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Ambito di ricerca già attivato: 1
TITOLO: Astrofisica Nucleare

DESCRIZIONE: In quest’ambito viene affrontato lo studio dell’evoluzione e nucleosintesi stellare mediante lo sviluppo di modelli 
teorici di carattere astrofisico e lo studio sperimentale e teorico di sezioni d’urto nucleari necessari come input ai modelli. La 

descrizione idrodinamica alla base dei modelli sviluppati, con instabilità secolari magnetoidrodinamiche e/o doppio diffusive di tipo 
thermohaline mixing trova anche applicazioni in ambiti oceanografici.

Tematiche già attive:
Astrofisica Nucleare idrostatica, modelli di nucleosintesi, mescolamento e dinamica del plasma nelle fasi avanzate dell’evoluzione 

stellare 
Misure sperimentali di sezioni d’urto di interesse per Astrofisica Nucleare (n-TOF, ERNA, ASFIN).

Analisi della composizione isotopica dei meteoriti come vincolo alla nucleosintesi stellare.
Tematiche nuove:

Studio delle applicazioni all’evoluzione della Galassia, con modelli chemo-dinamici multi-body ed SPH.
Studio teorico e misura sperimentale delle interazioni deboli in condizioni di ionizzazione e temperatura tipiche delle stelle 

(esperimento INFN PANDORA).
Chimica del mezzo interstellare.

SSD: FIS/05, FIS/04, FIS/01, GEO/07, GEO/08 
SETTORI ERC: PE2_4, PE2_3, PE2_6, PE2_5
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AGB STARS: A VERY BRIEF INTRODUCTION

Molecular 
Cloud

Meteorite

Presolar grains

Despite their low 
masses LMS are so 
numerous to contribute 
for 75% to the total 
mass return from stars 
to the ISM (Sedlmayr
1994);

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)
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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).
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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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PRESOLAR GRAINS FROM AGB STARS

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)
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2005). The analysis of solar wind implanted into Genesis samples
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terrestrial ratio (Marty et al., 2011). Both are indicated in the figure.
Source: Presolar database (Hynes and Gyngard, 2009).
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presolar graphite (cauliflower type), and (c) presolar graphite (onion
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MAIN STREAM SIC 
GRAINS

PRESOLAR GRAIN DATABASE

…VORREMMO DARE ANCHE IL NOSTRO CONTRIBUTO!
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ERNA2@PG Caso scientifico
Caratterizzazione della 

composizione isotopica di 
meteoriti finalizzata alla 

determinazione di vincoli per i 
modelli di nucleosintesi

Condrule CAIs dentro le condrule Grani presolari
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Evaluation of Ni/Fe isotopic ratios
by MC-ICPMS @ CIRCE lab

d 60Ni (‰) unc (‰)
Brenham 0.9 0.1
Mineo 0.5 0.3

Le prime misure di Fe/Ni mostrano contaminazioni Fe 
più alte della media solare. Sono in corso ulteriori 

analisi per le misurazioni del rapporto isotopico Fe .

ü 2018-2019 Messa a punto della metodica di 
separazione chimica del campione

ü 2019 Misura rapporti isotopici  del Ni (d60Ni) su 
campioni di Pallasiti

ü 2020 Misura rapporti isotopici del Fe (d60Ni) su 
campioni di Pallasiti
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WE ARE LOOKING FOR A PHYSICAL MECHANISM 
DRIVING…  

1.  the formation of the 13C pocket,
whose resulting s-process nucleosynthesis 

reproduces the isotopic abundances in MS-SiC
grains

2. a deep (non convective) mixing  accounting for 
the  large 18O depletion and 26Al enrichment found 

in group 2 oxide grains
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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)
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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).
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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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MIGHT 
STELLAR MAGNETIC 
FIELDs 
TRIGGER SUCH A MIXING?
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THE MHD 
MODEL BY 
NUCCI & BUSSO 
2014 
(APJ,787,141 
2014)

The Astrophysical Journal, 787:141 (15pp), 2014 June 1 Nucci & Busso

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 − cdv + ∇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∆v is 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 cdv
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).

2

The full MHD equations
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Figure 1. Dependency of density and pressure on the radius in the radiative
layers above the H-burning shell in a 1.5 M! star during the AGB phases (in
the third interpulse period), according to the stellar models by Straniero et al.
(2003), which were adopted by BWNC and in recent discussions of deep mixing
in evolved stars by Palmerini et al. (2011a, 2011b). Note how the best fits are very
close to a polytropic structure of index 3, as ρ ∼ (r/rP )−3 and P ∼ (r/rP )−4,
so that P ∼ ρ4/3.
(A color version of this figure is available in the online journal.)

The expansion is then stopped at the lowest order. In most
approaches, the effects introduced by magnetic fields on the
general pressure stratification are assumed to be small, and
the dynamic equations for the tubes are linearized (Spruit &
van Ballegoijen 1982a, 1982b). The reference system usually
adopted is at rest with any nonexpanding (neutral) gas and
rotates with it. This noninertiality requires consideration of
apparent forces, such as the Coriolis force, perpendicular to
gravity, so that treating the density also requires considering
lateral or azimuthal components. For a discussion of this
approach, see, e.g., Fan (2006); in particular, Figure 5 of that
paper well illustrates the force balance. (See also Rempel et al.
2000; Parker 1974, 1984; Denissenkov et al. 2009 and references
therein.) A general review specifically devised for the solar
conditions can be found in Solanki et al. (2006).

We have already mentioned that we aim to present here
a different, complementary view. In particular, our approach
is similar to that of the seminal papers (Parker 1958, 1960)
where the solar wind was shown to derive from the natural
dynamic equilibrium of a hot corona (the main differences being
our explicit inclusion of magnetic effects and the use of two
dimensions instead of a purely spherical geometry). In practice,
we do not apply the usual simplifications in solving the MHD
equations (hence, we avoid the thin flux tube approximation,
which may induce further uncertainties). Instead, we pursue an
exact analytical approach, but in a simplified geometry, obtained
(1) by excluding rotation (as in the quoted Parker’s work) and
(2) by looking for 2D solutions and then verifying the results
with a dedicated 3D extension.

The above choices prevent us from deriving general conclu-
sions on azimuthal motions and on meridional circulation. This
is, for us, acceptable, as our goal is only to understand under
which conditions (if any) the equilibrium of a magnetized stellar
plasma, derived exactly, predicts a radial expansion both in 2D
and in 3D. We further aim to find the radial velocity profile that

Figure 2. Dependency of density and pressure on radius in the central parts of the
convective envelope for the same 1.5 M! AGB star as in Figure 1. Note how the
best fits are very close to a polytropic structure of index 1.5, as ρ ∼ (r/renv)−1.5

and P ∼ (r/renv)−2.5, so that P ∼ ρ5/3.
(A color version of this figure is available in the online journal.)

is to be expected, independent of any assumption on the field
organization and geometry. Later (Section 6), we shall discuss
the implications of our solutions for practical cases by fixing
the parameters at values suggested either by stellar physics or
by previous studies of magnetic fields in red giants, including
the thin flux tube approximation.

In the above procedure, for the stellar structure we shall refer
to the AGB model studied by BWNC, whose parameters are
summarized in Table 1. That model shows how the density
distribution as a function of the radius is very close to a power
law, ρ = ρ0(r/r0)k , with k $ −3 in the radiative layers (see
Figure 1) and k $ −3/2 in the bulk of the convective envelope
(see Figure 2). Under such conditions the solution of the MHD
Equations (1), (2), (3), and (4) describe the equilibrium of the
stellar plasma in an inertia frame. A brief outline of how this
solution is obtained is presented in the Appendix.

The mathematical solution described in the Appendix is the
following:

vr = dw(t)
dt

r−(k+1) (6)

Bϕ = Φ(ξ )rk+1, [ξ = −(k + 2)w(t) + rk+2]. (7)

Here w(t) and Φ(ξ ) are functions of t and ξ , which are
mathematically arbitrary but require being specified physically
(in such a way that they also maintain the proper dimensions for
vr and Bϕ).

By avoiding any assumption on the field organization,
these solutions provide values for the average fields in the
plasma 〈Bav〉.

In practical stellar situations, the ratio of the gas pressure to
the magnetic pressure is much higher than unity; this means
that 〈P 〉/(〈B2〉/8π ) = β ' 1. As mentioned, under such
conditions most works describe the field organization in flux
tubes. In order to compare our results to those of numerical
simulations adopting this approach, one should remember that
the average field in flux tubes 〈Bt 〉 is related to the average field

4

Their “simple” analytical solution
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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 − cdv + ∇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∆v is 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 cdv
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).

2

The full MHD equations

The Astrophysical Journal, 787:141 (15pp), 2014 June 1 Nucci & Busso

Figure 1. Dependency of density and pressure on the radius in the radiative
layers above the H-burning shell in a 1.5 M! star during the AGB phases (in
the third interpulse period), according to the stellar models by Straniero et al.
(2003), which were adopted by BWNC and in recent discussions of deep mixing
in evolved stars by Palmerini et al. (2011a, 2011b). Note how the best fits are very
close to a polytropic structure of index 3, as ρ ∼ (r/rP )−3 and P ∼ (r/rP )−4,
so that P ∼ ρ4/3.
(A color version of this figure is available in the online journal.)

The expansion is then stopped at the lowest order. In most
approaches, the effects introduced by magnetic fields on the
general pressure stratification are assumed to be small, and
the dynamic equations for the tubes are linearized (Spruit &
van Ballegoijen 1982a, 1982b). The reference system usually
adopted is at rest with any nonexpanding (neutral) gas and
rotates with it. This noninertiality requires consideration of
apparent forces, such as the Coriolis force, perpendicular to
gravity, so that treating the density also requires considering
lateral or azimuthal components. For a discussion of this
approach, see, e.g., Fan (2006); in particular, Figure 5 of that
paper well illustrates the force balance. (See also Rempel et al.
2000; Parker 1974, 1984; Denissenkov et al. 2009 and references
therein.) A general review specifically devised for the solar
conditions can be found in Solanki et al. (2006).

We have already mentioned that we aim to present here
a different, complementary view. In particular, our approach
is similar to that of the seminal papers (Parker 1958, 1960)
where the solar wind was shown to derive from the natural
dynamic equilibrium of a hot corona (the main differences being
our explicit inclusion of magnetic effects and the use of two
dimensions instead of a purely spherical geometry). In practice,
we do not apply the usual simplifications in solving the MHD
equations (hence, we avoid the thin flux tube approximation,
which may induce further uncertainties). Instead, we pursue an
exact analytical approach, but in a simplified geometry, obtained
(1) by excluding rotation (as in the quoted Parker’s work) and
(2) by looking for 2D solutions and then verifying the results
with a dedicated 3D extension.

The above choices prevent us from deriving general conclu-
sions on azimuthal motions and on meridional circulation. This
is, for us, acceptable, as our goal is only to understand under
which conditions (if any) the equilibrium of a magnetized stellar
plasma, derived exactly, predicts a radial expansion both in 2D
and in 3D. We further aim to find the radial velocity profile that

Figure 2. Dependency of density and pressure on radius in the central parts of the
convective envelope for the same 1.5 M! AGB star as in Figure 1. Note how the
best fits are very close to a polytropic structure of index 1.5, as ρ ∼ (r/renv)−1.5

and P ∼ (r/renv)−2.5, so that P ∼ ρ5/3.
(A color version of this figure is available in the online journal.)

is to be expected, independent of any assumption on the field
organization and geometry. Later (Section 6), we shall discuss
the implications of our solutions for practical cases by fixing
the parameters at values suggested either by stellar physics or
by previous studies of magnetic fields in red giants, including
the thin flux tube approximation.

In the above procedure, for the stellar structure we shall refer
to the AGB model studied by BWNC, whose parameters are
summarized in Table 1. That model shows how the density
distribution as a function of the radius is very close to a power
law, ρ = ρ0(r/r0)k , with k $ −3 in the radiative layers (see
Figure 1) and k $ −3/2 in the bulk of the convective envelope
(see Figure 2). Under such conditions the solution of the MHD
Equations (1), (2), (3), and (4) describe the equilibrium of the
stellar plasma in an inertia frame. A brief outline of how this
solution is obtained is presented in the Appendix.

The mathematical solution described in the Appendix is the
following:

vr = dw(t)
dt

r−(k+1) (6)

Bϕ = Φ(ξ )rk+1, [ξ = −(k + 2)w(t) + rk+2]. (7)

Here w(t) and Φ(ξ ) are functions of t and ξ , which are
mathematically arbitrary but require being specified physically
(in such a way that they also maintain the proper dimensions for
vr and Bϕ).

By avoiding any assumption on the field organization,
these solutions provide values for the average fields in the
plasma 〈Bav〉.

In practical stellar situations, the ratio of the gas pressure to
the magnetic pressure is much higher than unity; this means
that 〈P 〉/(〈B2〉/8π ) = β ' 1. As mentioned, under such
conditions most works describe the field organization in flux
tubes. In order to compare our results to those of numerical
simulations adopting this approach, one should remember that
the average field in flux tubes 〈Bt 〉 is related to the average field
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Their “simple” analytical solution
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MODEL BY 

NUCCI & BUSSO 
2014 

(APJ,787,141 
2014)

whenever a set of three peculiar situations

occurs:

1. the plasma density distribution has the 

simple form ρ ∝ rk, with k is smaller

than -1; 

2. a small dynamic viscosity μ;

3. Magnetic Prandtl number Pm >> 1
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s-process peaks

The s process is responsible for the production of about half the abundances of elements heavier than iron in the Galaxy.

(close to magic numbers)

Credits S. Cristallo

THE SLOW NEUTRON-CAPTURE PROCESS
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The 85Kr Branching…around N = 50
ST nuclear input

• (n,g) MACS are from KADONIS 1.0 
• (n,g) theoretical Hauser–Feshbach

computations TALYS 2008 for 
unstable nuclei  

• rates for weak interactions from 
Takahashi & Yokoi (1987)
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V2 nuclear input

• 85Kr b.r. = 0. 6, (60% of the n flux to 
the 85Krm) K1

• 85Kr b.r. = 0.4, (40% of the n flux to 
the 85Krm) K0.3 -> more 88Sr

• Same effect occurs with the 
84Kr(n,g) in K1 and a «new» 85Krm

decay rate

the ratio of Sr isotopes depends on their own cross sections, but also
on those of 84,85Kr, on the branching ratio to 85Krm
à We NEED new nuclear physics measurements on the chains
departing from 84Kr , proceeding through 85Krm, 85Rb, 86Rb and 86,87Sr.

The 85Kr Branching…around N = 50
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ADDING “WIND”
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  ST�3M ST nuclear input

• (n,g) MACS are from 
KADONIS 1.0 

• (n,g) theoretical
Hauser–Feshbach
computations TALYS 
2008 for unstable
nuclei  

• rates for weak
interactions from 
Takahashi & Yokoi
(1987)

The Cs Branchings
and Ba nucleoynthesis
…around N = 82



Kick-off Meeting FisGeo UniPGSara Palmerini

V2 nuclear input

o decay rate of 134Cs 
enhanced by a factor
of 8 respect to TY 
1987 (see next talk)

o Similar effects would
be induced by 
variations in the 135Cs 
neutron-capture
cross section
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The Cs Branchings
and Ba nucleoynthesis
…around N = 82

Ba isotopic ratios are sensitive to the (n,g) cross sections (only
theoretical values exist) and b-decay of 134Cs and 135Cs at T > 2 
108K. 
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o 134Cs (b-) t1/2 ≈2 yr (lab.)
o @ 3 108K the decay rate of 134Cs is enhanced

by a factor of about 200. (TY 1987)

Taioli et al 2021 ArXive2109.14230

The 134-135Cs Branchings
and Ba nucleoynthesis
…around N = 82
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LIGHT S AND HEAVY S TOGHETER
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MIGHT 
STELLAR MAGNETIC FIELDs 
TRIGGER SUCH A MIXING?

YES, THEY MIGHT,
but more precise nuclear physics input are needed, in 
particular for beta decay in plasma conditions and 
fusion cross section of reactions involving instable 
nuclei.

27
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PROTONI

Bersaglio di 
spallazione

Area Sperimentale 1

ACCELERATORE

185 m

n

DAQ

20
 m

n

Area Sperimentale 2

n_TOF è una sorgente di neutroni di 
spallazione basata su 20 protoni GeV / c dal 
PS del CERN che colpisce un blocco Pb (~ 
360 neutroni per protone). Due aree 
sperimentali, una a 185 m (EAR1) e la 
seconda a 20 m (EAR2)

PS 20 GeV

Linac
50 MeV

Booster
1.4 GeV

EAR1

NEUTRON 
TIME OF FLIGHT

ü 140Ce,  88Sr, 89Y misure di 
sezioni d’urto di cattura in 
corso

ü Misure di sezioni d’urto su 
nuclei instabili con bersagli 
prodotti a ISOLDE o laboratori 
radiochimica ’’vicini’’. 
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MEASUREMENT 
OF 
ASTROPHYSICAL
RELEVANT 
REACTIONS 
INDUCED BY 
ALPHA,
PROTONS AND 
NEUTRONS AT 
THE GAMOW
PEAK USING THE 
TROJAN HORSE 
METHOD
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27Al(p,α)24Mg

27Al(n,α)24Na
27Al(n,p)27Mg

26Al(p,α)23Mg

26Al(n,α)23Na
26Al(n,p)26Mg

26Al*(n,α)23Na
26Al*(n,p)26Mg
26Al*(p,α)23Mg

27Al  @ 80 MeV

CD2 target

24Mg

4He

STUDYNG NEUTRON AND PROTON CAPTURE REACTIONS OF 
UNSTABLE NUCLEI BY THE THM IN RIBS FACILITIES….

….STARTING FROM 26Al*
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STUDIO DEI DECADIMENTI 𝛽∓ IN PLASMI 
MAGNETIZZATI

7Be, 
85Kr  

134-135Cs
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STUDIO DEI DECADIMENTI 𝛽∓ IN PLASMI 
MAGNETIZZATI

L’esperimento PANDORA è basato su una 
trappola magnetica in grado di confinare 
plasmi ad alta temperatura (fino a 108 K) e 
densità dell’ordine di 1013 cm-3, contenenti 
isotopi radioattivi multi-ionizzati al fine di 
studiarne la variazione del decadimento β in 
condizioni astrofisiche. Tale variazione è 
predetta teoricamente (bound-state β decay) 
ed è stata finora osservata in forma 
preliminare per pochi isotopi in condizioni di 
massima ionizzazione (in un esperimento 
allo Storage Ring del GSI, effettuato sul 187Re 
totalmente ionizzato, la vita media è 
collassata di 9 ordini di grandezza). 

La probabilità di una interazione debole è 
funzione dello stato di plasma attraverso un 
fattore Pem in cui possiamo immaginare di far 
confluire tutti i termini dipendenti 
dall’ambiente, dalle condizioni che inducono la 
ionizzazione alla densità delle cariche 
(elettroni) nel plasma circostante (entro un 
raggio di Debye, anche per plasmi di 
conducibilità elettrica quasi infinita, la 
condizione di neutralità elettrica non vale).
Il progetto Pandora potrà fornire in particolare 
la dipendenza del decadimento dalla 
ionizzazione. 
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