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log Number Density

Contribution of LMS to GCE
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A physical mechanism that allows:

« the formation of the '3C reservoir ¢ the enrichment of the stellar
(or pocket): surface with fresh products of the

— proton penetration from the envelop H—buming
during the TDU— 2C(p, 7 )'SN(B * - currents transport matter upward/
v )13C; = *N is the most important downward from regions where H-
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Parametric models have been
working for almost twenty years
(lperhaps more)
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Where is the problem?e

r IRAS 07134 1005, M(* ’C) S'l'/3

P— “Classical” s-process
scenario built in the ‘90s
(e.g. Busso et al., 2001)
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The parametric solution: a larger/
deeper BC pocket for M<1.5M,

Iv\cmorco eT ol 2012

_____________________
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13C pocket
for low masses 7
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= The extension of the '3C reservoir depends on how many protons enter the
He-rich layers at dredge-up. This is related o a mixing mechanisms. In @
parametric model we can assume that these mechanisms (proton
penetration) are deeper in stars less massive than 1.5 M, > a few 10°M
Reasons for guessing a more efficient mixing in very LMS exist

= A few 10°M, pocket would be adequate to explain the enhancements
s pam&Rserved in very young open clusters of the galactic thin disk.



Classical scenario for slow neutron
capture nucleosynthesis
N low mass AGB
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What are we looking fore

B A mechanism for injecting protons into the H-exhausted region
must be found, so that inferacting with the abundant '2C they can
produce fresh '3C locally;

® the abundance of the injected protons in each |CIY6I’ must be low
enough not to induce further proton captures on '3C; indeed, this
would inevitably produce large amounts of “N, which is an
efficient neutron absorber and would hamper n-captures on
heavy seeds;

m the fotal 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 3C 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 n
by Boothroyd, A.l., Sackmann, I.J. & Wasserburg, G.J. (1994)

C/O<1 Oxide grains Boothroyd, Sackmann & Wasserburg 1995
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nucleosynthesis from massive
AGBs (lliadis et al. 2008).




By improving stellar models 13
on:d nuclear physics inputs...
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v New reaction rates and opacities tell us

that oxide grains (group 1 and 2) come
from stars with mass <1.7M. where CBP
take place.

v’ BUT 26Al/?’Al in oxyde grains requires CBP
from warm and (too) deep regions
during AGB phases .
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Improving nuclear physics input

v Extra-mixing in RGB

stars (M*<2M®) 70(p.a)*N (Sergi et al.2011)
account for by oxygen 180(p,a) 150 (La Cognata et al 2009)
iSOTOpiC mMix shown by Palmerini et al.2013
group 1 grains N
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10° L . o \ 170/1%0 ) \ 170/1%0 )
" 70/1%0 ) v Group 2 oxide grains need extra-mixing during
AGB phase (deep and efficient A=0.1 M =
1N(p,y)'50 (Imbriani et al - i
2004 Adelbetger of i 2011) 10°M¢/yr), the RGB is not warm enough
Palmerini et al. 2011 Mass range of stellar progenitors of group 2

oxide grains is significantly reduced from 1-2
Moto 1- 1.5 (1.2)M4

v Maybe group 2 grains might be divided in 2
subgroups because of the progenitor messs:




By improving stellar models 15
on:d nuclear physics inputs...
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The 2°Al puzzle
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The %Al puzzle
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The %Al puzzle

Presolar Grains AGB Models
o Group | & Group Il 4.5M, 5M, 6 Mg

Larger values of 26Al/27 Al shown
by part of group 2 grains are
not accounted for by state of
the art model for HBB inclundig
the latest nuclear physics input
(e.g. Lugaro et al 2017
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A physical mechanism that allows: n

MASS COORDINATE

CONVECTIVE ENVELOPE H, He, Fe etc.
SALTED WITH DREDGED UP MATERIAL CKA j;




What physical mechanisme

A few of the many models presented:

cool Rotatio
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The MHD model by Nucci & Busso 2014

(ApJ,787,141 2014)

The full MHD equations
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Their “simple” analytical solution

v, = dw(r) (k1)
dt

_ k+1
s.}§8|m_er(ilgi(§)r ’

3 "
p[—6+(V-V)e}+PV-V—V-(/<VT)+:—(VxB)2:O.
TT

[£ = —(k +2)w(t) + r*2].

(D

.... whenever a set of three
peculiar situations occurs:

2)

3)

4)

&)

(6) 4

(7)

1.

the plasma density distribution
has the simple form p o< rk,
where ris the stellar radius and k
IS smailler.than -1;

. Magnetic Prandthnumber P > 1

(hamely theratio between the
kinematic viscosity @ = u/p
and the magnetic diffusivity v .,
see Spitzer 1962);

. Small magnetic diffusivity v

(thekinematic viscosity n
cannot be really neglected,but
the dynamic viscosity u remains
rather small)




The solution for the radiative layer above

the H-burning shell of an AGB star

1.5M., Z.,

10"

sTHESE 7 s 7.4 78 72 74 7

Log T

C-O core
He burning

- H burning

H envelope

.

.. whenever a set of three

peculiar situations occurs:

1.

the plasma density distribution
has the simple form p o< rk,
where ris the stellar radius and k
is smaller than -1;

. Magnetic Prandtl number P, > 1

(hamely the ratio between the
kinematic viscosity n = u/p
and the magnetic diffusivity v
see Spitzer 1962);

Small magnetic diffusivity v
(the kinematic viscosity n
cannot be really neglected,but
the dynamic viscosity u remains
rather small)




The solution for the radiative layer above
the H-burning shell of an AGB star

1.5M, Z,
9"|""|""|""|""
10 I__ ] ;
x r . .
107 7 In the radiative layer
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005 01 D15 02 02 simplest solution satisfieng the bonduary conditions
®
i Below the convective
v (1) envelope of ared giant star,
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325 | natural expansion, permitted
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\ R conditions, in which the radial
: o5 ™ ¥ 110 en) velocity grows as a power of
0 10 20 30 40 50 E ] .
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Building the MHD mixing model m

(for the radiative layer above the H-burning shell of an AGB star1.5M Z,)
Palmerini et al. 2017a
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The magnetic (extra-) mixing model

Palmerini et al. 2017a
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The magnetic (extra-) mixing model

Palmerini et al. 2017a
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Results for oxide grains

Palmerini et al. 2017a
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Table 1. C/O and '2C/'3C 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.

180/160

2¢/3¢ C/O
FDU 25 0.30
k=-33 No CBP k=-33 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
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13C-pocket formation due o

Magnetic Instabilities
TDU:

A

Fo
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The 13C-pocket formation - 29

Calculations Trippella et al.
2016

The density of envelope material injected (downflow mass) into the He-
layers will vary as:

dpa/pa = +adr

corresponding to an exponential profile:
pa(r) = page """
We multiplied for the infinitesimal element of volume:
dMy(r) = 4nr?p.e~\"~"dpr.
After integration between envelope border and the innest layer, we obtain:

4 , 2 2 , 2 2
AMH ~ 07142 PE { {rj — —r.+ (—2] — {rz — =7, + —2} eﬂ<=‘“ﬂ="p>}
¥

Qv C v P a Q

Courtesy of O. Trippella

Comparing this result with the mass transported by magnetic buoyancy

My, = M- At = 4??}“3 0.V f1 fo AL

we obtain the amount of proton injested in the He-rich region for the
formation of the "C-pocket



The 13C-pocket formation:
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The 13C-pocket formation:

e

CONVECTIVE
THERMAL PULS

(ASS COORDINATE

&B conditions @
satisfied

I T

(a)

. _ -4.437
p/p, = (r/r)

the formation of 13C-
pocket is allowed

- (b) ]




Two tests for our results

The [X(i)/Fe] abundances
in a post-AGB

The solar main component
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...without invoking free parameterizations.



2M.Z, n=1.0 2M.Z./2n=1.0 == 2M.Z./3n=1.0
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37
Remarks -

v Below the convective envelopes of low mass red giant stars (AGB and RGB) the
exact analytical solutions of the MHD equations are held.

v 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 partficular.

v The same mechanism would also drive the formation of the 3C-pocket.

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

v 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 (10> Gauss) .

- Thank you!



