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Convection in stars

We need to model convection over evolutionary timescales

Paramount for heat 
transport, mixing of 
chemicals, magnetic 
field generation…

Low-mass stars High mass stars
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Modelling  stars along their evolution

3D Numerical simulations 
Hundreds of years

1D, 2D or 3D 
Stellar evolution codes

Several billions years
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→



Mixing-length theory (MLT)

Mixing-Length Theory

MLT in stellar evolution codes is without rotation and magnetism

TURBULENT 
CASCADE

Various scales

MLT

Reduced to the 
most energetic 

eddy

→
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Heat flux maximized convection

Convection is dominated by the linear mode that carries the 
most heat [Malkus 1954]

Stevenson 1979 Augustson & Mathis 2019

Rotation or magnetic field
• Asymptotic prescriptions (rapid

rotation/low rotation) 
• No viscous/heat diffusion 

Rotation only
• Not asymptotic

• Viscous and heat diffusion
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Rotating convection

ROSSBY NUMBER

Advection/Coriolis
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Rotating convection
Stevenson 1979, Augustson & Mathis 2019

Boussinesq equations

Neglecting all diffusive processes

Dispersion relation

Convective heat-flux
to maximise

growthrate

wavenumber
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Rotation 
parameter
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rotating convection
Heat-flux maximization

Reduced wavenumber

Convective heat-flux Rotation increases



Rotating convection
Velocity modulation Wavenumber modulation
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The higher the rotation rate, the lower the convective 
velocity and the higher the convective wavenumber

ROSSBY NUMBER

Advection/Coriolis



Comparison with Simulations of rotating 
convection

[Barker et al. 2014] [Currie et al. 2020]

Misaligned gravity 
and rotation

Lines : 
Stevenson 1979 
prescriptions

[Barker et al. 2014]

Rotation and 
gravity aligned

Leïla Bessila                                                                10



Other INTERESTING RESULTS WITH ROTATING MLT

OVERSHOOT LITHIUM 
DEPLETION & 
TRANSPORT

SEISMIC 
MEASUREMENTS 

OF thermal 
structure IN 

MASSIVE STARS

[Korre et al. 2020] [Dumont et al. 2020] [Michielsen et al. 
2019]

Despite its simplicity
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What about the magnetic field ?

[Li et al. 2022]

Core of Red Giant stars 
10-100kG

[Browning et al. 2006]

Sun surface magnetic field
4-8 kG
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the onset of magnetised convection

Stability criterion

Schwarzschild criterion

Gough & Tayler 1966 criterion

Critical 
magnetic field

Above, convection is stable

Alfvén velocity

Sound speed
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Magnetic mixing length theory

A progressive weakening 
of convection

Stevenson 1979

Critical magnetic field [Gough & Tayler 1966] 

➠ 97% diminution of the convective velocity 

[Stevenson 1979] [Bessila & Mathis 2024]

Do both approaches 
agree ?
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Dispersion relation

Boussinesq equations
With a vertical magnetic field

Magnetised convection
Heat-flux maximization
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Convective heat-flux
to maximise

magnetic 
parameter
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magnetised convection
Heat-flux maximization

Reduced wavenumber

Convective heat-flux

Magnetic field 
increases



Magnetised MLT
With a Vertical magnetic field

Velocity modulation Wavenumber modulation

Inverse Alfvén number

Alfvén velocity / 
Convective velocity
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The higher the magnetic field, the lower the convective 
velocity and the higher the convective wavenumber



Magnetised convection in numerical 
simulations

No direct comparison

[Hotta et al. 2018]

Between Magnetised MLT from Stevenson 

1979 and numerical simulations

Qualitative diminution

Of the r.m.s. velocity in 

magnetohydrodynamic simulations 
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Magnetised and rotating convection
Heat-flux maximisation

Dispersion relation

Convective heat-flux
to maximiseBoussinesq equations
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Magnetic field and rotation

Velocity modulation Wavenumber modulation

Discontinuity

Leïla Bessila                                                                20



CONCLUSION

Mixing-length theory How is it modified by 
rotation/magnetism ?

Both the convective 
velocity and the 

characteristic eddy size 
are diminished

Reduce the turbulent 
cascade to only one size 

and velocity
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NEXT STEPS 

Stellar evolution 
and structure

WAVE EXCITATION BY 
CONVECTION

Acoustic waves, gravity 
waves, gravito-inertial 

waves…

To be implemented in 
numerical evolution 

codes
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Improve and test 
the model

1. Include diffusive 
processes

2. More complex 
geometry

3. Test with numerical 
simulations



Thank you !
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Rotating and magnetised convection
The discontinuity is due to a change in the maximum

Dots : local maxima


