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The present scenario of the s process in AGB stars emphasizes the role of the neutrons released

from the 13C(α ,n)16O reaction. This in its turn derives from a local production of 13C in He-

rich layers, after a penetration of protons from the envelope, whose mechanisms have been so

far elusive. We speculate that magnetic buoyancy might be at the origin of the mixing process

and present a simple model according to which the mixing (hence the extension of the 13C-rich

layer) should involve most of the He-rich buffer above the CO core, i.e. a zone much larger than

previously envisaged. This implies a large production of s-elements in the Galaxy, as is indeed

suggested by recent observations in open clusters
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Formation of the 13C neutron source S

1. Extended mixing and magnetic buoyancy in red giants

The synthesis of nuclei belonging to the main s-process component in AGB stars is known to
require the activation of the 13C(α ,n)16O reaction for the production of most of the neutrons needed
[1, 2]. Only a marginal second neutron flux, at higher neutron density, derives in the thermal pulses
by the reaction 22Ne(α ,n)25Mg; see [3] for a review. The formation of the 13C reservoir (or pocket)
must descend from the mixing of a limited amount of protons from the envelope into the He-rich
zones; in the absence of reliable models for partial mixing in stars, its occurrence has long been the
object of free parameterizations. A more quantitative approach for producing13C in the radiative

Figure 1: A comparison between recent observations of Ce in open clusters from [7] and chemical evolution
models for the same element computed with the asssumptions made by [5]. Most young open clusters show
abundances considerably higher than the models can explain

He-rich regions of an AGB star was then introduced by [4]; in their treatment, it is the convective
envelope border that is assumed, more physically than in models using a bare Schwarzschild crite-
rion, to be connected to the underlying radiative zone in a smooth way, with convective velocities
that do not drop abruptly to zero, but decrease exponentially. The region of this velocity decrease
below the envelope, at the moment when an AGB star experiences the so-called third dredge-up
(TDU), naturally produces a partially-mixed region where a few protons remain trapped in He-rich
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layers. While the details of this process are different from older parameterized model by [1, 2], the
bulk results are on average similar, even if the theoretical spread in the s-process indexes found by
[4] is definitely thinner. The layers involved in the partial mixing in the quoted works are always
rather shallow, being typically of the order of (0.5 − 1)× 10−3 M�.

Very recently, new observations of neutron-rich elements in young stellar clusters forced us
to consider an upgrade of our ideas on the formation of the 13C pocket. The scheme of galactic
chemical evolution for a typical neutron-rich element dominated by the s-process, represented as
a function of the age of the stellar systems, is shown in Figure 1, taken from [5]. It adopts the
scenario for slow neutron captures prevailing so far, where the neutrons are produced mainly by
stars of masses larger than 1.5 M�, similar to the typical AGB stars we see today in the solar
neighborhoods. They are roughly suitable to explain s-elements in the past stellar generations and
their correlation with dynamics [6], and can also address the interplay of the s-process and of the r-
process components in the Sun. However, it is clear from Figure 1 that such models underestimate
s-process abundances for the most recent galactic ages. This is so also for other n-rich elements,
from Y to Ce [7, 8].

Motivated by the above inputs and limits from the classical studies of the s-process we started
a project aimed at modeling the formation of the 13C pocket on first principles, and basing our
assumptions on the observational suggestion that requires a more effective s-process nucleosyn-
thesis. This cannot be achieved by models increasing the number of protons mixed without also
expanding the mass of enriched layers; otherwise we would get a too high number of protons per
unit mass, leading the CN cycling to its full efficiency and producing a lot of 14N, a strong neutron
filter hampering the production of heavy neutron rich nuclei.

We therefore had to play with approaches predicting larger polluted fractions of the He-rich
zones. This leads quite naturally to think of phenomena linked to the rotational shear present at the
border of the CO core, where the rotation passes from rigid to differential.

Purely rotational effects have however been shown to yield frustratingly small mixing effi-
ciencies, as noted by [9, 10]. We therefore revisit here the idea, originally presented by [11], that
rotation actually favors mixing indirectly, through the maintenance of magnetic dynamo mecha-
nisms, producing the buoyancy of toroidal magnetic structures.

2. A Model for magnetic buoyancy forming the 13C pocket

We assumed steady state conditions (no dependence of the rate at which magnetic structures
cross a surface from time). In this case the frequency of their arrival at the envelope base, r0 is
decreased, with respect to the rate Ṅ(r) characterizing their production at a generic position r, by
the number of those structures that get dispersed along the path; but it is also increased by the
number of those that are born locally between r and r+dr.

The magnetic flux associated with dissipated tubes can be neglected in the calculation as, after
averaging over the whole spherical surface, it would simply increase a little, through diffusion
processes, the average B value of the plasma outside the main flux tubes.

According to the above scheme, in crossing a layer dr∗ the rate of buoyant structures is dimin-
ished by dissipative phenomena that can be collectively described through an absorption coefficient
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α∗ and is increased by the number structures born there. Hence:

dṄ =−Ṅα∗dr∗+
ε∗

r∗4 dr∗ (1)

with ε∗ = γF2
B and FB is the magnetic flux, assumed as constant. By substituting r = r ∗/r∗0 one

has:

dṄ =−Ṅαdr+
ε
r4 dr (2)

where now r is non-dimensional if α = α∗r∗0 and ε = ε∗r∗0.

Equation (2) is linear, but non-homogeneous, of the type R ′+αR= f (r), where R = Ṅ is the
crossing rate. It is generally solved by the sum of a general solution of the associated homogeneous
equation R ′+ αR =0 and a particular integral of the whole equation. It is then straightforward to
show that:

R = R0e−α(r−r0) + εα3e−αr
∫ (αr)

(αr0)

eαr

(αr4)
d(αr) (3)

The value of α refers to dissipation by phenomena like thermal exchanges (with the thermal dif-
fusivity as a coefficient), viscous processes (with the viscosity as a coefficient), magnetic diffusion
(with magnetic diffusivity as a coefficient) etc. All these terms, and α itself, are of the order of 1
to a few × 103 [12, 13, 14]. In such conditions it can be shown, with some tedious algebra, that the
second term of equation (3) can be neglected at the first order.

As a first approximation, therefore, magnetic buoyancy might promote the formation of a par-
tially mixed zone, built "from inside out", carrying material from near the CO core to the envelope,
to which a similarly-shaped proton penetration phenomenon would follow for mass conservation.
The ensuing profile of the proton-rich pocket is roughly exponential (neglecting the second term
in equation 3), as in most parameterized approaches. But now it starts to have a physical interpre-
tation, and this last requires that it spreads over most of the He-rich buffer, down to layers where
something similar to the solar tachocline is established by the interface between rigid-body and
differential rotation. This deep pocket has actually the desired characteristics to justify a larger
reservoir of protons (hence of 13C). the condition of providing a sufficient mixing rate to guarantee
an adequate proton transport translates into the condition, already established by [11], that mag-
netic fields are of the order of 103 to 104 G at the envelope base, corresponding to more than 106

G in the deepest layers mixed.

In the next section we shall compare the nucleosynthesis it provides with observations of s-
elements in the recent Galactic history.

3. s-Processing with a Magnetically-driven 13C-Pocket

In order to verify the adequacy of magnetic buoyancy in contributing to the formation of the
neutron source 13C for s-processing, we have assumed that in low mass stars (M � 1.5 M�) the
13C-pocket has the form of the first term in equation (3), with a value of r0 chosen so that most
of the mass of the He-rich layers below the TDU extension (4 to 5 ×10−3 M�) is involved in the
proton mixing, hence in the subsequent formation of 13C and in the activation of the reaction
13C(α ,n)16O (see Figure 2).
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Figure 2: A scheme representing an interpulse stage in an AGB star of low mass, indicating in gray the large
area spanned by magnetic buoyancy (hence proton penetration) for the model discussed in the text.

Hence, in this first example, the parameter α of the exponential is fixed so that the abundance
by mass of the mixed protons, in layers deeper than the above mentioned mass, becomes sufficiently
small (� 10−7) to yield negligible 13C and hence negligible neutron generation. The ensuing 13C-
pocket, after H re-ignition and CN burning of the protons thus trapped into the He-rich layers is
shown in figure 3.

The scheme illustrated in the Figure is adopted for all masses in the range 1.3 − 1.5 M�,
maintaining above this limit the same assumptions for s-processing as in [5], following the idea
early presented by [7] that the reproduction of the recent enhancement of s-elements in the Galaxy
be due primarily to the late contribution of long-living, low mass stars.

Figure 4 (shaded areas) shows the resulting trend of the Galactic chemical evolution for four
typical mainly-s elements, namely Y, Zr, La and Ce. The shaded range is obtained by varying the
parameter α of the exponential in equation (1), so that the13C pocket has an extension bracketed
by 4× 10−3 and 5×10−3 M�.

As is clear from the plot, the recent increase of s-element abundances is well reproduced using
13C pockets of the mentioned extensions in low mass stars; the results obtained with our simple
scheme for a magnetically-driven pocket are actually undistinguishable from those by [7], where
the pocket for the same stellar masses was chosen ad-hoc.
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Figure 3: The distribution of 13C and 14N in the pocket after H reignition.

Although our approach is still preliminary (in particular the parameter of the exponential func-
tion has to be chosen adequately to allow the expression of equation (1) to span most of the He-rich
intershell region, in the lack of knowledge of where precisely magnetic flux tubes can detach, near
the rotational shear) the fact that a reasonable physical interpretation exists remains important.

10                          9                             8                         10                           9                            8 
Log Age (yr)                                                                    Log Age (yr)          

Figure 4: The Chemical evolution of the Galaxy in s-elements, as reproduced with the new assumptions for
the 13C pocket for masses below 1.5 M� (continuous lines bracketing the shaded areas) versus older models,
with a pocket extending for 10−3 M�, either including (dash-dotted lines) or excluding (dashed lines) the
stars below 1.5 M�.
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One relevant point is that our idea is based on a necessary property of the rotating stellar plasma
(that of embedding toroidal magnetic flux tubes, maintained by dynamo effects); we believe this
model now deserves to be explored in depth, in order to verify under which conditions it can yield
a non-parametric solution to the formation of the main neutron source for s-processing

References

[1] C. Arlandini, F. Kaeppeler, K. Wisshak, et al., ApJ 525 (1999) 886

[2] R. Gallino, C. Arlandini, M. Busso, M. Lugaro et al., ApJ 497 (1998) 388

[3] M. Busso, R. Gallino, & G.J. Wasserburg, ARAA 37 (1999) 239

[4] S. Cristallo, O. Straniero, R. Gallino et al., ApJ 696 (2009) 797

[5] C. Travaglio, D. Galli, R. Gallino, & M. Busso, ApJ 521 (1999) 691

[6] C. M. Raiteri, M. Villata, M., R. Gallino, M. Busso, A. Cravanzola, ApJ 518 (1999) L91

[7] E. Maiorca, L. Magrini, M. Busso, S. Randich, S. Palmerini, & O. Trippella, ApJ 747 (2012) 53

[8] D. Yong, B.W. Carney, & E.D. Friel, 2012, AJ 144, 95

[9] A. Palcios, C. Charbonnel, S. Talon & L. Siess, A&A 453 (2006) 261

[10] C. Charbonnel & N. Lagarde, A&A 522 (2010) 10

[11] M. Busso, G.J. Wasserburg, K.M. Nollett & A. Calandra, ApJ 671 (2007) 802

[12] E.T. Vishniac, ApJ 446 (1995) 724

[13] E.T. vishniac, ApJ 451 (1995) 816

[14] G. Pascoli, & L. Lahoche, PASP 122 (2010) 1334

7



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


