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1. Observational evidence 

2. thermohaline mixing: doubts and possible ways out 

        from plasma physics 

3.    Mixing on the agb for forming the neutron source 

4.    Magnetic buoyancy & its basis on exact MHd 

5.    Toward non-parametric solutions for n-CAPTURES 

6.    Prelimiary conclusions 

 

 



Old Observational  evidence 

                         

 

Standard models after first d.-up 
(discrepancy adressed  by Gilroy  
1989; Gilroy and Brown 1991; then  
many  others) 
However, the need for “some other  
process” had been noted previously  
(Dearborn et al. 1975; Tomkin et al.  
1976). 
 

Observations 

Also connected with Li production/destruction (see e.g. Charbonnel & 
DoNascimiento 1998). Cannot be cured by extending First Dredge-Up  





Presolar  Al2O3  grains 

                         

 

                                                        Presolar Grains: Nittler et al.   
     1997                          

Solar ratios  point A; 
ratios after first dredge-up 
for masses 1.1 – 2.0 M8 : C-F 

dots: oxide grains, of 
group 2, currently 
attributed to further 
mixing occurring in Red 
Giants and AGB stars.  

                                      CNO equilibrium at high T                              
                               (dependence on T!!) 

A 



Where mixing is needed 

                         

 
 
i) In RGB phases 
     after the bump  
     of the L-function 
     (many authors, 
      e.g. Charbonnel & 
      Balachandran 2000) 
 
ii) In TP-AGB phases 
     (e.g. busso et al.  
     2010; palmerini et  
     al.  2011 a,b) 
 
 



                         

 

Radiative zones above the h-shell 
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TYPICAL RESULTS FROM PARAMETRIC MIXING MODELS 

                                                                                                                                                            
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
• ISOTOPIC ABUNDANCES IN PRESOLAR GRAINS & C-STARS WELL EXPLAINED 
• REMAINING PROBLEMS FOR 26Al 





                         

 

“old” deep mixing models ( 10yr)  “ 
Boothroyd, Sackmann, Wasserbug 1994-1995:  ‘CBp’ 

circulation- like transport of matter. Then shown 
to be equivalent to a diffusive mixing (Nollett et 
al. 2003) 

  12C/13C, 26Al  and  O  isotopic ratios in presolar 
grains 

 

Sackmann & Boothroyd  1999Creation/ destruction 
of Li due to deep mixing in red-giants 
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Charbonnel & Do Nascimiento 1998, Denissenkov & Van 
den  Berg 2003 ; Palacios et al. 2003 Processes  due 
to rotation (shear  and  diffusion,  meridional  
circulation)  12C/13C, Li  + 3He depletion. 
Other suggestions  i) gravitationa waves 
Denissenkov & Tout (2003);  ii) diffusion in fluids with 
variable   (D mixing or thermohaline diffusion). 
Stothers & Simon  (1969); Ulrich 1972; Kippenhan 1980; 
 Eggleton et al. (2006)     



extramixing: Recent suggestions 
                         

 


T

P


Thermohaline mixing    

 diffusion due to the molecular weight 
 inversion induced by 3He+3He 4He + 2p 
  (Eggleton et al. 2006, 2008. a first- 
  principle-based process?). Slow 
 mixing, v< 1 cm/sec.  

Magnetic 
buoyancy  

dynamo mechanisms MIGHT 
persist in red giants   

(Busso et al. 2007;  
Nordhaus et al. 2008. 

Denissenkov et al. 2009; 
Nucci & busso 2013) 

Magnetic domains 
have a lower gas  

pressure: 
Pg

e = Pg
i + B2/8p 

DPg
(i-e) (<0) = -B2/8p 

 
They are lighter 
&move outward! 



Molecular weight inversion 
                         

1. T 
3He+3He  4He+2p 

In the H-burning region: 
 
 
Induces a small inversion of ; 
this lets the matter above 
that layer be heavier than 
that in the burning region and 
sink down, promoting a mixing 
mechanism in the form of 
“fingers”. The more these are 
elongated, the more efficient 
and fast the mixing is. 
This is a  form of thermohaline 
mixing (charbonnel &zahn 
2007). 



The debate on themohaline mixing 

                         

Different authors find different results about the 
effectiveness of thermohaline mixing. 

Examples (see Maeder et al. 2013): 

i)  Charbonnel & Lagarde (2010) and lagarde et al 

     (2013)  find it adequate to explain red giant 
abundances (and also the evolution of 3He in the 
galaxy) 

ii) Denissenkov (2010), denissenkov & merryfield (2010), 
palmerini et al. (2011), angelou et al. (2011), 
Cantiello & langer (2010)  found it too slow by a 
large factor (there is no time on the rgb to achieve 
the observed abundances).  



Thermohline mixing on the 
rgb? 

                         

1. Eggeleton et al. (2006, 2008) suggested that the 
molecular weight inversion be at the origin  of 
abundance anomalies in red giants. 

2. Subsequently, the same group (angelou et al. 2011) 
found the mixing velocity (a fraction of a cm/sec) 
to be too small and showed that abundances in GC 
red giants needed a much larger “D” effect. 

3. IS THERE ANY POSSIBILITY TO INCREASE THE 3hE 
CONSUMPTION, HENCE THE EXTENT TO WHICH  IS VARIED 
reconciling those different results? 



Effects of microscopic plasma  
physics on thermohaline mixing?  

In affording a very different issue, namely trying to 
figure out a rate for 7Be decay in conditions different 
from solar, we discovered something that might be of 
some use! 



Where we started from 
                         

 
There is no rate for 7Be decay outside solar conditions. 
 
i don’T understand how people can calculate Li 
abundances. The rates available  (from Bahcall, or 
from Adelberger et al) cannot and should not be 
extraPolated (nollett, private communication, 2 days 
ago!). 
 
Hence virtually all calculations (ehm, including ours: 
palmerini  et al. 2011) are somehow wrong!!! 
 
Problem: the coulomb force lets electrons crowd 
around a Be nucleus in rgb stars. Matter is locally 
partly degenerate, even for maxwellian plasmas! 
 



Dynamics of e-captures from 
ab-initio calculations 

                         

 

Weak interactions as examples of quantum scattering 
under two potentials. Treated with a Hartree-Fock 
approach in the potential of Be plus that of a mean 
field, created by all other ions. 



main results: 
 
i) The electron density in the debye sphere is higher 
than usually estimated with the Debye-Hueckel 
classical approach (higher e-capture rates than 
expected) 
 
ii) The effect is large for regions of low  and t, like 
above a h-burning shell (while is only 1% in the sun: 
bahcall’s results for solar neutrinos ok). 
 
iii) Nuclear reactions occurring at low t, values 
should be faster, for increased e-screening!!  
 
iv) 3He+3He migh be more effective, both in consuming 3he 
and in promoting  gradients. 
 Themorhaline mixing more efective? (work in 
progress!) 



Results for Li on the agb 

                         

 

The basic idea is very simple and obvious. We only say 
that under electrostatic attraction (i.e. inside the 
debye sphere) , a gas is not maxwellian  but 
aCTually….. not exempt from forces (Mr de lapalisse) 
 
The calculations however are not that simple! 
 
For your curiosity i can show you our simplest form 
for the hamiltonian of the inTeraCTion……. 





Results for li 
                         

 

Comparisons of results from palmerini et al. (2011b)  
and simonucci et al. (2013). 
Cj stars are not normal agb stars, even for li!! 

CJ 



Consequences for mixing? 

                         
1. Thermohaline mixing in red giants might be 

considerably more effective than estimated by 
denissenkov & others (and… us!) 
 

2. D, 3He & Li production/destruction & their 
nucleosynthesis in general must be re-computed 
from scratch with improved weak interactions and 
e-screening. No existing result can be trusted!!!! 
 

3. However, we need deep mixing also on the agb, and 
also in he-rich layers, to explain the formation of 
the 13C neutron source. there we have no -
gradient, no thermohaline mixing. 



The traditional picture 

                         

 

AGB 13C POCKET 

Lugaro et al. 2002 

Busso et al. (1999) 

f 



BuT… 

                         

 

Adapted from Mishenina et al. 2013 (stars older than 2 Gyr) 

More neutrons are neded. The chemical evolution at high  
metallicities not reproduced 



 
 
 
 
 
                                                                                                       Maiorca et al. 2011 
 
 
 
 
 
 
 
 
 
 
recent data (d’orazi et al. 2009; Maiorca et al. 2011; jacobson & Friel 
2013) show that  the abundances of s elements are actually increasing 
in the Galaxy 

Evidence from  young (t< 1.5Gyr) open clusters 



Magnetic buoyancy   
(busso et al. 2007) 
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MIXING VEL. DEPENDS  
ON HEAT EXCHANGES  
(Denissenkov et al 2009;  
Parker 1974). 

v = 3x1014/a2 (parker ‘74) 
 
For a = 0.3Km, v = 3Km/sec 
 
For a=100Km, v= 3cm/sec 

SLOW (cm/sec):as well 
as FAST (km/sec) 

mixing is possible 
by magnetic 

models 
 
FAST mixing, due to 

small 
instabilities 
would be  
INTERMITTENT: 

V and dM/dt  
Decoupled!! 

 

Case 1 sloW: “Common” Deep Mixing. 

CASE 2 FAST: 
Detached 
bubbles 



Do Velocity issues exist also 
for magnetic buoyancy?? 
 
On the agb we have a short 
time for mixing at tdu: few 
hundred years! 



MHD EQUATIONS:  2d exact solutions 

                         

 No drag: 
 
 
 
 
 
 
 
 
With drag: 

Nucci & Busso 2013, ApJ submitted 



In polar coordinates 
                         

 

2D! Only the magnetic  buoyancy  of toroidal structures is  
verified to be an exact solution of MHD equations  



AGB. Magnetic Mixing always 
fast? 

                         

 

According to nucci & busso 2013, in tp-agb stars the radiative layer  
above the h-shell is a polytrope of index 3 (a “bubble of radiation”),  
with very little mass (0.001 M

8
 in 1 r

8
). 

 
Virtually no drag & no thermal exchanges, fast (parabolic) rising 
velocity. Then in the huge envelope: no escape, matter trapped there 
(mixing!!) 



Magnetic flux is preserved for  
“traditional” choices of the  

arbitrary functions! 



A non-parametric model for 
the 13c source formation 

                         

 

A physically-based 13C pocket 
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A non-parametric model for 
the 13c source formation 

                         

 

A physically-based 13C pocket 



A non-parametric model for 
the 13c source formation 

                         

 

A physically-based 13C pocket 



The effect of expanding the 13C reservoir  
on the stellar yields 



RESULTS FOR THE CHEMICAL EVOLUTION OF 
THE GALAXY WITH THE NEW 13C POCKET 

Maiorca et al. 2012 



Reproducing the solar s-
process abundnces 

                         

 

Fitting the Sun 
 
Plus. More neutrons (comparison older works) 
 
Fitting open cluster abundances 



conclusions 
•Even more than for convection (see talk by the 
 other Maurizio), deep mixing uncertainties  
 prevent us so far to get final conclusions 

•Recent work underlines the need to pay attention to 
 detailed plasma processes. 

• thermohaline  diffusion might be more effective than
  imagined; this approach requires a revision  of 
 electron screening  &weak interactions. 

•Magnetic buoyancy of toroidal structures (foreseen
  by approximate 3d dynamo models) give an exact
  solution  to (2d) mhd equations , w.  fast mixing in
  the radiative layers (especially on the AGB) 

•It might provide an extended 13C reservoir,  suitable
 to account for s-process data in open clusters 



Everything is still so 
uncertain that we need 
probably to spend much  
more time learning some 
physics, before drawing  
any real conclusion! 


