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IntroductionIntroduction

� Models of massive stars

− Grids of stellar models at various metallicities

(Maeder & Meynet 1987; Schaller et al. 1992; Schaerer et al. 1993; 

Charbonnel et al. 1993; Meynet et al. 1994; Mowlavi et al. 1998) 

� Inclusion of rotation

− Surface enrichments 

of massive stars

− The B/R ratio

− Nature of the supernova 

progenitor

− Stellar yields
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IntroductionIntroduction

� Models of solar-type stars

− Grids for low mass stars 

(Charbonnel et al. 1996, 1999)

− Solar models 

(Lebreton & Maeder 1986, 1987; Charbonnel et al. 1994; Richard et al. 

1996, 2004)

− Stellar models of asteroseismic targets 

(Eggenberger et al. 2004, 2005, 2006)

− Input physics:

• Equation of state: MHD and OPAL

• Inclusion of microscopic diffusion
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Modeling of microscopic diffusionModeling of microscopic diffusion

� The diffusion equation

� Chemical elements:

− 15 isotopes: 

H, 3He, 4He, 12C, 13C, 14N, 15N, 16O, 17O, 18O, 
20Ne, 22Ne, 24Mg, 26Mg, 26Mg

− Changes due to diffusion / nuclear reactions    

− λ : only for lithium and beryllium

� Microscopic diffusion:

− Routines of the Toulouse-Geneva version of the code  

− Radiative acceleration is neglected
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Modeling of microscopic diffusionModeling of microscopic diffusion

� The Chapman-Enskog method (Chapman & Cowling 1970)

− Boltzmann equation

− Expansion of  f in a series of decreasing order
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Modeling of microscopic diffusionModeling of microscopic diffusion

� Computation of the diffusion coefficients

− Formalism of Paquette et al. (1986)

− Collision integrals:

and

and

with r
st
min defined by:   
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Modeling of microscopic diffusionModeling of microscopic diffusion

� Computation of the collision integrals

− Static screened potential:

− Analytic fits:

− Dimensionless collision integrals

with

− Independent variable  

where

with
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Modeling of microscopic diffusionModeling of microscopic diffusion

� Computation of the collision integrals

− Analytic fits: 3 regions:

i) -7.0 ≤ ψst ≤ 3.0

ii) 3.0 ≤ ψst ≤ 4.0

iii)    ψst ≥ 4.0

− Example:
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Modeling of microscopic diffusionModeling of microscopic diffusion

� Summary

− Computation of the collision integrals using the analytic fits 
of Paquette et al. (1986)

− Determination of the diffusion coefficients D1i and α1i, as 

well as the diffusion velocity V1i

− The diffusion equation is then solved
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Numerical MethodsNumerical Methods

� Crank-Nicholson finite differences

− K shells: C = (c1;…;cK)  with S = rj – rj-1 and  P = rj+1 - rj

− Diffusion equation:

in vector form:
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Numerical MethodsNumerical Methods

� Implicit finite elements

− Method used by Glowinsky and Angrand (Schatzman et al. 1981)

− Diffusion equation:

− with c = Σj Cj vj :
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Application to solarApplication to solar--type starstype stars

� Stars with a shallow convective envelope

− Exemple: η Bootis (G0 IV)

− Rotation counteracts

the effects of microscopic

diffusion in the external

layers

Carrier et al. 2005, A&A, 434, 1085
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ConclusionConclusion

� Summary 

− Diffusion routines of the Toulouse-Geneva code

− Chapman-Enskog method is used 

− Collision integrals calculated from the analytic fits of Paquette et 
al. (1986)

− Numerical methods: Crank-Nicholson finite differences or Implicit 
finite elements 

� Future perspectives

− Models of solar-type stars including microscopic diffusion and 

a comprehensive treatment of rotation

− Internal gravity waves (Talon et al. 2002; Charbonnel & Talon 2005)

− Inclusion of magnetic field:

− Magnetic instabilities (Maeder & Meynet 2004; Braithwaite & Spruit 2005; 
Eggenberger et al. 2005; Brun & Zahn 2006)

− Secular torque (Charbonneau & Mac Gregor 1993; Mathis & Zahn 2005)


