arbirary and indepen-
dent functions of time in our solution: let’s say they are C
and U. Their arbitrariety is an indication that the solution
is extremely general: it will continue to exist for whatever
choice of the two functions we may want to adopt.

This makes the solution itself very robust, free from
model-dependencies other than those contained in the ini-
tial hypotheses already discussed. One can then notice that
the basic stellar quantities on which our treatment depends
(density, temperature, pressure, rotational velocity and
magnetic field) vary on time scales that are extremely long
as compared to the duration of an individual TDU phe-
nomen, during which our process of mixing must be active.
We are therefore interested to a behavior in which the mix-
ing velocity is time-independent. In it, the mentioned func-
tions will assume some specific values C(t0), U(t0), simply
acting as coefficients of the functional dependence on r of
the buoyancy velocity and of the magnetic field. In our
physical application of the mathematical solution, the arbi-
trariety of the functions must also be handled so that the
involved quantities are expressed in meaningful units and
have values in accordance with observations. This implies
that CðtÞ must be chosen to have dimensions [cm(k+2) s$1],
while U must be measured in units [Gauss cm$(k+1)] (as a
consequence, w must have dimensions [cmk+2], same as
for n). For the details of the calculations see again Nucci
and Busso (2014).

In the family of solutions fulfilling all the requirements,
for our purposes we can limit ourselves to those describing
a fast transport, as done originally by the quoted authors;
this is dictated by the mentioned need of having processes
effective enough to occur in the short time interval available
at a TDU. In particular, if r0 is the radius of the layer at
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Fig. 1. Panel (a). The physical structure of the He-rich layers in an
AGB star of 1.5M& and solar metallicity at the 6th TDU. The
model was recalculated by us for this paper with the Scwarzschild
criterion for convection, with the code by Straniero et al. (2003).
We choose this specific structure for illustration purposes, because
it represents a good average situation, suitable to desciribe the
‘‘typical” conditions on the TP-AGB. As shown, the density and
the pressure decrease very rapidly as a function of the stellar radius
(actually, little mass in contained in this zone, DM ’ 0.01M& ).
Panel (b). The proton profile we obtain below TDU, at the same
pulse as in the first panel, together with the ensuing abundances of
13C and 14N after hydrogen reignition. The abundance of 13C
dominates over that of the neutron poison 14N, limiting the latter’s
effects in neutron filtering; moreover, the 13C profile is more
extended and flatter than provided by models based on more
traditional, exponentially-decreasing proton penetration. (A color
version of this figure is available in the online journal.)
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Since @vu
@u ¼ 0 and the density is a known function of r

only (q / rk), vr separates from vu. Eq. 1 then becomes an
ordinary differential equation that can be easily solved,
yielding:

vrðr; tÞ ¼ CðtÞ r$ðkþ 1Þ; ð2Þ

This is in fact a simplification of a multi-D problem into
a simple one-dimension problem. The possibility to do that
is critically dependent on assuming that rotation is slow

enough not to modify the circular symmetry of the star over
the time scale of our interest. This simply means that rota-
tional effects must be negligible over the duration of a TDU
episode, during which we want protons to penetrate into
the He-rich zone. Since such a duration is short
(’100 years), no rotational distortion is actually expected
on the basis of the common rotational velocities of low
mass stars, so that this constraint is virtually always
satisfied.

As mentioned, another critical condition occurring in
these layers is the rapid drop of the density with radius.
Actually, the region of interest is rather wide in radius
(from 1 to several solar radii) but contains very little mass
and this explains why dissipative terms dependent on the
presence of matter and charge are in general small. Also
the magnetic diffusivity is negligibly small in these condi-
tions. Hence, in the simple geometry adopted, the induction
equation (number 3 in the quoted paper) simplifies to a lin-
ear, first-order, partial differential equation in Bu, whose
general solution can be written as:

Bu ¼ UðnÞrkþ 1; n ¼ $ðk þ 2ÞwðtÞ þ rkþ 2 ð3Þ

As is common with sets of (partial) differential equa-
tions, the general solution contains mathematically arbitrary
functions. In particular, the functions w and U in Eq. (3)
and C in Eq. (2) have a single link between them (w must
be the time integral of C, as shown by Nucci and Busso,
2014). Hence we have actually two arbirary and indepen-
dent functions of time in our solution: let’s say they are C
and U. Their arbitrariety is an indication that the solution
is extremely general: it will continue to exist for whatever
choice of the two functions we may want to adopt.

This makes the solution itself very robust, free from
model-dependencies other than those contained in the ini-
tial hypotheses already discussed. One can then notice that
the basic stellar quantities on which our treatment depends
(density, temperature, pressure, rotational velocity and
magnetic field) vary on time scales that are extremely long
as compared to the duration of an individual TDU phe-
nomen, during which our process of mixing must be active.
We are therefore interested to a behavior in which the mix-
ing velocity is time-independent. In it, the mentioned func-
tions will assume some specific values C(t0), U(t0), simply
acting as coefficients of the functional dependence on r of
the buoyancy velocity and of the magnetic field. In our
physical application of the mathematical solution, the arbi-
trariety of the functions must also be handled so that the
involved quantities are expressed in meaningful units and
have values in accordance with observations. This implies
that CðtÞ must be chosen to have dimensions [cm(k+2) s$1],
while U must be measured in units [Gauss cm$(k+1)] (as a
consequence, w must have dimensions [cmk+2], same as
for n). For the details of the calculations see again Nucci
and Busso (2014).

In the family of solutions fulfilling all the requirements,
for our purposes we can limit ourselves to those describing
a fast transport, as done originally by the quoted authors;
this is dictated by the mentioned need of having processes
effective enough to occur in the short time interval available
at a TDU. In particular, if r0 is the radius of the layer at
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Fig. 1. Panel (a). The physical structure of the He-rich layers in an
AGB star of 1.5M& and solar metallicity at the 6th TDU. The
model was recalculated by us for this paper with the Scwarzschild
criterion for convection, with the code by Straniero et al. (2003).
We choose this specific structure for illustration purposes, because
it represents a good average situation, suitable to desciribe the
‘‘typical” conditions on the TP-AGB. As shown, the density and
the pressure decrease very rapidly as a function of the stellar radius
(actually, little mass in contained in this zone, DM ’ 0.01M& ).
Panel (b). The proton profile we obtain below TDU, at the same
pulse as in the first panel, together with the ensuing abundances of
13C and 14N after hydrogen reignition. The abundance of 13C
dominates over that of the neutron poison 14N, limiting the latter’s
effects in neutron filtering; moreover, the 13C profile is more
extended and flatter than provided by models based on more
traditional, exponentially-decreasing proton penetration. (A color
version of this figure is available in the online journal.)
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Since @vu
@u ¼ 0 and the density is a known function of r

only (q / rk), vr separates from vu. Eq. 1 then becomes an
ordinary differential equation that can be easily solved,
yielding:

vrðr; tÞ ¼ CðtÞ r$ðkþ 1Þ; ð2Þ

This is in fact a simplification of a multi-D problem into
a simple one-dimension problem. The possibility to do that
is critically dependent on assuming that rotation is slow

enough not to modify the circular symmetry of the star over
the time scale of our interest. This simply means that rota-
tional effects must be negligible over the duration of a TDU
episode, during which we want protons to penetrate into
the He-rich zone. Since such a duration is short
(’100 years), no rotational distortion is actually expected
on the basis of the common rotational velocities of low
mass stars, so that this constraint is virtually always
satisfied.

As mentioned, another critical condition occurring in
these layers is the rapid drop of the density with radius.
Actually, the region of interest is rather wide in radius
(from 1 to several solar radii) but contains very little mass
and this explains why dissipative terms dependent on the
presence of matter and charge are in general small. Also
the magnetic diffusivity is negligibly small in these condi-
tions. Hence, in the simple geometry adopted, the induction
equation (number 3 in the quoted paper) simplifies to a lin-
ear, first-order, partial differential equation in Bu, whose
general solution can be written as:

Bu ¼ UðnÞrkþ 1; n ¼ $ðk þ 2ÞwðtÞ þ rkþ 2 ð3Þ

As is common with sets of (partial) differential equa-
tions, the general solution contains mathematically arbitrary
functions. In particular, the functions w and U in Eq. (3)
and C in Eq. (2) have a single link between them (w must
be the time integral of C, as shown by Nucci and Busso,
2014). Hence we have actually two arbirary and indepen-
dent functions of time in our solution: let’s say they are C
and U. Their arbitrariety is an indication that the solution
is extremely general: it will continue to exist for whatever
choice of the two functions we may want to adopt.

This makes the solution itself very robust, free from
model-dependencies other than those contained in the ini-
tial hypotheses already discussed. One can then notice that
the basic stellar quantities on which our treatment depends
(density, temperature, pressure, rotational velocity and
magnetic field) vary on time scales that are extremely long
as compared to the duration of an individual TDU phe-
nomen, during which our process of mixing must be active.
We are therefore interested to a behavior in which the mix-
ing velocity is time-independent. In it, the mentioned func-
tions will assume some specific values C(t0), U(t0), simply
acting as coefficients of the functional dependence on r of
the buoyancy velocity and of the magnetic field. In our
physical application of the mathematical solution, the arbi-
trariety of the functions must also be handled so that the
involved quantities are expressed in meaningful units and
have values in accordance with observations. This implies
that CðtÞ must be chosen to have dimensions [cm(k+2) s$1],
while U must be measured in units [Gauss cm$(k+1)] (as a
consequence, w must have dimensions [cmk+2], same as
for n). For the details of the calculations see again Nucci
and Busso (2014).

In the family of solutions fulfilling all the requirements,
for our purposes we can limit ourselves to those describing
a fast transport, as done originally by the quoted authors;
this is dictated by the mentioned need of having processes
effective enough to occur in the short time interval available
at a TDU. In particular, if r0 is the radius of the layer at
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Fig. 1. Panel (a). The physical structure of the He-rich layers in an
AGB star of 1.5M& and solar metallicity at the 6th TDU. The
model was recalculated by us for this paper with the Scwarzschild
criterion for convection, with the code by Straniero et al. (2003).
We choose this specific structure for illustration purposes, because
it represents a good average situation, suitable to desciribe the
‘‘typical” conditions on the TP-AGB. As shown, the density and
the pressure decrease very rapidly as a function of the stellar radius
(actually, little mass in contained in this zone, DM ’ 0.01M& ).
Panel (b). The proton profile we obtain below TDU, at the same
pulse as in the first panel, together with the ensuing abundances of
13C and 14N after hydrogen reignition. The abundance of 13C
dominates over that of the neutron poison 14N, limiting the latter’s
effects in neutron filtering; moreover, the 13C profile is more
extended and flatter than provided by models based on more
traditional, exponentially-decreasing proton penetration. (A color
version of this figure is available in the online journal.)
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Since @vu
@u ¼ 0 and the density is a known function of r

only (q / rk), vr separates from vu. Eq. 1 then becomes an
ordinary differential equation that can be easily solved,
yielding:

vrðr; tÞ ¼ CðtÞ r$ðkþ 1Þ; ð2Þ

This is in fact a simplification of a multi-D problem into
a simple one-dimension problem. The possibility to do that
is critically dependent on assuming that rotation is slow

enough not to modify the circular symmetry of the star over
the time scale of our interest. This simply means that rota-
tional effects must be negligible over the duration of a TDU
episode, during which we want protons to penetrate into
the He-rich zone. Since such a duration is short
(’100 years), no rotational distortion is actually expected
on the basis of the common rotational velocities of low
mass stars, so that this constraint is virtually always
satisfied.

As mentioned, another critical condition occurring in
these layers is the rapid drop of the density with radius.
Actually, the region of interest is rather wide in radius
(from 1 to several solar radii) but contains very little mass
and this explains why dissipative terms dependent on the
presence of matter and charge are in general small. Also
the magnetic diffusivity is negligibly small in these condi-
tions. Hence, in the simple geometry adopted, the induction
equation (number 3 in the quoted paper) simplifies to a lin-
ear, first-order, partial differential equation in Bu, whose
general solution can be written as:

Bu ¼ UðnÞrkþ 1; n ¼ $ðk þ 2ÞwðtÞ þ rkþ 2 ð3Þ

As is common with sets of (partial) differential equa-
tions, the general solution contains mathematically arbitrary
functions. In particular, the functions w and U in Eq. (3)
and C in Eq. (2) have a single link between them (w must
be the time integral of C, as shown by Nucci and Busso,
2014). Hence we have actually two arbirary and indepen-
dent functions of time in our solution: let’s say they are C
and U. Their arbitrariety is an indication that the solution
is extremely general: it will continue to exist for whatever
choice of the two functions we may want to adopt.

This makes the solution itself very robust, free from
model-dependencies other than those contained in the ini-
tial hypotheses already discussed. One can then notice that
the basic stellar quantities on which our treatment depends
(density, temperature, pressure, rotational velocity and
magnetic field) vary on time scales that are extremely long
as compared to the duration of an individual TDU phe-
nomen, during which our process of mixing must be active.
We are therefore interested to a behavior in which the mix-
ing velocity is time-independent. In it, the mentioned func-
tions will assume some specific values C(t0), U(t0), simply
acting as coefficients of the functional dependence on r of
the buoyancy velocity and of the magnetic field. In our
physical application of the mathematical solution, the arbi-
trariety of the functions must also be handled so that the
involved quantities are expressed in meaningful units and
have values in accordance with observations. This implies
that CðtÞ must be chosen to have dimensions [cm(k+2) s$1],
while U must be measured in units [Gauss cm$(k+1)] (as a
consequence, w must have dimensions [cmk+2], same as
for n). For the details of the calculations see again Nucci
and Busso (2014).

In the family of solutions fulfilling all the requirements,
for our purposes we can limit ourselves to those describing
a fast transport, as done originally by the quoted authors;
this is dictated by the mentioned need of having processes
effective enough to occur in the short time interval available
at a TDU. In particular, if r0 is the radius of the layer at
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Fig. 1. Panel (a). The physical structure of the He-rich layers in an
AGB star of 1.5M& and solar metallicity at the 6th TDU. The
model was recalculated by us for this paper with the Scwarzschild
criterion for convection, with the code by Straniero et al. (2003).
We choose this specific structure for illustration purposes, because
it represents a good average situation, suitable to desciribe the
‘‘typical” conditions on the TP-AGB. As shown, the density and
the pressure decrease very rapidly as a function of the stellar radius
(actually, little mass in contained in this zone, DM ’ 0.01M& ).
Panel (b). The proton profile we obtain below TDU, at the same
pulse as in the first panel, together with the ensuing abundances of
13C and 14N after hydrogen reignition. The abundance of 13C
dominates over that of the neutron poison 14N, limiting the latter’s
effects in neutron filtering; moreover, the 13C profile is more
extended and flatter than provided by models based on more
traditional, exponentially-decreasing proton penetration. (A color
version of this figure is available in the online journal.)
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avoid the need of extra nuclear processes like LEPP, the
neutron exposures must be very efficient, so that the average
metallicity of the stars most efficiently contributing to the solar
distribution must be rather high (and rather constant in time), as
typical of the long evolutionary stages of the Galactic disc,
during which the age–metallicity relation is essentially flat (see
Maiorca et al. 2012 for a detailed discussion).

However, complementary indications that come from
different astrophysical sites exist. They allow us to verify
whether the hydrogen profile induced by MHD mixing is really
capable of accounting for a larger number of constraints than in
previous parametric choices. One such constraint lays in the
recent suggestion (Liu et al. 2015) that extended reservoirs of
13C, characterized by a rather flat distribution, might be
required to explain the isotopic and elemental admixture of s-
elements in presolar SiC grains. However, the model discussed
here remains oxygen-rich during the whole of its evolution. In
order to verify the above suggestions we shall therefore present
soon new calculations for higher masses (reaching C/O�1
even at high metallicities).

In any case we know that high C/O ratios are easily reached
at low metallicity even for rather low masses. We can exploit
this fact to compute neutron captures in a model star with
conditions typical of some low-metallicity, post-AGB objects
(De Smedt et al. 2014). Post-AGB stars can play a crucial role
in the understanding of s-process nucleosynthesis. They
represent the final evolutionary phase of low and intermediate
mass stars, on their way from the Hayashi track to the planetary
nebula stages. The timescales for the post-AGB phase predicted
by stellar models are in range 10–105 years, inversely
depending on the core mass. Crucial in determining this
duration are the treatment of current mass loss and its history
along the AGB. Since this evolutionary phase is fast, post-AGB
stars are rare; yet they are also intrinsically bright. Hence, there
is a rather vast sample of data and information on them, both
for the central stars and their circumstellar material. Comparing
our model predictions with the observational data gives rise to
relevant constraints about the absolute s-process enrichment
with respect to carbon.

In the present work, we focus our attention on a specific
example: the source J00441.04–732136.4 (hereafter
J00441.04), for which an accurate spectral analysis was
performed by De Smedt et al. (2012, 2014; other examples
of post-AGB stars will be investigated in a forthcoming paper).

J00441.04 is a peculiar stellar object: with an initial mass
and metallicity of 1.3 Me and Z = 0.001, respectively, this star
is the only one in the Small Magellanic Cloud showing the SiC
feature at 21 μm; it also shows one of the highest over-
abundances of s-process elements, with a moderate
C-enhancement. We then computed the nucleosynthesis
ensuing from a 13C-pocket like the one described in Section 3
for the case of a 1.3 Me star with [Fe/H] = −1.4. This offers
us an occasion to check our predictions against observations for
both the s-process distribution and the total s/C abundance
ratio. This last value has remained so far unexplained.

In Figure 4 we show our results for the [X(i)/Fe] ratios, as
obtained by applying our post-process to a suitable AGB stellar
model from Straniero et al. (2003). As the typical α-
enhancement for oxygen is usually larger than for other α-
rich elements, we assumed initial abundance values increased
by +0.6 (O) and +0.4 (Mg, Si, S, Ca, Ti), respectively.

In Figure 4 our predicted abundances are represented by the
red line and the observational data by the black points with the
corresponding indication of the error bar. AGB nucleosynthesis
models based on small 13C-pockets can reproduce the average
abundances of s-elements only after many thermal pulses,
which means also obtaining necessarily a huge C abundance, as
confirmed in De Smedt et al. (2012, 2014). However, this is at
odds with observational data. For the same reason, the C/O
ratio was also not reproduced so far. These problems are not
met by our model, whose fit is indeed very good for both light
and heavy elements, within the uncertainties. This is an
immediate consequence of our extended 13C-pocket, because it
implies always a high s/C ratio in the material dredged up from
the He-intershell. It was shown that the previous models can
get close to the data only by assuming the existence of a late
thermal pulse with a deep dredge-up and a small dilution with
the convective envelope (calculations were done with the
STAREVOL code by Siess 2007). However, again the C/O
ratio is not reproduced. We consider the automatic solution of
all these problems as a striking evidence in favor of our model,
in which s-elements are very effectively produced in few
thermal pulses. We recall that this does not descend from any
ad-hoc assumption and derives rather simply from our MHD-
driven mixing mechanism.
A remaining problem for us, (which is actually met by any

attempt with s-process codes) is the strangely moderate
abundance observed for Pb, unexpected at this metallicity.
Actually, it is an intrinsic nuclear property of s-processing to
shift the abundances toward the magic nuclei at N=126 at
low metallicity, where the number of neutrons per iron seed
becomes very large (Gallino et al. 1998). To our knowledge,
this is an intrinsic nuclear property and is not model dependent;
it leads us to suppose that something is wrong either with the

Figure 4. Comparison between model predictions (red line) and the
J004441.04–732136.4 post-AGB abundance ratios ([X(i)/Fe]) identified by
full black points and their corresponding error bars (De Smedt et al. 2012,
2014). A selection of elements, with nuclear charge in the range 2�Z�83, is
shown. Since the [Pb/Fe] data represents only an upper limit, it is identified by
a down arrow. Our calculation also shows the enhancement factor of
α-elements.
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Figure 3. The evolution on the AGB of the oxygen isotopic ratios 18O/16O (panels A and B) and 17O/16O (panels C and D) as functions of 26Al/27Al. Panels
A and C refer to a 1.2 M⊙ model, while panels B and D refer to a 1.5 M⊙ model. The heavy squares marking the starting points represent RGB compositions
for different values of k. Model curves proceed from left to right, and are obtained for values k = −3.5, −3.4, −3.3, −3.2 and −3.1 As in Fig. 2, differently
dashed curves of different colour refer to different values of k. Data grain uncertainties for the 26Al/27Al isotopic ratio are, on average, smaller than 25 per cent
and 10 per cent in group 1 and group 2 grains, respectively.

cases shown in Fig. 2. In Fig. 3, we see that the success of magnet-
ically induced mixing lays in accounting for the range of values of
26Al/27Al up to 0.1, even adopting the already-quoted LUNA rate
for 26Al/27Al production. We recall that previous parametric models
could not instead explain the whole range 26Al, as measured in pre-
solar grains and were therefore excluded by Straniero et al. (2013)
(see also Palmerini et al. 2011a, and, in particular, their fig. 11).

Moreover, observing the panels of Figs 2 and 3, one notes that
also a portion of isotopic ratios of group 1 grains (open circles)
is matched by the curves produced by magnetic buoyancy models
during the AGB phase. Group 1 grains were suggested to form in the
envelopes of RGB stars, but we see now a more continuous transition
between the two cases, so many measurements are difficult to be
ascribed to a specific stellar evolutionary stage. Only group 2 grains,

and especially those rich in 26Al/27Al, necessarily require AGB
conditions. One has to note here that in our nucleosynthesis network,
the destruction of 26Al can occur not only through its decay, but also
through neutron or proton captures. However, neutron captures in
the TPs concern only the most massive of our model stars, that of
a 1.5 M⊙model, undergoing some TDU episodes. Here some 26Al
saved from (n,γ ) destruction can be dredged up to H-rich zones,
further increasing the 26Al inventory. However, we showed that the
most relevant part of the oxide grains we considered here were
produced in much lower mass stars, so that n captures are never
relevant.

Finally, a mention is needed of the fact that our model for the
mechanisms producing the isotopic admixture of oxygen and alu-
minum measured in pre-solar oxide grains can, in fact, be the same

MNRAS 467, 1193–1201 (2017)

A nice fit to O and Al isotopic
ratio of oxide grains (group 2)

Palmerini et al. 2017
Palmerini et al. in prep.
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1.4.1 Introduction

Traditionally, astronomers have studied the stars by using, with

rare exception, electromagnetic radiation received by tele-

scopes on and above the Earth. Since the mid-1980s, an addi-

tional observational window has been opened in the form of

microscopic presolar grains found in primitive meteorites.

These grains had apparently formed in stellar outflows of

late-type stars and in the ejecta of stellar explosions and had

survived the formation of the solar system. They can be located

in and extracted from their parent meteorites and studied in

detail in the laboratory. Their stellar origin is recognized by

their isotopic compositions, which are completely different

from those of the solar system and, for some elements, cover

extremely wide ranges, leaving little doubt that the grains are

ancient stardust.

By the 1950s, it had been conclusively established that the

elements from carbon on up are produced by nuclear reactions

in stars (See Chapter 2.1), and the classic papers by Burbidge

et al. (1957) and Cameron (1957) provided a theoretical

framework for stellar nucleosynthesis. According to these

authors, nuclear processes produ
ce elements with very differ-

ent isotopic compositions, depending on the specific stellar

source. The newly produced elements are injected into the

interstellar medium (ISM) by stellar winds or as supernova

(SN) ejecta, enriching the galaxy in ‘metals’ (all elements

heavier than helium), and after a long galactic history, the

solar system is believed to have formed from a mix of this

material. In fact, the original work by Burbidge et al. and

Cameron was stimulated by the observation of regularities in

the abundance of the nuclides in the solar system as obtained

by the study of meteorites (Suess and Urey, 1956). Although

providing only a grand average of many stellar sources, the

solar system abundances (See Chapter 2.1) of the elements

and isotopes (Anders and Grevesse, 1989; Asplund et al., 2005;

Grevesse et al., 1996; Lodders, 2003; Lodders et al., 2009;

Palme and Jones, 2004) remained an important test for nucle-

osynthesis theory (e.g., Timmes et al., 1995).

In contrast, the study of stellar grains permits information

to be obtained about individual stars, complementing astro-

nomical observations of elemental and isotopic abundances in

stars (e.g., Lambert, 1991), by extending measurements to

elements that cannot be measured astronomically. In addition

to nucleosynthesis and stellar evolution, presolar grains
pro-

vide information about galactic chemical evolution, physical

properties in stellar atmospheres, mixing of SN ejecta, destruc-

tion processes in the ISM, and conditions in the solar nebula

and in the parent bodies of the meteorites in which the grains

are found.

This new field of astronomy has grown to an extent that not

all aspects of presolar grains can be treated in detail in this

chapter. The interested reader is therefore referred to some

recent reviews (Anders and Zinner, 1993; Bernatowicz et al.,

2006; Clayton and Nittler, 2004; Davis, 2011; Hoppe, 2004,

2010; Hoppe and Zinner, 2000; Lodders and Amari, 2005;

Lugaro, 2005; Meyer et al., 2008; Nittler, 2003; Ott, 1993;

Treatise on Geochemistry 2nd Edition http://dx.doi.org/10.1016/B978-0-08-
095975-7.00101-7
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dysprosium, europium, tungsten, and lead. Refractory elements,
such as aluminum, titanium, vanadium, and zirconium, are
believed to have condensed into SiC (Lodders and Fegley,
1995, 1997, 1999). However, Verchovsky and coworkers
(Verchovsky et al., 2004; Verchovsky and Wright, 2004) argued
on the basis of the grain-size dependence of elemental concen-
trations that implantation played amajor role not only for noble
gases but also for relatively refractory elements, such as strontium
and barium. These authors identified two components with
different implantation energies: the low-energy component is
implanted from the stellar wind and has the composition of
the AGB envelope; the high-energy component is implanted

during the planetary nebula phase from the hot remaining
white dwarf star and has the composition of helium-shell mate-
rial. The 134Xe/130Xe ratio found in the grains confirms their
conclusion that most s-process xenon in SiC originated in the
envelope (Pignatari et al., 2004a).

Carbon, nitrogen, and silicon isotopic, as well as inferred
26Al/27Al ratios in a large number of individual grains
(Figures 3–5), have led to the classification into different popu-
lations (Hoppe and Ott, 1997): mainstream grains (!93% of
the total), minor subtypes AB, C, X, Y, Z, and nova grains. Most
of presolar SiC is believed to have originated from carbon stars,
late-type stars of low mass (1–3 M") in the thermally pulsing
(TP) asymptotic giant branch (AGB) phase of evolution (Iben
and Renzini, 1983). Dust from such stars has been proposed
already one decade prior to identification of SiC to be a minor
constituent of primitive meteorites (Clayton, 1983a; Clayton
and Ward, 1978; Srinivasan and Anders, 1978). Several pieces
of evidence point to such an origin. Mainstream grains have
12C/13C ratios similar to those found in carbon stars (Figure 6),
which are considered to be the most prolific injectors of carbo-
naceous dust grains into the ISM (Ferrarotti and Gail, 2006; Gail
et al., 2009; Tielens, 1990).Many carbon stars show the 11.3 mm
emission feature typical of SiC (Speck et al., 1997; Treffers and
Cohen, 1974). Finally, AGB stars are believed to be the main
source of the s-process (slow neutron-capture nucleosynthesis)

14
N

/15
N

12 C/13C

Mainstream ~93%

Nova grains

X grains      ~1%C grains
AB grains   4–5%

Y grains ~1% Z grains       ~1%

Solar

S
ol

ar

10 0 10 1 10 2 10 3 10 4
10 0

10 1

10 2

10 3

10 4

?

Terrestrial

Figure 3 Nitrogen and carbon isotopic ratios of individual presolar SiC
grains. Because rare grain types were located by automatic ion imaging,
the numbers of grains of different types in the plot do not correspond to
their abundances in the meteorites; these abundances are given in the
legend. The grain plotted as a question mark in this figure and in
Figures 4 and 5 has both nova and SN signatures (Nittler and Hoppe,
2005). The analysis of solar wind implanted into Genesis samples
showed that the Sun’s nitrogen isotopic ratio is different from the
terrestrial ratio (Marty et al., 2011). Both are indicated in the figure.
Source: Presolar database (Hynes and Gyngard, 2009).

(a)

(b)

1 µm

(c)

Figure 2 Secondary electron micrographs of (a) presolar SiC, (b)
presolar graphite (cauliflower type), and (c) presolar graphite (onion
type). Photographs courtesy of Sachiko Amari and Scott Messenger.
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Figure 1. Three-isotope plots of δ(90Zr/94Zr), δ(91Zr/94Zr), and δ(92Zr/94Zr)
vs. δ(96Zr/94Zr). The grains (data sources in Section 2, 2σ uncertainty) are
compared to Three-zone (left, open symbols) and Zone-II (right, filled symbols)
AGB model predictions for a 2 M⊙, 0.5 Z⊙ AGB star with a range of 13C
strengths. The entire evolution of the AGB envelope composition is shown, but
symbols are plotted only when C > O. Dotted lines represent solar zirconium
isotope ratios.
(A color version of this figure is available in the online journal.)

3. COMPARISON OF GRAIN DATA WITH TORINO
THREE-ZONE AND ZONE-II AGB MODELS

We compare grain data with Three-zone and Zone-II models
in Figure 1. Symbols are only plotted for thermal pulses
(TPs) with envelope C/O > 1 for comparison with grain
data, since this is when SiC is expected to condense based
on thermodynamic equilibrium calculations (Lodders & Fegley
1995). The Three-zone and Zone-II predictions are shown as
open and filled symbols, respectively. As shown in Figure 1,
the Three-zone calculations with new MACSs match the grain
data for δ(90Zr/94Zr) and δ(91Zr/94Zr). We also confirm the
conclusion of Lugaro et al. (2003) that the 89,90Sr and 91Y branch
points have minimal impact on the final abundances of 90,91Zr9.
Note that the adopted MACSs of 89,90Sr and 90,91Y are based
on theoretical predictions (KADoNiS, Table II of Rauscher &
Thielemann 2000).

Previous studies of isotopic data on mainstream grains con-
strain the mass of their parent stars to 1.5−3 M⊙ and the metal-
licity to close-to-solar metallicity (Barzyk et al. 2007). Lugaro
et al. (2014) concluded that the values of δ(92Zr/94Zr) ! −50‰
observed in some grains cannot be reached by their new AGB
models or by FRUITY models with various masses and metal-
licities within this range (Cristallo et al. 2011). We also compare
Torino AGB models within this range of mass and metallicity

9 The recommended 89,90Sr and 91Y MACSs from Bao et al. (2000) and
Rauscher & Thielemann (2000) are adopted in the Torino models used by both
Lugaro et al. (2003) and this study.
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Figure 2. Three-isotope plots of δ(92Zr/94Zr) vs. δ(96Zr/94Zr). Grain data from
Figure 1 are compared to Three-zone models for AGB stars with a range of
mass and metallicity.
(A color version of this figure is available in the online journal.)

with grain data in the three-isotope plots of δ(92Zr/94Zr) versus
δ(96Zr/94Zr) in Figure 2. According to Figure 2, uncertainties in
initial AGB stellar mass and metallicity cannot explain the mis-
match of Torino AGB model predictions with the grains with
δ(92Zr/94Zr) ! −50‰, consistent with the conclusion from
Lugaro et al. (2014).

As shown in Figure 2, model predictions for δ(92Zr/94Zr)
values are unaffected by variation of initial stellar mass and
metallicity, while the δ(96Zr/94Zr) prediction for the last TP
increases with increasing initial stellar mass with its minimum
remaining the same. This is because the final 96Zr production in
AGB stars strongly depends on the 22Ne(α, n)25Mg rate, which
increases with increasing peak temperature at the bottom of the
helium-burning zone. As the peak temperature increases with
increasing core mass (Straniero et al. 2003), the 22Ne(α, n)25Mg
reaction operates more effectively in 3 M⊙ AGB stars than
in 1.5 M⊙ AGB stars, resulting in higher 96Zr overproduction
in the 3 M⊙ case. On the other hand, s-process efficiency
depends on the number of 13C nuclei per iron seed. As
13C is primary, produced by proton-capture on the freshly
synthesized 12C in the helium intershell, the s-process efficiency
depends linearly on the initial metallicity. For instance, Three-
zone model predictions of Z⊙ AGB stars in the U2 case are
comparable to those of 0.5 Z⊙ AGB stars in the ST case, because
the number of iron seeds of Z⊙ AGB stars is doubled with respect
to that of 0.5 Z⊙ AGB stars. One-half-Z⊙ AGB models, however,
predict a longer carbon-rich phase and higher δ(96Zr/94Zr) value
for the last TP because (1) the convective envelope of 0.5 Z⊙
AGB stars starts with less oxygen and therefore becomes carbon-
rich after fewer pulses than that of Z⊙ AGB stars; (2) the lower
the metallicity, the higher the core mass and in turn, the higher
the stellar temperature. Thus, the final 96Zr production is higher
in 0.5 Z⊙ AGB stars. To summarize, δ(92Zr/94Zr) predictions
are unaffected by uncertainties in the initial stellar mass and
metallicity. We therefore use the 2 M⊙, 0.5 Z⊙ AGB model as
representative to investigate the effect of the 13C-pocket internal
structure on δ(92Zr/94Zr) model predictions.
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3. COMPARISON OF GRAIN DATA WITH TORINO
THREE-ZONE AND ZONE-II AGB MODELS

We compare grain data with Three-zone and Zone-II models
in Figure 1. Symbols are only plotted for thermal pulses
(TPs) with envelope C/O > 1 for comparison with grain
data, since this is when SiC is expected to condense based
on thermodynamic equilibrium calculations (Lodders & Fegley
1995). The Three-zone and Zone-II predictions are shown as
open and filled symbols, respectively. As shown in Figure 1,
the Three-zone calculations with new MACSs match the grain
data for δ(90Zr/94Zr) and δ(91Zr/94Zr). We also confirm the
conclusion of Lugaro et al. (2003) that the 89,90Sr and 91Y branch
points have minimal impact on the final abundances of 90,91Zr9.
Note that the adopted MACSs of 89,90Sr and 90,91Y are based
on theoretical predictions (KADoNiS, Table II of Rauscher &
Thielemann 2000).

Previous studies of isotopic data on mainstream grains con-
strain the mass of their parent stars to 1.5−3 M⊙ and the metal-
licity to close-to-solar metallicity (Barzyk et al. 2007). Lugaro
et al. (2014) concluded that the values of δ(92Zr/94Zr) ! −50‰
observed in some grains cannot be reached by their new AGB
models or by FRUITY models with various masses and metal-
licities within this range (Cristallo et al. 2011). We also compare
Torino AGB models within this range of mass and metallicity

9 The recommended 89,90Sr and 91Y MACSs from Bao et al. (2000) and
Rauscher & Thielemann (2000) are adopted in the Torino models used by both
Lugaro et al. (2003) and this study.
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with grain data in the three-isotope plots of δ(92Zr/94Zr) versus
δ(96Zr/94Zr) in Figure 2. According to Figure 2, uncertainties in
initial AGB stellar mass and metallicity cannot explain the mis-
match of Torino AGB model predictions with the grains with
δ(92Zr/94Zr) ! −50‰, consistent with the conclusion from
Lugaro et al. (2014).

As shown in Figure 2, model predictions for δ(92Zr/94Zr)
values are unaffected by variation of initial stellar mass and
metallicity, while the δ(96Zr/94Zr) prediction for the last TP
increases with increasing initial stellar mass with its minimum
remaining the same. This is because the final 96Zr production in
AGB stars strongly depends on the 22Ne(α, n)25Mg rate, which
increases with increasing peak temperature at the bottom of the
helium-burning zone. As the peak temperature increases with
increasing core mass (Straniero et al. 2003), the 22Ne(α, n)25Mg
reaction operates more effectively in 3 M⊙ AGB stars than
in 1.5 M⊙ AGB stars, resulting in higher 96Zr overproduction
in the 3 M⊙ case. On the other hand, s-process efficiency
depends on the number of 13C nuclei per iron seed. As
13C is primary, produced by proton-capture on the freshly
synthesized 12C in the helium intershell, the s-process efficiency
depends linearly on the initial metallicity. For instance, Three-
zone model predictions of Z⊙ AGB stars in the U2 case are
comparable to those of 0.5 Z⊙ AGB stars in the ST case, because
the number of iron seeds of Z⊙ AGB stars is doubled with respect
to that of 0.5 Z⊙ AGB stars. One-half-Z⊙ AGB models, however,
predict a longer carbon-rich phase and higher δ(96Zr/94Zr) value
for the last TP because (1) the convective envelope of 0.5 Z⊙
AGB stars starts with less oxygen and therefore becomes carbon-
rich after fewer pulses than that of Z⊙ AGB stars; (2) the lower
the metallicity, the higher the core mass and in turn, the higher
the stellar temperature. Thus, the final 96Zr production is higher
in 0.5 Z⊙ AGB stars. To summarize, δ(92Zr/94Zr) predictions
are unaffected by uncertainties in the initial stellar mass and
metallicity. We therefore use the 2 M⊙, 0.5 Z⊙ AGB model as
representative to investigate the effect of the 13C-pocket internal
structure on δ(92Zr/94Zr) model predictions.
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Aluminum and Oxygen Isotopic Ratios in Meteorite
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Abstract. Low mass stars contribute to the chemical evolution of the Galaxy as well as more
massive supernova progenitors. Indeed the limited amount of processed matter released into
the interstellar medium by small objects is compensated by the large number of them. At the
late stages of their evolution, stars with mass smaller than 3M� undergo the Asymptotic Giant
Branch phase, which has been found to be a unique site for synthesis of some nuclei heavier
than Fe through slow neutron capture reactions. AGB nucleosynthesis is also characterized by
H-burning coupled with mixing phenomena, which has been proved to account for anomalies in
light element isotopic abundances from Li to Al observed in stellar spectra and meteorites. We
present here the case of a large number of meteorite grains, whose isotopic composition o↵ers a
puzzles that only Nuclear and Stellar Physics coupled together might solve.

1. Introduction

�(iX/kX) =


(iX/kX)F
(iX/kX)�

� 1

�
⇥ 1000 (1)

In February 1969, a rare type of meteorite (a Type III carbonaceous chondrite) broke up in
the atmosphere producing the falling of thousands of stones over a nearly 500-square-kilometer
area around the village of Pueblito de Allende, in the Northern Mexico. The Allende meteorite
turned out to contain some of the solids formed in the Early Solar System as well as dust
formed in previous generation of stars. In particular the meteorite is notable for possessing
abundant, large calcium-aluminium-rich inclusions (CAIs), which are among the oldest objects
formed in our planetary system and report an isotopic composition distinct from the one of the
Earth. Beside CAIs, other micrometer to submicrometer inclusions in Allende, called ”presolar
grains”, bring precious pieces of information about stellar nucleosynthesis. Indeed their ”isotopic
anomalies” contain evidence for processes that occurred in stars older that the Sun, and are of
particular importance in helping us to constrain their nucleosynthesis.

A consistent part of presolar grains (commonly called oxide grains) is made up of Al2O3 grains,
which are classified in four groups according to the Oxygen isotopic mix they show [1]. Grains
belonging to group 1 and 2 are characterized by values of 17O/16O and 18O/16O inconsistent
with explosive nucleosynthesis scenarios and are then believed to form in evolved low mass
stars, during the Red Giant Branch (RGB) phase or Asymptotic Giant Branch (AGB) one [2].
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Figure 1. Three-isotope plots of δ(90Zr/94Zr), δ(91Zr/94Zr), and δ(92Zr/94Zr)
vs. δ(96Zr/94Zr). The grains (data sources in Section 2, 2σ uncertainty) are
compared to Three-zone (left, open symbols) and Zone-II (right, filled symbols)
AGB model predictions for a 2 M⊙, 0.5 Z⊙ AGB star with a range of 13C
strengths. The entire evolution of the AGB envelope composition is shown, but
symbols are plotted only when C > O. Dotted lines represent solar zirconium
isotope ratios.
(A color version of this figure is available in the online journal.)

3. COMPARISON OF GRAIN DATA WITH TORINO
THREE-ZONE AND ZONE-II AGB MODELS

We compare grain data with Three-zone and Zone-II models
in Figure 1. Symbols are only plotted for thermal pulses
(TPs) with envelope C/O > 1 for comparison with grain
data, since this is when SiC is expected to condense based
on thermodynamic equilibrium calculations (Lodders & Fegley
1995). The Three-zone and Zone-II predictions are shown as
open and filled symbols, respectively. As shown in Figure 1,
the Three-zone calculations with new MACSs match the grain
data for δ(90Zr/94Zr) and δ(91Zr/94Zr). We also confirm the
conclusion of Lugaro et al. (2003) that the 89,90Sr and 91Y branch
points have minimal impact on the final abundances of 90,91Zr9.
Note that the adopted MACSs of 89,90Sr and 90,91Y are based
on theoretical predictions (KADoNiS, Table II of Rauscher &
Thielemann 2000).

Previous studies of isotopic data on mainstream grains con-
strain the mass of their parent stars to 1.5−3 M⊙ and the metal-
licity to close-to-solar metallicity (Barzyk et al. 2007). Lugaro
et al. (2014) concluded that the values of δ(92Zr/94Zr) ! −50‰
observed in some grains cannot be reached by their new AGB
models or by FRUITY models with various masses and metal-
licities within this range (Cristallo et al. 2011). We also compare
Torino AGB models within this range of mass and metallicity

9 The recommended 89,90Sr and 91Y MACSs from Bao et al. (2000) and
Rauscher & Thielemann (2000) are adopted in the Torino models used by both
Lugaro et al. (2003) and this study.
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Figure 2. Three-isotope plots of δ(92Zr/94Zr) vs. δ(96Zr/94Zr). Grain data from
Figure 1 are compared to Three-zone models for AGB stars with a range of
mass and metallicity.
(A color version of this figure is available in the online journal.)

with grain data in the three-isotope plots of δ(92Zr/94Zr) versus
δ(96Zr/94Zr) in Figure 2. According to Figure 2, uncertainties in
initial AGB stellar mass and metallicity cannot explain the mis-
match of Torino AGB model predictions with the grains with
δ(92Zr/94Zr) ! −50‰, consistent with the conclusion from
Lugaro et al. (2014).

As shown in Figure 2, model predictions for δ(92Zr/94Zr)
values are unaffected by variation of initial stellar mass and
metallicity, while the δ(96Zr/94Zr) prediction for the last TP
increases with increasing initial stellar mass with its minimum
remaining the same. This is because the final 96Zr production in
AGB stars strongly depends on the 22Ne(α, n)25Mg rate, which
increases with increasing peak temperature at the bottom of the
helium-burning zone. As the peak temperature increases with
increasing core mass (Straniero et al. 2003), the 22Ne(α, n)25Mg
reaction operates more effectively in 3 M⊙ AGB stars than
in 1.5 M⊙ AGB stars, resulting in higher 96Zr overproduction
in the 3 M⊙ case. On the other hand, s-process efficiency
depends on the number of 13C nuclei per iron seed. As
13C is primary, produced by proton-capture on the freshly
synthesized 12C in the helium intershell, the s-process efficiency
depends linearly on the initial metallicity. For instance, Three-
zone model predictions of Z⊙ AGB stars in the U2 case are
comparable to those of 0.5 Z⊙ AGB stars in the ST case, because
the number of iron seeds of Z⊙ AGB stars is doubled with respect
to that of 0.5 Z⊙ AGB stars. One-half-Z⊙ AGB models, however,
predict a longer carbon-rich phase and higher δ(96Zr/94Zr) value
for the last TP because (1) the convective envelope of 0.5 Z⊙
AGB stars starts with less oxygen and therefore becomes carbon-
rich after fewer pulses than that of Z⊙ AGB stars; (2) the lower
the metallicity, the higher the core mass and in turn, the higher
the stellar temperature. Thus, the final 96Zr production is higher
in 0.5 Z⊙ AGB stars. To summarize, δ(92Zr/94Zr) predictions
are unaffected by uncertainties in the initial stellar mass and
metallicity. We therefore use the 2 M⊙, 0.5 Z⊙ AGB model as
representative to investigate the effect of the 13C-pocket internal
structure on δ(92Zr/94Zr) model predictions.
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strengths. The entire evolution of the AGB envelope composition is shown, but
symbols are plotted only when C > O. Dotted lines represent solar zirconium
isotope ratios.
(A color version of this figure is available in the online journal.)

3. COMPARISON OF GRAIN DATA WITH TORINO
THREE-ZONE AND ZONE-II AGB MODELS

We compare grain data with Three-zone and Zone-II models
in Figure 1. Symbols are only plotted for thermal pulses
(TPs) with envelope C/O > 1 for comparison with grain
data, since this is when SiC is expected to condense based
on thermodynamic equilibrium calculations (Lodders & Fegley
1995). The Three-zone and Zone-II predictions are shown as
open and filled symbols, respectively. As shown in Figure 1,
the Three-zone calculations with new MACSs match the grain
data for δ(90Zr/94Zr) and δ(91Zr/94Zr). We also confirm the
conclusion of Lugaro et al. (2003) that the 89,90Sr and 91Y branch
points have minimal impact on the final abundances of 90,91Zr9.
Note that the adopted MACSs of 89,90Sr and 90,91Y are based
on theoretical predictions (KADoNiS, Table II of Rauscher &
Thielemann 2000).

Previous studies of isotopic data on mainstream grains con-
strain the mass of their parent stars to 1.5−3 M⊙ and the metal-
licity to close-to-solar metallicity (Barzyk et al. 2007). Lugaro
et al. (2014) concluded that the values of δ(92Zr/94Zr) ! −50‰
observed in some grains cannot be reached by their new AGB
models or by FRUITY models with various masses and metal-
licities within this range (Cristallo et al. 2011). We also compare
Torino AGB models within this range of mass and metallicity

9 The recommended 89,90Sr and 91Y MACSs from Bao et al. (2000) and
Rauscher & Thielemann (2000) are adopted in the Torino models used by both
Lugaro et al. (2003) and this study.
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with grain data in the three-isotope plots of δ(92Zr/94Zr) versus
δ(96Zr/94Zr) in Figure 2. According to Figure 2, uncertainties in
initial AGB stellar mass and metallicity cannot explain the mis-
match of Torino AGB model predictions with the grains with
δ(92Zr/94Zr) ! −50‰, consistent with the conclusion from
Lugaro et al. (2014).

As shown in Figure 2, model predictions for δ(92Zr/94Zr)
values are unaffected by variation of initial stellar mass and
metallicity, while the δ(96Zr/94Zr) prediction for the last TP
increases with increasing initial stellar mass with its minimum
remaining the same. This is because the final 96Zr production in
AGB stars strongly depends on the 22Ne(α, n)25Mg rate, which
increases with increasing peak temperature at the bottom of the
helium-burning zone. As the peak temperature increases with
increasing core mass (Straniero et al. 2003), the 22Ne(α, n)25Mg
reaction operates more effectively in 3 M⊙ AGB stars than
in 1.5 M⊙ AGB stars, resulting in higher 96Zr overproduction
in the 3 M⊙ case. On the other hand, s-process efficiency
depends on the number of 13C nuclei per iron seed. As
13C is primary, produced by proton-capture on the freshly
synthesized 12C in the helium intershell, the s-process efficiency
depends linearly on the initial metallicity. For instance, Three-
zone model predictions of Z⊙ AGB stars in the U2 case are
comparable to those of 0.5 Z⊙ AGB stars in the ST case, because
the number of iron seeds of Z⊙ AGB stars is doubled with respect
to that of 0.5 Z⊙ AGB stars. One-half-Z⊙ AGB models, however,
predict a longer carbon-rich phase and higher δ(96Zr/94Zr) value
for the last TP because (1) the convective envelope of 0.5 Z⊙
AGB stars starts with less oxygen and therefore becomes carbon-
rich after fewer pulses than that of Z⊙ AGB stars; (2) the lower
the metallicity, the higher the core mass and in turn, the higher
the stellar temperature. Thus, the final 96Zr production is higher
in 0.5 Z⊙ AGB stars. To summarize, δ(92Zr/94Zr) predictions
are unaffected by uncertainties in the initial stellar mass and
metallicity. We therefore use the 2 M⊙, 0.5 Z⊙ AGB model as
representative to investigate the effect of the 13C-pocket internal
structure on δ(92Zr/94Zr) model predictions.
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Figure 1. Xenon to lanthanum section of the chart of the nuclides. Terrestrial abundances are shown as percentages for stable isotopes (solid squares); laboratory
half-lives at room temperature are shown for unstable isotopes (dotted squares). Pure s-process nuclides are outlined with thick black squares. The main path of the
s process is shown with thick lines; alternative paths (due to branch points) are indicated with thin lines. Neutron-magic nuclides lie on the vertical yellow band at
N = 82.
(A color version of this figure is available in the online journal.)

as the temperature rises to ∼3 × 108 K during thermal pulses
(TPs). Despite its shorter half-life at higher stellar temperature,
the relatively high peak neutron density during TPs due to the
marginal activation of the 22Ne neutron source (nn =∼109 cm−3,
compared to 107−108 cm−3 for 13C neutron source) can increase
the neutron capture rate of 134Cs above its β− decay rate, such
that 135Cs production is favored over 134Ba production. Once
135Cs is produced, it is stable (t1/2 = 2.3 Ma; Ma stands for
millions of years) on the timescale of the s process in AGB
stars (t ∼ 20 ka; Gallino et al. 1998) and continues to undergo
neutron capture to form unstable 136Cs (t1/2 = 13 days), almost
all of which decays to 136Ba. Thus high neutron fluxes partially
bypass both 134Ba and 135Ba, and accumulate 136Ba. As shown
in Figure 1, these two branches in the s-process path in the
cesium–barium region join at 136Ba, so little branching effect is
seen for 137Ba or 138Ba (Lugaro et al. 2003a).

Barium isotopic compositions of the 38 grains, along with
carbon and silicon data when available, are reported in Table 1,
including 24 mainstream and 14 unclassified grains. Errors
in Table 1 are given as 2σ . Seven mainstream grains had a
significant number of counts of the rare p-only isotopes 130Ba
and 132Ba (0.1% abundance each in terrestrial barium, as shown
in Figure 1), so we summed the counts of 130Ba and 132Ba
in order to reduce the uncertainties in δ values. The data are
reported as δ130 + 132Ba in Table 1 and are used to discuss
AGB nucleosynthesis models and barium condensation into SiC
grains around AGB stars.

All barium data are plotted in Figure 2. In general, unclassified
grains have relatively small error bars because we consumed the
grains in their entirety and therefore had more barium counts.
Nearly all of the grains have strongly negative δ135Ba values

(< −400‰) with the exception of two unclassified grains (G379
and G89, which are shown as a blue triangle and a grey dot,
respectively, in Figure 2). The barium isotopic compositions
of the mainstream and unclassified grains generally agree with
previous studies and with AGB model predictions (see below)
with a few exceptions. Two mainstream grains (G244 and
G232, shown in red in Figure 2 and highlighted in Table 1)
have strongly negative δ134Ba values in comparison to both
previous studies and AGB model predictions, and might require
a different stellar source such as post-AGB stars (see discussion
in Section 4.5).

We chose mainstream and unclassified grains from this and
previous studies whose 2σ errors in δ135Ba were less than 160‰
(the number is chosen to include most of the grains from this
and previous studies while excluding the ones with relatively
large uncertainties) and plotted them in Figure 3. This criterion
was used to eliminate the effects of varying useful yields,
and of different amounts of grains consumed and analyzed
in these measurements. More importantly, grain data with
less uncertainty allows us to derive more stringent constraints
on stellar model predictions. Six of the 38 mainstream and
unclassified grains from this study have 2σ errors greater than
160‰ and are therefore excluded in Figure 3. Because the error
is linear in the δ value (Equation (1)), larger errors can result
from fewer counts and/or higher δ values. This could introduce
a selection bias against grains with higher δ values. Only one
of the six excluded grains (G89) plots significantly outside the
cluster of known mainstream grains. This grain is unclassified as
shown in Table 1; thus the criterion excludes grains primarily on
the basis of lower barium counts and causes little or no selection
bias with respect to isotope ratios.
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Three-zone predictions shown as open symbols.
(A color version of this figure is available in the online journal.)

cross-section. Its abundance strongly depends on the strength of
the major neutron source 13C(α, n)16O during interpulse periods
in AGB stars at 8 keV (∼108 K; Gallino et al. 1998; Lugaro et al.,
2003a). In Figure 7, 6 out of the 61 grains measured in this study
show a strong depletion of 138Ba (< −400‰). As shown in
Figure 3, grains with δ138Ba values below −400‰ were found
in all previous single-SiC studies except Savina et al. (2003a).
In contrast to single grain results, the “G-component” derived
from aggregate measurements is −331‰ (Prombo et al. 1993),
which is distinctly above −400‰. This contradiction can be
explained by the scatter of single grains in the three-isotope plot,
reflecting a spread of efficiency for the neutron source 13C in the
helium intershell of parent AGB stars. Thus, aggregate studies
by measuring isotopic compositions of large quantities of SiC
grains cannot resolve variations of δ138Ba values in different
individual grains that came from different parent AGB stars.

4. DISCUSSION

4.1. δ 138Ba in Mainstream SiC: A Tracer
of 13C Pocket Structure

In this section, we (1) summarize existing observational
constraints on the 13C pocket, (2) discuss effects of 13C pocket

profile and 13C pocket mass on model predictions of δ138Ba
and demonstrate the necessity of a smaller 13C pocket with
a flat 13C profile to explain δ138Ba < −400‰ measured in
some of the acid-cleaned mainstream grains, and (3) explore
possible physical mechanisms that could flatten a 13C profile in
the pocket.

4.1.1. Previous Constraints on the 13C Pocket

Historically, three lines of evidence provided constraints on
the range of mean neutron exposures in the 13C pocket in AGB
stars: the solar system s-process pattern, spectroscopic obser-
vations of [hs/ls] and [Pb/hs] ratios in stars with different
metallicities, and isotopic compositions of heavy elements in
presolar grains. Several problems however, are associated with
these lines of evidence. (1) Although solar s-process abundances
are well known, the pattern is the result of nucleosynthesis in
all previous generations of AGB stars prior to the formation
of solar system 4.56 Ga ago. Thus, the distribution of solar
s-process isotopes is not the signature of a single AGB star.
Reproduction of the solar s-process pattern therefore requires
coupling GCE with AGB stellar model calculations (Travaglio
et al. 1999), which may also be affected by uncertainties asso-
ciated with GCE assumptions. (2) Spectroscopic observations
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Introduction:  Asymptotic Giant Branch (AGB) 

stars are the stellar site for the main s-process (slow 
neutron capture process), with 13C being the major neu-
tron source via 13C(α,n)16O [1]. Formation of 13C via 
12C(p,γ)13N(β+ν)13C within the so-called “13C-pocket” 
requires mixing protons from the convective H envelope 
into the radiative He intershell, a locally unstable ther-
modynamic state that is extremely difficult to treat in 
stellar models, because many physical mechanisms may 
compete in the pocket formation.  

Presolar grains are ancient stellar relicts, and a ma-
jority of presolar SiC grains, the mainstream (MS) 
grains, came from low-mass AGB stars with s-process 
isotopic signatures. The rare Y and Z grains also origi-
nated in AGB stars, but of lower metallicity. In our pre-
vious investigation of 13C-pocket uncertainties, we ob-
tained correlated Sr and Ba isotope ratios in single SiC 
grains, and the data consistently point to the existence of 
large 13C-pockets in AGB stars [2,3,4]. However, a re-
cent study [5] showed that these 13C-pocket characteris-
tics failed to match Ni isotopic data from MS grains. 
The reason for this disagreement is unclear, but may be 
partially because the Torino AGB stellar model adopted 
in [5] had several improvements compared to the one 
used in [4]. Here, we investigate this problem by com-
paring the literature MS grain isotope data on Sr, Ba, 
and Ni to the updated Torino AGB models with the 
main aim of testing the recently proposed large 13C-
pocket produced by magnetohydrodynamic simulations 
in [6] (hereafter T17 pocket). We also report new Sr, 
Mo, and Ba isotope data for a large number of Y and Z 
grains to investigate the characteristics of 13C-pockets in 
AGB stars with varying metallicities.  

Experiments & Models: Detailed descriptions of 
Torino AGB models can be found in [2–5]. In this study, 
we adopted the simulated T17 pocket in our post-
processing s-process calculations and also varied the 13C 
concentration in the pocket to search for the best match 
to the presolar grain data (Fig. 1). Note that the T17 13C-
pocket has a quite flat 13C profile within the pocket and 
is, therefore, similar to the largest-sized 13C-pocket 
(hereafter L15 pocket) discussed by [4, Fig. 9h]. To 
better understand the 13C-pockets in lower-metallicity 
AGB stars, we also analyzed 42 sub-µm- to µm-sized Y 
and Z grains for their Sr, Mo, and Ba isotopic composi-
tions with CHILI [8]; 15 MS grains were also measured 
during the same session (Fig. 2). These grains had been 

measured with a NanoSIMS 50L instrument at Carnegie 
for their C, N, and Si isotope ratios prior to the CHILI 
analysis. We obtained Mo isotope ratios in all 42 grains; 
Sr and Ba isotope ratios were obtained in only about 
one-third of the grains, indicating lower efficiencies of 
the Sr and Ba resonance ionization schemes and/or low-
er Sr and Ba concentrations in the grains.  
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Fig. 1. Comparison of MS grain data [2–5] to Torino 
AGB model calculations for a 3 M

!
, 0.5 Z

!
 AGB star 

by adopting the T17 13C-pocket. Each model prediction 
evolves from zero (initial stellar composition) along 
colored lines, with symbols plotted on top of the lines 
when C/O>1 in the envelope. K94 refers to the 
22Ne(α,n)25Ne rate recommended by [7] and d2K94 rep-
resents the K94 rate reduced by a factor of two. The 
cases of D2, D3, D5 refer to the 13C concentration (orig-
inal case) in the T17 pocket divided by a factor of two, 
three, and five. 

MS Grain Constraint: Figure 1a shows that the 
new AGB stellar model requires a 13C-pocket larger 
than previously constrained for matching the grain data. 
Based on the old stellar model, [4] showed that with 
increasing pocket size, the model predictions for δ88Sr 
continue to increase, and the best match to the grain 
data is reached by model predictions with a 13C-pocket 
size four times smaller than that of the L15 pocket 
(hereafter L15_d4 pocket) during the C-rich phase, 
whilst model predictions with the L15 pocket yield the 
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§ Below the convective envelopes of low mass red giant stars (AGB and 
RGB) the exact analytical solutions of the MHD equations are held. 

§ The physical conditions of the  region below  the convective envelope 
(during TDU) allow the buoyancy of magnetized structures  which mighr
drive the formation of  a 13C-pocket suitable to account for the s-isotope 
abundances found in MS presolar SiC grains (fits are in general of a 
quality comparable to the best ones in literature).

§ The MHD mixing parameters are related to the intrinsic property of the 
stellar structure  and linked to the particular polytropic transformation 
that best represents the thermodynamics of the environment .

§ HOWEVER: an AGB star affected by MHD mixing cannot be responsible, 
by itself,  for the enrichment in short lived nuclei of the Early Solar 
System …see poster n.89.
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