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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 produce 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/B978-0-08-095975-7.0
0101-7
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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)
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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).

(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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C/O≥1     SiC grains    
 

C/O<1    Oxide grains    
 In summary, LD graphite grains seems to have an SN origin

and most HD graphite an origin in low-metallicity AGB stars.
However, the apparent isotopic equilibration of elements, such
as nitrogen and oxygen, and the generally low abundance of
trace elements in many cases make it difficult to obtain enough
diagnostic isotopic signatures to unambiguously identify the
parent stars of presolar graphite grains.

1.4.9 Oxygen-Rich Grains

1.4.9.1 Oxide Grains

In contrast to the carbonaceous presolar phases, presolar oxide
grains apparently do not carry any ‘exotic’ noble gas compo-
nent. They have been identified by ion microprobe oxygen
isotopic measurements of single grains from acid residues
free of silicates. In contrast to SiC, essentially all of which is
of presolar origin, most oxide grains found in meteorites
formed in the solar system and only a small fraction is presolar.
The oxygen isotopic compositions of the most abundant pre-
solar oxide minerals are plotted in Figure 14(a). Most of them
are corundum, followed by spinel and hibonite (see presolar
database, Hynes and Gyngard, 2009). In addition, five presolar
chromite grains (Nittler et al., 2005b), five titanium oxide
grains (Bose et al., 2010a; Nittler and Alexander, 1999; Nittler
et al., 2008), and four iron oxide grains (Bose et al., 2010b;
Floss et al., 2008) have been identified. The chromite grains
listed here do not include the small (<150 nm) grains found in
the search for 54Cr carriers (Dauphas et al., 2010; Nittler et al.,
2012; Qin et al., 2011).

These numbers, however, cannot be used to infer relative
abundances of these mineral phases. Analyses were made on
grains of different size with instruments having different spa-
tial resolution and sensitivity. Furthermore, searches for pre-
solar oxide grains have been made in different types of
residues, some containing spinel, others not. Another compli-
cation is that more than half of all presolar corundum grains
have been found by automatic direct 18O/16O imaging
searches in the ion microprobe (Nittler et al., 1997), a method
that does not detect grains with anomalies in the 17O/16O ratio
but with close-to-normal 18O/16O. The oxygen isotopic distri-
bution of corundum in Figure 14(a) therefore does not reflect
the true distribution. Figure 14(a) does not include sub-
micrometer oxide grains that were found by NanoSIMS oxygen
isotopic raster imaging of tightly packed grain separates or
polished sections (Nguyen and Zinner, 2004; Nguyen et al.,
2003; Mostefaoui and Hoppe, 2004; and many subsequent
efforts; see section on silicates). Because of beam overlap
onto adjacent, isotopically normal grains, the oxygen isotopic
ratios of small grains analyzed in this way are diluted. Abun-
dances for oxide grains obtained by raster imaging should be
considered lower limits. Raster imaging of small grains from
the Murray CM2 chondrite led to the identification of 252
presolar spinel and 32 presolar corundum grains (Nguyen
et al., 2003). Additional small oxide grains have been detected
during imaging searches for presolar silicates (Bose et al.,
2010a,b, 2012; Floss and Stadermann, 2009a, 2012; Leitner
et al., 2012b; Mostefaoui and Hoppe, 2004; Nagashima et al.,
2004; Nguyen and Zinner, 2004; Nguyen et al., 2007, 2010c;
Nittler et al., 2011; Stadermann et al., 2006; Vollmer et al.,

2008, 2009b; Yada et al., 2008). The abundance of presolar
oxide grains varies greatly from meteorite to meteorite. The
highest abundances have been found in the most primitive
meteorites, in the ungrouped carbonaceous chondrite Acfer
094 (!55 ppm; Nguyen et al., 2007), in the CR3 chondrite
NWA852 (!39 ppm; Leitner et al., 2010), and in the CO3
chondrite ALH 77037 (!20 ppm; Bose et al., 2012; Nguyen
et al., 2010c). This contrasts with an abundance of only
1.2 ppm for spinel and !0.15 ppm for corundum in the CM2
meteorite Murray (Zinner et al., 2003b) and upper limits of a
few ppm in ordinary chondrites (Mostefaoui et al., 2003, 2004;
Tonotani et al., 2006).

Nittler et al. (1997) have classified presolar oxide grains
into four different groups according to their oxygen isotopic
ratios. Grains with 17O/16O> solar (3.82"10–4) and
0.001<18O/16O< solar (2.01"10–3), comprising group 1,
have oxygen isotopic ratios similar to those observed in RG
and AGB stars (Harris and Lambert, 1984; Harris et al., 1987;
Smith and Lambert, 1990), indicating such an origin also for
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Figure 14 Oxygen isotopic ratios in individual presolar oxide grains
(top) and in individual presolar silicate grains (bottom). Also indicated in
the top figure are the four groups defined by Nittler et al. (1997). Source:
Presolar database (Hynes and Gyngard, 2009).
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In summary, LD graphite grains seems to have an SN origin
and most HD graphite an origin in low-metallicity AGB stars.
However, the apparent isotopic equilibration of elements, such
as nitrogen and oxygen, and the generally low abundance of
trace elements in many cases make it difficult to obtain enough
diagnostic isotopic signatures to unambiguously identify the
parent stars of presolar graphite grains.

1.4.9 Oxygen-Rich Grains

1.4.9.1 Oxide Grains

In contrast to the carbonaceous presolar phases, presolar oxide
grains apparently do not carry any ‘exotic’ noble gas compo-
nent. They have been identified by ion microprobe oxygen
isotopic measurements of single grains from acid residues
free of silicates. In contrast to SiC, essentially all of which is
of presolar origin, most oxide grains found in meteorites
formed in the solar system and only a small fraction is presolar.
The oxygen isotopic compositions of the most abundant pre-
solar oxide minerals are plotted in Figure 14(a). Most of them
are corundum, followed by spinel and hibonite (see presolar
database, Hynes and Gyngard, 2009). In addition, five presolar
chromite grains (Nittler et al., 2005b), five titanium oxide
grains (Bose et al., 2010a; Nittler and Alexander, 1999; Nittler
et al., 2008), and four iron oxide grains (Bose et al., 2010b;
Floss et al., 2008) have been identified. The chromite grains
listed here do not include the small (<150 nm) grains found in
the search for 54Cr carriers (Dauphas et al., 2010; Nittler et al.,
2012; Qin et al., 2011).

These numbers, however, cannot be used to infer relative
abundances of these mineral phases. Analyses were made on
grains of different size with instruments having different spa-
tial resolution and sensitivity. Furthermore, searches for pre-
solar oxide grains have been made in different types of
residues, some containing spinel, others not. Another compli-
cation is that more than half of all presolar corundum grains
have been found by automatic direct 18O/16O imaging
searches in the ion microprobe (Nittler et al., 1997), a method
that does not detect grains with anomalies in the 17O/16O ratio
but with close-to-normal 18O/16O. The oxygen isotopic distri-
bution of corundum in Figure 14(a) therefore does not reflect
the true distribution. Figure 14(a) does not include sub-
micrometer oxide grains that were found by NanoSIMS oxygen
isotopic raster imaging of tightly packed grain separates or
polished sections (Nguyen and Zinner, 2004; Nguyen et al.,
2003; Mostefaoui and Hoppe, 2004; and many subsequent
efforts; see section on silicates). Because of beam overlap
onto adjacent, isotopically normal grains, the oxygen isotopic
ratios of small grains analyzed in this way are diluted. Abun-
dances for oxide grains obtained by raster imaging should be
considered lower limits. Raster imaging of small grains from
the Murray CM2 chondrite led to the identification of 252
presolar spinel and 32 presolar corundum grains (Nguyen
et al., 2003). Additional small oxide grains have been detected
during imaging searches for presolar silicates (Bose et al.,
2010a,b, 2012; Floss and Stadermann, 2009a, 2012; Leitner
et al., 2012b; Mostefaoui and Hoppe, 2004; Nagashima et al.,
2004; Nguyen and Zinner, 2004; Nguyen et al., 2007, 2010c;
Nittler et al., 2011; Stadermann et al., 2006; Vollmer et al.,

2008, 2009b; Yada et al., 2008). The abundance of presolar
oxide grains varies greatly from meteorite to meteorite. The
highest abundances have been found in the most primitive
meteorites, in the ungrouped carbonaceous chondrite Acfer
094 (!55 ppm; Nguyen et al., 2007), in the CR3 chondrite
NWA852 (!39 ppm; Leitner et al., 2010), and in the CO3
chondrite ALH 77037 (!20 ppm; Bose et al., 2012; Nguyen
et al., 2010c). This contrasts with an abundance of only
1.2 ppm for spinel and !0.15 ppm for corundum in the CM2
meteorite Murray (Zinner et al., 2003b) and upper limits of a
few ppm in ordinary chondrites (Mostefaoui et al., 2003, 2004;
Tonotani et al., 2006).

Nittler et al. (1997) have classified presolar oxide grains
into four different groups according to their oxygen isotopic
ratios. Grains with 17O/16O> solar (3.82"10–4) and
0.001<18O/16O< solar (2.01"10–3), comprising group 1,
have oxygen isotopic ratios similar to those observed in RG
and AGB stars (Harris and Lambert, 1984; Harris et al., 1987;
Smith and Lambert, 1990), indicating such an origin also for
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Figure 14 Oxygen isotopic ratios in individual presolar oxide grains
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the top figure are the four groups defined by Nittler et al. (1997). Source:
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Contribution of LMS to GCE 
 •  Through slow neutron capture 

nucleosynthesis AGB strongly 
contribute to the amount of 
elements heavier than Fe. They 
are the sole parents of the s-only 
isotopes. 

 

•  Meteorites grains of AGB origin and 
envelopes of low mass giants show 
unexpected abundances of light 
nuclei (7Li, 12C, 13C, 16O, 17O,18O,
26Al) . 
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nucleosynthesis AGB strongly 
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•  Meteorites grains of AGB origin and 
envelopes of low mass giants show 
unexpected abundances of light 
nuclei (7Li, 12C, 13C, 16O, 17O,18O,
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Evidences of non-
convective mixing 

mechanisms at play 
in stars with M<3M8 
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A physical mechanism that allows:  
•  the enrichment of the stellar 

surface with fresh products of the 
H-burning  
-  currents transport matter upward/

downward  from regions where H-
burning occurs to the bottom of the 
cool envelopes. 

C-O	core	

TDU:	

H	

r	

r0	

•  the formation of the 13C reservoir 
(or 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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Parametric models have been 
working for almost twenty years 
(perhaps more) 

Abia et al. 2002 

mass transfer it has probably not changed from the original
CNO composition. Indeed, the long duration of core H
burning (which precedes any significant abundance change
at the surface) makes this phase the most likely for the

occurrence of mass accretion. Subsequently, partial 12C
depletion is produced by the first dredge-up (FDU), during
the RGB phase; FDU also increases the abundance of 13C
(16O is only slightly reduced by FDU).

Fig. 8.—Observed trend of the ls element abundances [ls/M] vs. [hs/ls] for Galactic disk intrinsic and extrinsic AGB stars. The solid curves refer to envelope
models with different s-process efficiency, as monitored by theNð13CÞ=Nð56FeÞ ratio (here normalized to the case that fits the main component in the solar sys-
tem). The dashed lines connect the points corresponding to the fourth and eighth dredge-up episode to make clear how the stars distribute along the TP-AGB
evolutionary sequence. Difficult N and post-AGB stars have been plotted with smaller symbols.

Fig. 9.—Detailed reproduction of the observed abundances in the carbon stars S Sct, AQ And, EL Aur (left panel ), UV Aql, Z Psc, and UU Aur (right
panel). The labels indicate the stellar mass model and metallicity that better fits the abundances of a given star together with the choice of the 13C burned per
cycle referred to the standard case (ST). See text for details.

828 ABIA ET AL. Vol. 579
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4.1. Circumstellar Grains

4.1.1. Regime ofC=O < 1

Figure 16 exhibits the relationships between 18O/16O and
17O/16O in the envelope after first dredge-up (curveAF) and
after CBP (thin dashed and dotted curves). The available data
on oxide grains are also shown. A substantial population of
the oxide grains can be seen to lie generally close to the curve
AF for AGB evolution after first dredge-up for stars of
varying mass, starting from initial solar isotopic composi-
tion. (Data are those summarized in Choi et al. 1998 and
come from Hutcheon et al. 1994, Huss, Hutcheon, & Was-
serburg 1994, Nittler et al. 1994, 1997, 1998, and Nittler &
Cowsik 1997; curve AF is from Boothroyd & Sackmann
1999). Some points lie above the curve AF and are plausibly
explained by normal AGB evolution without CBP from ini-
tial states with elevated 18O/16O (Choi et al. 1998). The tra-
jectories for CBP of 18O/16O and 17O/16O for a 1.5M! star
of solar composition are given by the line from point D to
point B, and the bounding curve for high _MM following Fig-
ure 7a. It is seen that there is a population of data that lie on
this trend and a concentration of data approaching and near
the equilibrium value at point B. Following the rules shown
in Figure 7b, we see that data in the region labeled ‘‘H ’’
may be explained by stars of up to 1.8M! initial mass. They
may equally be explained by an initial state of somewhat
lower 18O/16O without CBP. Lower mass stars with solar

oxygen ratios directly modified by CBP would yield grains
that lie in the region bounded to the left by the curve AJB
and the line AB, corresponding to a range in _MM and TP.
However, the data in region G cannot be explained by AGB
evolution from solar initial composition, with or without
CBP; these must involve sources with very low to supersolar
initial 18O/16O values and subsolar 17O/16O values, presum-
ably representing different stages of Galactic evolution. The
issue of how the abundances of the rare isotopes 17O and
18O evolve over time in local material and in an average over
the Galaxy is complex (see Timmes & Clayton 1996; Nittler
& Cowsik 1996; Alexander &Nittler 1999). It is evident that
the wide variety of oxygen isotopic abundances found in cir-
cumstellar oxides preserved in meteorites requires a diverse
set of stellar sources with quite different initial isotopic
abundances and metallicities. Inspection of Figure 10 shows
that for C=O < 1 in the stellar envelopes, there is a wide
range of TP that produces the oxygen compositions shown
in Figure 16, allowing a plausible explanation of a
wide range of 26Al/27Al abundances. The production of
26Al is quite adequate to obtain values of 26Al/27Al
up to "6# 10$2, the governing parameter being
7:68d logTPd7:73. The values of 26Al/27Ald10$3 cannot
be achieved within the framework of standard AGB evolu-
tion (BGW99) unless there are cases in which essentially
negligible 26Al production in the H shell is possible and the
stellar lifetime is still short enough to contribute to the solar
system grains.

Fig. 15.—Steady state 26Al/27Al (!26P=YE
27) calculated for the envelope

assuming the whole evolution takes place with the radiative-zone structure
fixed at stages 1–6, as labeled. The results are as in Fig. 3b, but in terms of
log TP=THð Þ. The 26Al production is governed by the last stages. Note that
for stages 4, 5, and 6, abundant 26Al is produced for log TP=THð Þ > $0:10
and that P / M$1

E .

Fig. 16.—Final envelope 18O/16O and 17O/16O with oxide-grain data
(summarized in Choi et al. 1998) superposed. The dotted curve AJB indi-
cates the leftmost limit of compositions available starting from solar initial
composition without dredge-up. Region G is therefore not accessible by
CBP for a star with solar initial composition.

No. 2, 2003 COOL BOTTOM PROCESSES ON AGB 1051

S. Palmerini 

7 



Where is the problem? 
 

“Classical” s-process 
scenario built in the ‘90s 
(e.g. Busso et al., 2001) 

worked fine in reproducing 
stellar abundances from the 

13C(α,n)16O source  
 

Since 2009 measurements of s-
process elements (Y, Zr, Ba, La, Ce) 
in young Galactic stellar systems 
have indicated that the neutron-
rich nuclei Y, Zr, Ba, La and Ce are 
enhanced by a factor of ≃ 0.2 dex 
as compared to the Sun (D’Orazi 
et al. 2009; Jacobson et al. 2011; 
Maiorca et al. 2011….) . 

8 Now 8 Now 8 Now 
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The parametric solution: a larger/
deeper 13C pocket for M<1.5M8  

¡  The extension of the 13C reservoir depends on how many protons enter the 
He-rich layers at dredge-up. This is related to a mixing mechanisms. In a 
parametric model we can assume that these mechanisms (proton 
penetration) are deeper in stars less massive than 1.5 M8à a few 10-3M8 
Reasons for guessing a more efficient mixing in very LMS exist   

¡  A few 10-3M8 pocket would be adequate to explain the enhancements 
observed in very young  open clusters of the galactic thin disk.  

Maiorca et al. 2012 
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Classical scenario for slow neutron  
capture nucleosynthesis  
in low mass AGB 
…. 

TP 

Convective envelope 

He-intershell 

22Ne(α,n)25Mg 

13C(α,n)16O 

Neutron  source:  
12C(p,γ)13N(β+)13C(α,n). 

Type: primary 

When: interpulse T6>90.  

Where: He-intershell 

Density: 106-107  (n/cm3) 

During the TDU àp ingestion at the 
top of He-intershell (few p’s). 

At H-shell ignition à 13C-pocket  
formation  via  

12C (p, γ)13N(β+ν)13C 
At  T~ 108 K à 13C(a,n)16O in radiative 

conditions à s-process. 
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What are we looking for? 
¡  A mechanism for injecting protons into the H-exhausted region 

must be found, so that interacting with the abundant 12C they can 
produce fresh 13C locally; 

¡  the abundance of the injected protons in each layer must be low 
enough not to  induce further proton captures on 13C; indeed, this 
would inevitably produce large amounts of 14N, which is an 
efficient neutron absorber and would  hamper n-captures on 
heavy seeds; 

¡  the total amount of 13C produced must be rather large, hence the  
proton injection must reach down to deep layers of the He-rich 
zone to form a   13C reservoir (or “pocket”) adequate to explain the 
chemical evolution of the  Galaxy in s-elements, including the 
enhancements observed in very young  open clusters of the 
galactic thin disk.  
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Cool Bottom Process from an idea  
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 In summary, LD graphite grains seems to have an SN origin

and most HD graphite an origin in low-metallicity AGB stars.
However, the apparent isotopic equilibration of elements, such
as nitrogen and oxygen, and the generally low abundance of
trace elements in many cases make it difficult to obtain enough
diagnostic isotopic signatures to unambiguously identify the
parent stars of presolar graphite grains.

1.4.9 Oxygen-Rich Grains

1.4.9.1 Oxide Grains

In contrast to the carbonaceous presolar phases, presolar oxide
grains apparently do not carry any ‘exotic’ noble gas compo-
nent. They have been identified by ion microprobe oxygen
isotopic measurements of single grains from acid residues
free of silicates. In contrast to SiC, essentially all of which is
of presolar origin, most oxide grains found in meteorites
formed in the solar system and only a small fraction is presolar.
The oxygen isotopic compositions of the most abundant pre-
solar oxide minerals are plotted in Figure 14(a). Most of them
are corundum, followed by spinel and hibonite (see presolar
database, Hynes and Gyngard, 2009). In addition, five presolar
chromite grains (Nittler et al., 2005b), five titanium oxide
grains (Bose et al., 2010a; Nittler and Alexander, 1999; Nittler
et al., 2008), and four iron oxide grains (Bose et al., 2010b;
Floss et al., 2008) have been identified. The chromite grains
listed here do not include the small (<150 nm) grains found in
the search for 54Cr carriers (Dauphas et al., 2010; Nittler et al.,
2012; Qin et al., 2011).

These numbers, however, cannot be used to infer relative
abundances of these mineral phases. Analyses were made on
grains of different size with instruments having different spa-
tial resolution and sensitivity. Furthermore, searches for pre-
solar oxide grains have been made in different types of
residues, some containing spinel, others not. Another compli-
cation is that more than half of all presolar corundum grains
have been found by automatic direct 18O/16O imaging
searches in the ion microprobe (Nittler et al., 1997), a method
that does not detect grains with anomalies in the 17O/16O ratio
but with close-to-normal 18O/16O. The oxygen isotopic distri-
bution of corundum in Figure 14(a) therefore does not reflect
the true distribution. Figure 14(a) does not include sub-
micrometer oxide grains that were found by NanoSIMS oxygen
isotopic raster imaging of tightly packed grain separates or
polished sections (Nguyen and Zinner, 2004; Nguyen et al.,
2003; Mostefaoui and Hoppe, 2004; and many subsequent
efforts; see section on silicates). Because of beam overlap
onto adjacent, isotopically normal grains, the oxygen isotopic
ratios of small grains analyzed in this way are diluted. Abun-
dances for oxide grains obtained by raster imaging should be
considered lower limits. Raster imaging of small grains from
the Murray CM2 chondrite led to the identification of 252
presolar spinel and 32 presolar corundum grains (Nguyen
et al., 2003). Additional small oxide grains have been detected
during imaging searches for presolar silicates (Bose et al.,
2010a,b, 2012; Floss and Stadermann, 2009a, 2012; Leitner
et al., 2012b; Mostefaoui and Hoppe, 2004; Nagashima et al.,
2004; Nguyen and Zinner, 2004; Nguyen et al., 2007, 2010c;
Nittler et al., 2011; Stadermann et al., 2006; Vollmer et al.,

2008, 2009b; Yada et al., 2008). The abundance of presolar
oxide grains varies greatly from meteorite to meteorite. The
highest abundances have been found in the most primitive
meteorites, in the ungrouped carbonaceous chondrite Acfer
094 (!55 ppm; Nguyen et al., 2007), in the CR3 chondrite
NWA852 (!39 ppm; Leitner et al., 2010), and in the CO3
chondrite ALH 77037 (!20 ppm; Bose et al., 2012; Nguyen
et al., 2010c). This contrasts with an abundance of only
1.2 ppm for spinel and !0.15 ppm for corundum in the CM2
meteorite Murray (Zinner et al., 2003b) and upper limits of a
few ppm in ordinary chondrites (Mostefaoui et al., 2003, 2004;
Tonotani et al., 2006).

Nittler et al. (1997) have classified presolar oxide grains
into four different groups according to their oxygen isotopic
ratios. Grains with 17O/16O> solar (3.82"10–4) and
0.001<18O/16O< solar (2.01"10–3), comprising group 1,
have oxygen isotopic ratios similar to those observed in RG
and AGB stars (Harris and Lambert, 1984; Harris et al., 1987;
Smith and Lambert, 1990), indicating such an origin also for
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Presolar database (Hynes and Gyngard, 2009).
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Improving nuclear physics input 
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ü  Mass range of stellar progenitors of group 2 
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M8to 1- 1.5 (1.2)M8  

ü  Maybe group  2 grains might be divided  in 2 
subgroups because of the progenitor mass. 
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What physical mechanism? 
A few of the many models presented: 
 

Cool  

Bottom  

Process  

(Wasserburg, Boothroyd & 

Sackmann & 1995) 

a “conveyor belt” model 

Rotation + Thermohaline  (Charbonnel  et al. 2010)    Magnetic + Thermohaline  (Denissenkov and Merryfield 2011) 

Rotation (shear instabilities and  diffusion, meridional  circulation)  Charbonnel 1994; Charbonnel & Do Nascimiento 1998, Denissenkov & Van den  Berg 2003  and Palacios et al. 2003 

“Thermohaline mixing”, (Eggleton et al. 

2006; Stancliffe 2010; Angelou et al. 

2012) 

Magnetic buoyancy (Busso et al. 2006, 
Denissenkov  et al. 2009….) 

Gravitational waves 
(Denissenkov & Tout 2000). 
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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).
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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
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1.  the plasma density distribution 
has the simple form ρ ∝ rk, 
where r is the stellar radius and k 
is smaller than -1;  

2.  Magnetic Prandtl number Pm > 1 
(namely the ratio between the 
kinematic viscosity η = μ/ρ 
and the magnetic diffusivity νm, 
see Spitzer 1962);  

3.  Small magnetic diffusivity νm 
(the kinematic viscosity η 
cannot be really neglected,but  
the dynamic viscosity μ remains 
rather small)  
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1.  the plasma density distribution 
has the simple form ρ ∝ rk, 
where r is the stellar radius and k 
is smaller than -1;  

2.  Magnetic Prandtl number Pm > 1 
(namely the ratio between the 
kinematic viscosity η = μ/ρ 
and the magnetic diffusivity νm, 
see Spitzer 1962);  

3.  Small magnetic diffusivity νm 
(the kinematic viscosity η 
cannot be really neglected,but  
the dynamic viscosity μ remains 
rather small)  
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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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were in the range originally suggested to produce the required mixing. These Kepler

observations of dipole-mode suppression referred only to a fraction of red giants. However

it is not clear yet if this corresponds to a special subclass of stellar sources, or simply to

a phase of the evolution valid for all red giants but occupying only a finite portion of the

evolutionary time. This last possibility would be very important, opening the road to

consider magnetic dynamos as general tools for abundance reorganization.

Another result came from MHD modelling. It was shown by Nucci and Busso (2014)

and then by Trippella et al. (2016) that the layers below a convective envelope in evolved

stars requiring deep mixing are represented very closely by polytropic structures of a rather

large index (like bubbles dominated by radiation) and by density distributions following

a steep power-law of the radius, in the form ⇢ / rk, where k is a negative number with

a modulus significantly larger than unity. As we will discuss in Section 2, k is not a free

parameter of a mixing model: it is an intrinsic property of the stellar structure linked

to the particular polytropic transformation that best represents the thermodynamics of

the environment (see Figure 1A). The above conditions and the limited amount of matter

present in those layers allow for a quasi-ideal, non-resistive MHD situation, where most

of the di↵usive terms are negligible and a multi-D, analytical, exact solution to MHD

equations is possible. The solution is mathematically very general, but once translated

physically (on the basis of the actual boundary conditions), it implies a natural expansion

of magnetized zones, carrying matter from near the thermonuclear shell to the envelope and

then back to the radiative zone for mass conservation. The simplicity of the solution found

represents the strength, but also the limit of this approach. In the attempts we made it

seems to be ubiquitously valid when deep mixing is required in evolved low mass stars, but

it cannot be seen as a new mixing mechanism good for any phase of stellar evolution. For

the major part of its evolution a low mass star is made by a plasma where radiation would

not dominate over matter (so that any polytropic approximation would have a rather low

– 12 –

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:

v
r

= �r�(k+1) (2)

where � = v
p

rk+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 r
p

(hence of k itself).

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

, v
p

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

⇣r
p

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 T
p

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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buoyancy starts (see Spitzer 1962);

• while the kinematic viscosity ⌘ cannot be really neglected, the dynamic viscosity µ

remains rather small, due to the low density.

In particular, Nucci and Busso (2014) adopted models of 1.5M� from the FRANEC

code and showed (see their Figure 1) that in the radiative layers below the convective

envelope the physical conditions are such that k is close to ' �3. In their models the

pressure scales as rk�1 and the temperature scales as r�1. From the equation of state of a

perfect gas one then sees that the pressure follows rather closely a relation of the type:

P / ⇢4/3

Such a polytrope, with its low exponent � = 4/3 (polytropic index n = 3) is similar to a

bubble of radiation. The simple analytical solution of a quasi-ideal MHD hence can be

interpreted as being due to the fact that, while the relevant layers are rather extended in

radius (a considerable fraction of a solar radius), they contain very little mass, so that

radiation dominates and all the dissipative e↵ects induced by the presence of matter (either

neutral or electrically charged, i.e. viscosity, thermal and magnetic di↵usivity, etc...) are

small. Therefore we underline again that k is not a free parameter, but a measure of how

much the structure is controlled by radiation thermodynamics.

In this work we adopt stellar models for low mass stars (in the range 1.2 � 1.5 M�)

computed in 2011 by S. Cristallo for the Palmerini et al. (2011) paper. Such models predict

a structure, below a red giant convective envelope, very similar to that of the older models

used by Nucci and Busso (2014). (We actually verified that very similar findings can be

obtained also by the open-source MESA code). The mentioned structure is shown, e.g.,

for a 1.5M� model, in Figure 1A. The polytropic distribution mimicking the structure of

the radiative layers has again an exponent rather close to 4/3 and the discussion of Nucci

In the radiative layer 
above the H-burning 
shell of an AGB star 

Fig. 3.— Left panel: the growth of the radial velocity vr (normalized to the value at the bottom) in
the radiative layers of our AGB star, where w(t) is chosen as a linear function of t. Right panel: a 3D
representation of the magnetic field, as a function of time and radius, for the same layers, choosing an
oscillating form for Φ(ξ(r, t)), i.e. a wave-like solution for B. Here ω = 2π/80 yr−1 = 1.6 10−5 sec−1

was taken from Nordhaus et al. (2008). A color code for the (relative) amplitude of the magnetic fied
is also given both in the right panel and in its colour bar (colors are available in the on-line version).
The absolute value of the field at the level P is in this case a free paramter of the model.

describes a magnetic field that oscillates in time
and space and is spatially distorted by a phase
shift varying as 1/r.

We notice that if, instead, Φ(ξ) = const, then
we can choose freely w(t). Even a solution for
which the velocity is oscillating is viable. If we
want, for example, that:

vr =
dw(t)

dt
r−(k+1)

starting from:

w(t) = C cos(ω′t+ ϑ) (11b)

then we have to impose:

C = −
vr,P
r2Pω

′

Then the magnetic flux is preserved. In such a
case vr has the form displayed in Figure 4 (for
simplicity, we adopted ω′ = ω, as in Figure 3).

Notice that the oscillation here is not distorted,
because the phase is no longer modified by the
term ∝ 1/r. The solution hence describes a
pulsational behavior (see also secion 2.2). We
recall that several pulsational phenomena occur
in evolved stars, whose nature is not understood
yet (Smolek & Moskalik 2008); oscillating mag-
netic structures might in principle be advocated
also in this case.

Concerning the azimuthal component of the
velocity, vϕ, it can be obtained from equation
(A-3), which becomes:

µr2
∂2vϕ
∂r2

+ r
(

µ− c0
dw(t)

dt

)∂vϕ
∂r

−
c0
r

∂vϕ
∂t

+vϕ
(cdc0

r
− c0

dw(t)

dt
− µ

)

= 0 (12)

With c0 = ϱP r3P , all the terms of equation (12)
are measured in units of (g sec−2). Once Bϕ

and vϕ are known, the pressure can then be

9

Below the convective 
envelope of a red giant star, 
magnetic fields induce a 
natural expansion, permitted 
by the almost ideal MHD 
conditions, in which the radial 
velocity grows as a power of 
the radius. 

Simplest solution satisfieng the bonduary conditions 
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because of the relatively low temperatures in the internal layers of low mass red giants and

of the low proton-capture cross section.

No further free parameters are assumed in our calculations, with respect to those

discussed in section 2. Indeed, the velocity profile and the mixing rate Ṁ are established

by Equation 2 and 4, respectively. Consistently with the mentioned fact that buoyancy will

start from a zone thick enough to host di↵erent abundances, we performed our calculations

assuming flux tubes rising from layers where k = �3.5,�3.4,�3.3,�3.2 and �3.1. The

various choices of k foresee di↵erent processing along the RGB phase, indicated by the

filled squared symbols. Hence AGB evolution starts with isotopic admixtures in the range

covered by those symbols and will proceed further down, pointing toward CNO equilibrium

17O/16O ratios and complete 18O destruction. The figure makes clear that deep mixing

on the RGB can be responsible only for some, not for all the measured data. In this we

confirm previous results by Busso et al. (2010).

We notice in particular that the sequence of curves from the two stellar models, during

the AGB phases, cover the whole area where group 2 oxide grains lie. We get therefore a

confirmation of what was suggested by Palmerini et al. (2011, 2013); these conclusions are

now based on a deep-mixing mechanism rooted in a more physical approach, and based on

necessary processes of plasma physics.

In Figure 3, panels A, B, C, D, the evolution of the oxygen isotopic ratios is shown as

a function of the 26Al/27Al ratio for the same models discussed so far. The curves deal with

the same magnetic mixing cases cited in Figure 2. In the Figure we see that the success of

magnetically-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 presolar grains and were therefore excluded by Straniero et al. (2013) (see also Palmerini

– 8 –

were in the range originally suggested to produce the required mixing. These Kepler

observations of dipole-mode suppression referred only to a fraction of red giants. However

it is not clear yet if this corresponds to a special subclass of stellar sources, or simply to

a phase of the evolution valid for all red giants but occupying only a finite portion of the

evolutionary time. This last possibility would be very important, opening the road to

consider magnetic dynamos as general tools for abundance reorganization.

Another result came from MHD modelling. It was shown by Nucci and Busso (2014)

and then by Trippella et al. (2016) that the layers below a convective envelope in evolved

stars requiring deep mixing are represented very closely by polytropic structures of a rather

large index (like bubbles dominated by radiation) and by density distributions following

a steep power-law of the radius, in the form ⇢ / rk, where k is a negative number with

a modulus significantly larger than unity. As we will discuss in Section 2, k is not a free

parameter of a mixing model: it is an intrinsic property of the stellar structure linked

to the particular polytropic transformation that best represents the thermodynamics of

the environment (see Figure 1A). The above conditions and the limited amount of matter

present in those layers allow for a quasi-ideal, non-resistive MHD situation, where most

of the di↵usive terms are negligible and a multi-D, analytical, exact solution to MHD

equations is possible. The solution is mathematically very general, but once translated

physically (on the basis of the actual boundary conditions), it implies a natural expansion

of magnetized zones, carrying matter from near the thermonuclear shell to the envelope and

then back to the radiative zone for mass conservation. The simplicity of the solution found

represents the strength, but also the limit of this approach. In the attempts we made it

seems to be ubiquitously valid when deep mixing is required in evolved low mass stars, but

it cannot be seen as a new mixing mechanism good for any phase of stellar evolution. For

the major part of its evolution a low mass star is made by a plasma where radiation would

not dominate over matter (so that any polytropic approximation would have a rather low
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MagnetoHydroDinamics (MHD) solutions

Oscar Trippella - University & INFN of Perugia  s-processing in low-mass AGB stars @ Rußbach  -  09/03/2016 06/23

 MHD model by Nucci & Busso (2014)
 No numerical approximations (exact analytic solution).

 Simple geometry: toroidal magnetic flux tubes.

  Equations:

 Solutions:

where k is the exponent of the density distribution:

 

Nucci & Busso (2014)

Where 
is rP? 

Here is rP 
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•  Mixing rate:  
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evolutionary time. This last possibility would be very important, opening the road to
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radius is r
e

. Extrapolating solar conditions to an evolved star, a field of a few 105 Gauss

may be involved in magnetized structures occupying a fraction f1 of 1 � 2% of the whole

area at the base of convective envelope (Nucci and Busso 2014, and references therein).

Moreover, the filling factor f2 of each flux tube is of about 1/100 of its section; (they are

actually almost empty, with electrically-charged materials concentrated in thin current

sheets, see e.g. Hirayama 1992). Even for these parameters an a priori value cannot be

determined. We must rely on studies of the Sun and then extend these results to AGB stars;

again, our approach turns out to avoid “some” free parameters, but not to be completely

parameter-free (something that is extremely rare, or even impossible in stellar astrophysics).

In the light of the above considerations, the mixing rate forced by magnetic buoyancy

is:

Ṁ = 4⇡⇢
e

r2
e

v
e

f1f2 (4)

By applying this equation to AGB stars of 1.2� 1.5M� and using the above estimates for

f1, f2 and v
e

, the Ṁ values obtained span the interval (0.3 � 1.3) ⇥ 10�6M�/yr, which is

in the range found prevously by Palmerini et al. (2011) to account for the composition of

group 2 oxide grains.

The downflows of matter from the envelope, pushed down by the rising material, is

analyzed in details by Trippella et al. (2016). Indeed, the formation of the 13C-pocket,

the subsequent neutron release via the 13C(↵,n)16O reaction and the resulting s-process

nucleosynthesis depend on the amount of mass transported and on the profile of the proton

penetration in the He-rich zone from the convective border, when the H-burning shell is

extinguished and TDU is active.

It must be noticed that in each time interval dt the mass of the downflowing material

dM
down

must be equal to the mass dM
up

transported upward by the buoyancy. Then we
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 MHD model by Nucci & Busso (2014)
 No numerical approximations (exact analytic solution).

 Simple geometry: toroidal magnetic flux tubes.

  Equations:

 Solutions:

where k is the exponent of the density distribution:
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because of the relatively low temperatures in the internal layers of low mass red giants and

of the low proton-capture cross section.

No further free parameters are assumed in our calculations, with respect to those

discussed in section 2. Indeed, the velocity profile and the mixing rate Ṁ are established

by Equation 2 and 4, respectively. Consistently with the mentioned fact that buoyancy will

start from a zone thick enough to host di↵erent abundances, we performed our calculations

assuming flux tubes rising from layers where k = �3.5,�3.4,�3.3,�3.2 and �3.1. The

various choices of k foresee di↵erent processing along the RGB phase, indicated by the

filled squared symbols. Hence AGB evolution starts with isotopic admixtures in the range

covered by those symbols and will proceed further down, pointing toward CNO equilibrium

17O/16O ratios and complete 18O destruction. The figure makes clear that deep mixing

on the RGB can be responsible only for some, not for all the measured data. In this we

confirm previous results by Busso et al. (2010).

We notice in particular that the sequence of curves from the two stellar models, during

the AGB phases, cover the whole area where group 2 oxide grains lie. We get therefore a

confirmation of what was suggested by Palmerini et al. (2011, 2013); these conclusions are

now based on a deep-mixing mechanism rooted in a more physical approach, and based on

necessary processes of plasma physics.

In Figure 3, panels A, B, C, D, the evolution of the oxygen isotopic ratios is shown as

a function of the 26Al/27Al ratio for the same models discussed so far. The curves deal with

the same magnetic mixing cases cited in Figure 2. In the Figure we see that the success of

magnetically-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 presolar grains and were therefore excluded by Straniero et al. (2013) (see also Palmerini

– 8 –

were in the range originally suggested to produce the required mixing. These Kepler

observations of dipole-mode suppression referred only to a fraction of red giants. However

it is not clear yet if this corresponds to a special subclass of stellar sources, or simply to

a phase of the evolution valid for all red giants but occupying only a finite portion of the

evolutionary time. This last possibility would be very important, opening the road to

consider magnetic dynamos as general tools for abundance reorganization.

Another result came from MHD modelling. It was shown by Nucci and Busso (2014)

and then by Trippella et al. (2016) that the layers below a convective envelope in evolved

stars requiring deep mixing are represented very closely by polytropic structures of a rather

large index (like bubbles dominated by radiation) and by density distributions following

a steep power-law of the radius, in the form ⇢ / rk, where k is a negative number with

a modulus significantly larger than unity. As we will discuss in Section 2, k is not a free

parameter of a mixing model: it is an intrinsic property of the stellar structure linked

to the particular polytropic transformation that best represents the thermodynamics of

the environment (see Figure 1A). The above conditions and the limited amount of matter

present in those layers allow for a quasi-ideal, non-resistive MHD situation, where most

of the di↵usive terms are negligible and a multi-D, analytical, exact solution to MHD

equations is possible. The solution is mathematically very general, but once translated

physically (on the basis of the actual boundary conditions), it implies a natural expansion

of magnetized zones, carrying matter from near the thermonuclear shell to the envelope and

then back to the radiative zone for mass conservation. The simplicity of the solution found

represents the strength, but also the limit of this approach. In the attempts we made it

seems to be ubiquitously valid when deep mixing is required in evolved low mass stars, but

it cannot be seen as a new mixing mechanism good for any phase of stellar evolution. For

the major part of its evolution a low mass star is made by a plasma where radiation would

not dominate over matter (so that any polytropic approximation would have a rather low

vr = vP
rP
r

⎛

⎝
⎜

⎞

⎠
⎟
− k+1( )
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radius is r
e

. Extrapolating solar conditions to an evolved star, a field of a few 105 Gauss

may be involved in magnetized structures occupying a fraction f1 of 1 � 2% of the whole

area at the base of convective envelope (Nucci and Busso 2014, and references therein).

Moreover, the filling factor f2 of each flux tube is of about 1/100 of its section; (they are

actually almost empty, with electrically-charged materials concentrated in thin current

sheets, see e.g. Hirayama 1992). Even for these parameters an a priori value cannot be

determined. We must rely on studies of the Sun and then extend these results to AGB stars;

again, our approach turns out to avoid “some” free parameters, but not to be completely

parameter-free (something that is extremely rare, or even impossible in stellar astrophysics).

In the light of the above considerations, the mixing rate forced by magnetic buoyancy

is:

Ṁ = 4⇡⇢
e

r2
e

v
e

f1f2 (4)

By applying this equation to AGB stars of 1.2� 1.5M� and using the above estimates for

f1, f2 and v
e

, the Ṁ values obtained span the interval (0.3 � 1.3) ⇥ 10�6M�/yr, which is

in the range found prevously by Palmerini et al. (2011) to account for the composition of

group 2 oxide grains.

The downflows of matter from the envelope, pushed down by the rising material, is

analyzed in details by Trippella et al. (2016). Indeed, the formation of the 13C-pocket,

the subsequent neutron release via the 13C(↵,n)16O reaction and the resulting s-process

nucleosynthesis depend on the amount of mass transported and on the profile of the proton

penetration in the He-rich zone from the convective border, when the H-burning shell is

extinguished and TDU is active.

It must be noticed that in each time interval dt the mass of the downflowing material

dM
down

must be equal to the mass dM
up

transported upward by the buoyancy. Then we
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 MHD model by Nucci & Busso (2014)
 No numerical approximations (exact analytic solution).

 Simple geometry: toroidal magnetic flux tubes.

  Equations:

 Solutions:

where k is the exponent of the density distribution:
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Figure 1. Panel A: the behaviour of density, temperature and pressure as
a function of the radius, in the innermost radiative zone between the H-
burning shell and the base of the convective envelope (from left to right)
at the mid-AGB evolution of a 1.5 M⊙ and solar metallicity model star.
The curves are well represented by power-laws with exponents such that a
polytropic relation P ∝ ρδ , with δ close to 4/3 is maintained. Panel B: the
nuclear energy generated Enuc, the magnetic diffusivity νm and the magnetic
Prandtl number Pm as a function of temperature. The structure is always
represented well by a relation ρ ∝ rk, where k is close to −3. Heavy dots
represent a range of possible starting layers for magnetic buoyancy; over
this range, the best-fitting value of k varies slightly, covering the interval
from −3.1 to −3.5 (the darker the dot, the smaller the value of k). Panel C:
the values of the isotopic ratios for carbon, oxygen and aluminum over the
same temperature range of the previous panel.

start, ensuring a quasi-free MHD state (Spitzer 1962). Finally, the
magnetic diffusivity νm is always very small (see Fig. 1B).2

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

vr (r) = vr,p

(
r

rp

)−(k+1)

(2)

and applying the simplest relation between vr and Bϕ , which is set
by arbitrary functions, one can safely write the magnetic field in the
form:

Bϕ(r, t) = Bϕ,pcos(ωt + rp/r)
( rp

r

)−(k+1)
, (3)

where −(k + 1) ∼ 2, being k ∼ −3 and & is a function of time,
measured in units [G · cm−(k+1)]. Here w(t) is a function whose
derivative in time is the previously introduced function '(t) (see
again Nucci & Busso 2014).

We note here that while k is not strictly a free parameter (in
the sense already specified), its value changes slightly in different
evolutionary stages and for different stellar masses. This means that
our models still have some ‘parameterizations’. This depends on
the fact that the solutions hold when ‘quasi-free MHD’ conditions
occur, but this forcedly does not offer a very stringent constraint in
terms of the starting layer rp (hence of k itself).

We use the suffix ‘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. (2011a), who, in their
models, indicated with Tp the temperature of the deepest layers of
the H-shell reached by the transported material.

The parametric models of the authors quoted above were essen-
tially based on a fine tuning of two main free parameters: the amount
of material mixed into the stellar envelope and the maximum pen-
etration 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’. In our more physical approach, rp represents the zone where
MHD changes from resistive to quasi-ideal and the magnetic struc-
tures can start to be lifted in a free expansion, according to the exact
solution of the MHD equations. As stated, this cannot be translated
into a unique, fixed layer. As an example, choosing the zone where
Pm is in the range from 8 to 15 would mean choosing values of
rp between 0.03 and 0.1 R⊙. Using these values in a formula like
equation (2) and finding best fits, one derives values of the exponent
k ranging from −3.1 to −3.5, with regression coefficients always
larger than 0.998. This is equivalent to saying that there is actually a
region of finite thickness (rp from where the magnetized structures
can start their buoyancy. In each specific layer of this zone, 26Al has
a different abundance, due to its strong dependence on the temper-
ature (hence, on the stellar position). In what follows, therefore, we
shall consider not one but a certain number (five) of starting layers

2 Following the approaches by Chapman & Cowling (1969), Parker (1960),
Spitzer (1962) and Nucci & Busso (2014), the dynamical viscosity and
magnetic Prandtl number can be described by the formulae: µ = λcsρ and
Pm ≃ 2.6 · 10−5T4/n, where cs =

√
γ (P/ρ) is the sound speed, γ is the

adiabatic exponent, λ is the De Broglie wavelength for the proton and n is
the number density of the plasma.
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Figure 2. Panel A: oxygen isotopic mix in the envelope of solar metallicity stars at FDU (dashed grey line). Full squares indicate the composition of stars
with mass from 1 to 1.7 M⊙, as indicated by the labels. Data points refer to measurements in pre-solar grains from the WUSTL Pre-solar Grain Data Base
(see Hynes & Gyngard 2009, and subsequent updates). We plot those of group 1 (open circles) and those of group 2 (filled circles). We do not report error bars
in the figures, because they would confuse the plot, due to the large number of grains. Uncertainties are typically lower than 5–6 per cent for all the grains of
groups 1 and 2. The descending continuous lines refer to model results for extra mixing driven by magnetic buoyancy in a 1.2 M⊙ star during the AGB phase
for different values of k, starting from the end of the shift introduced by deep mixing during the RGB phase (marked by the heavy squares). The smaller the
value of k, the darker the curve, and the shorter the line strokes (k = −3.5 solid line, −3.4 long dashed line, −3.3 regular dashed line, −3.2 short dashed line
and −3.1 point dashed line). Panel B shows the same picture, but for a 1.5 M⊙ stellar model.

This means that the descending material, no longer confined into
magnetized structures, travels to the inner stellar layers with a speed
vr,d four orders of magnitude smaller than the rising velocity through
the envelope border. In other words, it diffuses down towards the H-
shell, so that the condition of equation (7) is sufficient and we do not
need to specify new ‘fractional areas’ occupied by the descending
material.

We notice that if the average downflow velocity is in general much
smaller than the upflow one, one can expect that mass conservation
is preserved only on average, and that occasional ‘voids”can be cre-
ated, which should be immediately compensated by fast episodes of
mass downflows. In fact, such a situation is exactly the one normally
occurring in the Sun. Fast downstream motions compensating local
mass unbalances are observed frequently (see Shimizu et al. 2008).
This, however, has no effects on our scheme for the buoyancy of
H-burning ashes, because whatever is the mechanism of matter
readjustment at the envelope border, it does not imply changes in
nucleosynthesis, being the local temperature too small.

3 C OMPARISON W ITH O BSERVATIONS

Fig. 2 shows the comparison between the oxygen isotopic mix found
in oxide grains of groups 1 and 2 and the predictions of our magnetic
mixing calculations, made for the RGB and AGB phases of two
representative models, of a 1.2 M⊙ (panel A) and a 1.5 M⊙ star
(panel B). The two panels represent updated versions of fig. 11(a)
in Palmerini et al. (2011a), for the chosen stellar models.

The dashed grey line shows the surface oxygen isotopic mix in
stars of mass from 1 to 1.7 M⊙ and solar metallicity that ascend the
red giant phase. If no extra-mixing episode occurs, these abundances
are expected to remain unchanged as determined by the FDU during
the whole RGB phase. Vice-versa, if deep mixing takes place, it
forces the isotopic ratios to cover an area below the grey curve,

describing descending paths. As expected, 18O is always depleted
in this process, while 16O remains essentially untouched, because
of the relatively low temperatures in the internal layers of low-mass
red giants and of the low proton-capture cross-section.

We adopt the solar metallicity from Lodders & Palme (2009),
where Z⊙ ≃ 0.0154. The same nuclear physics inputs of Palmerini
et al. (2013) are used, except for the rate of proton captures on
25Mg, which is upgraded, including the results by LUNA (Straniero
et al. 2013).

No further free parameters are assumed in our calculations, with
respect to those discussed in section 2. Indeed, the velocity profile
and the mixing rate Ṁ are established by equations (2) and (4),
respectively. Consistently with the mentioned fact that buoyancy
will start from a zone thick enough to host different abundances, we
performed our calculations assuming flux tubes rising from layers
where k = −3.5, −3.4, −3.3, −3.2 and −3.1. The various choices
of k foresee different processing along the RGB phase, indicated
by the filled squared symbols. Hence, AGB evolution starts with
isotopic admixtures in the range covered by those symbols and will
proceed further down, pointing towards CNO equilibrium 17O/16O
ratios and complete 18O destruction. The figure makes clear that
deep mixing on the RGB can be responsible only for some, not for
all the measured data. In this, we confirm the previous results by
Busso et al. (2010).

We note in particular that the sequence of curves from the two
stellar models, during the AGB phases, cover the whole area where
group 2 oxide grains lie. We get therefore a confirmation of what was
suggested by Palmerini et al. (2011a, 2013); these conclusions are
now based on a deep mixing mechanism rooted in a more physical
approach, and based on necessary processes of plasma physics.

In Fig. 3, panels A–D, the evolution of the oxygen isotopic ratios
is shown as a function of the 26Al/27Al ratio for the same models
discussed so far. The curves deal with the same magnetic mixing
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Table 1. C/O and 12C/13C ratios predicted by our most massive model
with CBP, that of a 1.5 M⊙ star, up to the end of the AGB phase. They are
compared to results from the same stellar code with no CBP.

12C/13C C/O
FDU 25 0.30

k = −3.3 No CBP k = −3.3 No CBP
Early AGB 19 25 0.24 0.30
Mid-TP-AGB 35 53 0.43 0.63
End TP-AGB 51 79 0.63 0.94

required to explain the carbon isotopic ratios and the C/O abundance
ratios seen on the photospheres of evolved O-rich stars. Results from
a test done in this direction are shown in Table 1.

The table shows our predictions for the C/O and the 12C/13C
ratios in the envelope of an O-rich AGB star of 1.5 M⊙, at differ-
ent moments in its evolution. As an example, we have chosen an
average value of k (−3.3). The composition at the end of the RGB
phase (equal to the one indicated as ‘Early AGB’) was chosen as
descending from a very moderate deep mixing process occurring
during the red giant phase. (Post-RGB 12C/13C ratios ranging from
about 10 to about 23 are reproduced by models with k values from
−3.5 to −3.1.)

The subsequent evolution is obtained through the combined ef-
fects of deep mixing along the AGB, mass-loss and TDU. For the
sake of exemplification, we show data obtained with a very slow
mass-loss (as used in Busso et al. 2010). With this choice, the star
undergoes a total of 13 TPs, of which 7 are with some TDU (by com-
parison, in the FRUITY repository, where a more efficient mass-loss
rate was adopted, a similar star with a similar metallicity undergoes
only 11 TPs, of which 5 are with TDU). The data indicated in the
table as ‘mid-TP-AGB’ refer to the 4th TDU episode (8th TP) and
those indicted as ‘end TP-AGB’ refer to the 7th TDU (11th TP). As
the figure shows, even without deep mixing, a 1.5 M⊙ model never
becomes a C-star (i.e. C/O is always below unity). The effects of
deep mixing is that of limiting the growth of 12C (which is induced
by TDU), thus maintaining both the C/O and the 12C/13C ratios
within the (broad and uncertain) limits observed for MS and S stars.
In particular, these evolved stars, with C/O ratios dispersed over a
wide interval (0.3–0.8), have 12C/13C ratios from 15 to more than
40 (Vanture et al. 2007; Wallerstein et al. 2011), which compare
well with the model values shown in Table 1.

Finally, not only carbon, oxygen and aluminum isotopic ratios are
modified by the mixing, but all nuclei undergoing proton captures
are affected. Among the elements whose isotopic ratios might be
modified one finds He, Li and N. Their detailed evolution will be the
subject of a forthcoming analysis, where also the effects of MHD
mixing at play during the RGB phase will be investigated. We hope
in this way to improve the agreement between the model predictions
and the 17O/16O measurements for group 1 grains.

4 C O N C L U S I O N S

In this paper, we have verified that the physics of the radiative re-
gions above the H-burning shell is such that the buoyancy of mag-
netized structures can occur as a natural expansion, with a velocity
profile of the form reported by equation (2), as in the previously
suggested models by Nucci & Busso (2014). Our finding is that
the (rather limited) constraints posed by the C/O and 12C/13C ratios,
typical of oxygen-rich AGB stars, are satisfied. This is, for example,
the case of the 12C/13C isotopic ratios observed in MS- and S-stars

(Vanture et al. 2007; Wallerstein et al. 2011). Concerning group
2 oxide grains, the whole areas that they occupy in the 17O/16O
versus18O/16O diagram, in the 17O/16O versus26Al/27Al one, and in
the 18O/16O versus26Al/27Al one, are covered by the model curves
of our magnetic mixing. For the first time, 17O/16O, 18O/16Oand
26Al/27Al values found in those oxide grains are reproduced to-
gether, in a physically based model. In our approach, we consider
buoyancy occurring from a zone of finite thickness, where we sam-
pled five representative positions from which magnetic structures
can start to be lifted freely; these cases should correspond to a real
interval of radius and mass values above the H-burning shell from
which magnetized materials can detach and float, sampling different
abundances in the H-burning ashes that translate into a spread of
26Al/27Al abundances induced into the envelope. Although k is not
strictly a free parameter, as already mentioned in Section 2, we un-
derline the cautions advanced earlier on the fact that our necessary
condition of having a ‘quasi-free’ MHD process does not provide
stringent constraints on k, so that the range of its values objectively
remains a source of uncertainty in our model.

The capability of our magnetically driven mechanism for mixing
to account for the isotopic composition of group 2 oxide grains, in-
cluding 26Al/27Al, couples with its recent success in producing the
neutron source for s-processing in adequate concentrations (Trip-
pella et al. 2016) and offers to stellar physics a physically based
model for explaining the abundance changes occurring in evolved
stars.
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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
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The 13C-pocket formation - Calculations

Oscar Trippella - University & INFN of Perugia  s-processing in low-mass AGB stars @ Rußbach  -  09/03/2016 08/23

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-pocketS. Palmerini 
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Two tests for our results 

The solar main component 
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in a post-AGB  

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.

7
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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
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⇥ 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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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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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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Remarks 
 
ü  Below the convective envelopes of low mass red giant stars (AGB and RGB) the 

exact analytical solutions of the MHD equations are held.  

ü  The physical conditions of those  regions above the H shell are such that the 
buoyancy of magnetized structures can occur as a natural expansion, which can 
drive a non-convective mixing and account for ‘anomalies’ in isotopic abundances 
of AGB stars and the composition of oxide grains of AGB origin, in particular. 

ü  The same mechanism would also drive the formation of the 13C-pocket. 

ü  The MHD mixing parameters are not free but related to the intrinsic property of the 
stellar structure  and linked to the particular polytropic transformation that best 
represents the thermodynamics of the environment . 

ü  Kepler observatory demonstrated the presence of strong internal magnetic fields in a 
sample of low mass red giants, through their effects in suppressing dipole oscillatory 
modes (Fuller et al. 2015). Many of the field values inferred were in the range 
originally suggested to produce the required mixing (105 Gauss) . 
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