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3D simulations of stars (nonexplosive)

® solar atmosphere (Nordlund & Stein, Stagger code, Freitag &
Ludwig, CO5BOLD, Muthsam, Antares, ...)

® solar convective zone, rotation and MHD (Juri Toomre &
Boulder group, ASH code, ...)

global stellar fluid dynamics (Porter & Woodward, PPM code)
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Buoyancy averaged over angle and time,
showing braking regions at boundaries
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Note quadratic nature of fluxes

q=(g-u'p’)/po Buoyancy

Fe = (pCpu’'T’) Enthalpy

fy. = (WY/) Composition




Average over angle and time of fluxes of buoyancy, enthalpy, and
composition (draft)
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Turbulent kinetic energy equation

(p)Dy(Fr) = -V -<F,+Fk>
+ <pg-u >—¢€g

Steady state, integrated over the convective zone
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Kolmogorov’s 4/5 law (homogeneous, isotropic)




Subgrid dissipation versus Kolmogorov
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Radial acceleration equation, using buoyancy and
Kolmogorov damping
ou/0t + uou/0r = BrgAV — ulu|/l,

Near Convective boundary
O(u?/2)/0r ~ BrgAV < 0

a. gradient Richardson criterion for mixing
b. centrifugal force to reverse flow




KE fluctuations in Oxygen

burning
time fluctuations g-waves
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Lorenz equations:

dX/dr = —0X + oY
dY/dr = —XZ 41X —Y
iZ/dr = XY —bZ

X:dimensionless speed
Y: dimensionless temperature difference

(horizontal)

Z: dimensionless temperature difference (vertical)
r:Rayleigh No./critical, sigma: Prandtl No.
Time in units of radiative cooling time



Nonlinear instability

® Does not appear in linear stability analysis (Cox, Unno, etc.)

® Lorenz model has a strange attractor which is due to quadratic
terms
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Fig. 4.— The Lorenz Model extended: Convection in a shell composed of cells. Notice the al-
ternation of the sign of rotation. This may be thought of as a cross sectional view of infinitely
long cylindrical rolls, or of a set of toroidal cells, with pairwise alternating vorticity. Each cell can
exhibit random fluctuations in time.
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Spectral power of Schwarzschild-Lorenz

Fluctuations
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Silicon-28 Mass Fraction

Eruption prior to core collapse: 25 Msun (Meakin &
Arnett, 201 |,Ap), 733, 78) 2D simulation

Model: si.2d.a Time = 494 seconds
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The progenitor problem

® 2D and 3D simulations having Oxygen, Neon and Carbon
burning shells pulse but are quasi-stable

® 2D simulations including more advanced burning (Silicon) give
eruptions prior to collapse

® Is this a 2D-3D effect?

Is this an effect of advanced (extreme) evolution?




Summary

® Linear stability analysis is wrong for convection, because
turbulence in nonlinear (e.g., Lorenz model)

® 3D simulations of stars are now able to reproduce turbulent
flow, and show a balance between buoyancy and turbulent
damping, allowing the “MLT parameter” (velocity scale) to be
strongly constrained

® Stellar convection zones have turbulent braking layers (not
possible in MLT)

A simple dynamic model for the largest eddies includes
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