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What is a star?

self-gravitating, supported by
nuclear energy



How does energy get out?

1. Radiation
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How does energy get out?

1. Radiation
2. Convection



Convection (Boussinesq)
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Convection (Compressible)
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Convection (Compressible)
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Convection (Compressible)

density of density of fluid
background element
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Convection (Compressible)
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background element
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How does energy get out?

2 Transport Mechanisms
1. Radiation e
2. Convection 4_, “4L__49

dr — dr Cp




convective If:
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Mixing in Convection Zone
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Mixing in Convection Zone

1
u- Ve = DTVQC DT — §onLTuCHp
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Good approximation?
NO! But doesn’t really
matter — diffusion fast
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Convective Overshoot

What happens past convection zone?

Convection

Stably stratified



Convective Overshoot

Why is it important?

1. Changes amount of fuel if burning in
convection zone

2. Changes Li abundance in solar-type
stars

3. Can be seen in asteroseismology



Convective Overshoot

How far does thermal penetrate?
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Convective Overshoot

How far does thermal penetrate?
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Convective Overshoot

How far does thermal penetrate?

% ~ 1073 likely underestimate

Seems like a small amount, but even
small elloy can be important:

Pe ~ 1019



Convective Overshoot

How far does thermal penetrate?
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Convective Overshoot

How far does thermal penetrate?
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Convective Overshoot

How far does thermal penetrate?
A

N? =0




Convective Overshoot

How far does thermal penetrate?

What sets N2 near rad-conv boundary?
Probably opacity or geometric effects
Not studied carefully yet



Convective Overshoot

How to model?
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Convective Overshoot

exponential
overshoot
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Convective Overshoot
ABL

log(dissipation rate)

Mellado 2012
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Diffusion Approximation

Oxygen burning in
massive star
~10 days before SN

Jones et al 2016
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log1o fractional volume
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Diffusion Approximation
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Diffusion Approximation
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need to check intermediate times

Jones et al 2016



|s Diffusion Model Even
Applicable??



Diffusion Approximation
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Diffusion Approximation
O.c — DV?c = —u - Ve

c(z,t) —(€), = css(2,t) = A(t)C(2)
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Diffusion Approximation
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Does it
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|s Diffusion Model Even
Applicable??

Yes!
(At least for current parameters)



Why Turbulent Diffusivity?
O.c — DV?c = —u - Ve
c(x,y,z,t) =¢(z,t) + ¢(x,y, z,t)
0;¢ — DO2e = — (V « (ué)) = —0, (wé)
0i¢ — DV?¢ = —wd,¢ — e—<{T0IC

“pain in the neck”
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Why Turbulent Ditfusivity®?

0,¢ — DV?¢ = —wd,¢ — 0, (wé — (wc))
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Physmal Model of Overshoot

Kelvin-Helmholtz
instability?
N2

= (dU /dz)2

Ri ~ 103

Woodward et al 2014



Physical Model of Overshoot

Miles instability

U(zo) = ¢p

resonance




Physical Model of Overshoot

Herault et al 2018



Summary

1. Convection much weaker than
stable stratification -> weak
overshoot

2. Overshoot mixes like a diffusion —
decreases rapidly with depth

3. May work via Miles instability??



