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The Supernova Problem

Core-Collapse Supernovae:
 End of massive stars

e Birthplace of heavy elements,
neutron stars, black holes ...

* Regulate star formation

Cassiopeia-A

Problem: how do they explode?



Core-Collapse Supernovae
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Shock Revival by Neutrinos
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The Roles of Turbulence

" Regulates accretion

&y Transports heat

¥ = Increase dwelling time

Difficult to simulate!



Turbulent Pressure
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Effect of downstream turbulence (Murphy et al. 2013):

Turbulence can be modeled with an effective EOS

Pavs + pa — pats + pa(dv)3 + pa

Rankine-Hogoniot jJump condition:

PV + Pa = Pz + Py
EQOS:

pa = (Vtn — 1)pacd

pd(év)?l A (/Yturb — 1)pd€turb Yturb = 2

Jump conditions for a shock with downstream turbulence:

Pats + (Yeurb — 1)pa€rurb + (Ven — 1)pa€q = puts + pu
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Resolution Dependance
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Resolutions

—xplosion more difficult at higher resolution!




Why?

* Lower resolution favors the formation of larger,
onger lived structures

e Secondary instabilities (Kelvin-Helmholtz) is
suppressed by numerical viscosity

 When is the resolution good enough??



Turbulent Cascade |

Energy flux Energy injection

h

OE + 0,11 = —20k*E + ¢
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Specific kinetic energy Energy dissipation



Turbulent Cascade ||

/ [ Injection of €
0 energy &

- QUOOO

?l, DO OOOOQ srllux Of&‘ 8/% 1

rfly, ©0000000000OAN0VD0IOI000

\Y%

Dissipation of

g] orecsessesessssrsssesssssesasensaiensacsecenaans Nnergy - 2 VkQ E

Adapted from Frisch 1996

Kolmogorov 1941: Il ~const — F ~ L.—5/3



The Water-Spill Analogy

Navier-Stokes

2wk’

Finite Volumes

Bottleneck: water piles up

Numerical viscosity

Adapted from Boris 1992



The Bottleneck Effect
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Energy Cascade: PPM
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Turbulent Energy Spectrum
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Semi-Global Convection Study
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Convective Instability

0.10 I

0.05 | |
— i
E — : .
\ = —~—
- 000}--=-=====—-—-—-— e = ]
£ - —— XILR |
C . —— ULR

s MR
_010 | | 1 1 1 | 1 1 1 | 1
0.4 0.6 0.8 1.0




Radial Reynolds Stresses
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Not Quite There Yet
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A New Ingredient:
Intermittency |

Turbulent energy density
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A New Ingredient:
Intermittency |
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Conclusions

* Jurbulence: crucial role for supernova
explosions

* |ocal simulations: very high resolution is
needed

e |dealized global simulations: rich dynamics of
turbulent convection
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The Standing Shock Flow

From Janka 2001
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