
Entropy rain - seen since Stein & Nordlund (1989)

Filamentary, nonlocal shown: entropy fluctuations pos neg

Axel Brandenburg (Nordita)
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“Standard” overshooting  convection
Hurlburt, Toomre, & Massaguer (1986)

→ flawed for stellar applications



Structure of my talk

• Part I: slope of opacity vs temperature matters
o Top few Mm are Schwarzschild-unstable

o The rest is just stirred

o Solution to convection conundrum

• Part II: modeling this in MLT
o stirring → Deardorff 

• Part III: Size of structures
oNot a solution to super-small convective velocities Brandenburg (2016, ApJ 832, 6



Near-polytropic solutions

• Polytrope possible
odT/dz=const below photosphere
o T = const above photosphere

• Polytropic index?
oMore complicated opacities?
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Polytropes when n > -1
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Analytic solution

Brandenburg (2016)
Polytropic index for Kramers opacity:

TK−=radF

Radiative flux:
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OPAL vs. old Cox & Stewart opacities

• 2 branches

• Rising branch from H-

opacity at low T

• Decreasing branch 
from bound-free & 
free-free opacity

• Kramers type opacity

• a=1, b=-3.5

10-7 g/cm3

10-5 g/cm3

10-3 g/cm3

Expect 
stable for 
T>15,000K



Hydrostatic reference solutions
Bimodal opacity profile: increase opacity prefactor



What matters? Actual opacity or its derivative?
• bmax = 0, 1, 10

• b = 0 means n=1.5

• b = 1 means n=1

• b = 10: no polytr.
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Illustrative simulations

• Extended subadiabatic layer

• Yet upward enthalpy flux

Brandenburg (2016)
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• Extended subadiabatic layer

• Yet upward enthalpy flux

Brandenburg (2016)



Structure of my talk

• Part I: slope of opacity vs temperature matters
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Subadiabaticity of the 
deeper layers

5 pages of recap of Solar Focus of Dec 5 + Kapyla+18 paper

Brandenburg, Nordlund, & Stein (2000) using Kramers opacity

Negative
Negative
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Subadiabatic layers now seen routinely

• Lower 1/3 subadiabatic

• But overshoot layer not included

Bekki, Hotta, & Yokoyama (2017)
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Confirmed by simulations (Käpylä+17)

• Extended 
subadiabatic
layer

• Yet upward 
enthalpy flux

• Distinct from 
usual overshoot 
layer (where 
enthalpy flux is 
downward!)

Brandenburg (2016)
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“Standard” overshooting  convection
Hurlburt, Toomre, & Massaguer (1986)
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Explained by Deardorff term

tau approximation energy & momentum eqn

gradient & Deardorff terms

extra nabla term 

in standard MLT



Nearly constant entropy through mixing from the top

z

S
pert coasting…

• Enthalpy flux without gradient term
o Non-local phenomenon

• Convection instability not by local Schwarzschild criterion
o But stirring from above → drives Deardorff 
o No giant cells expected (→ global simulations assumed MLT)
o Stability depends on local opacity law

s>0, u>0  → us > 0

S<0, u<0  → us > 0



Also seen in accretion disc simulations

Brandenburg & Das (2020, GAFD 114, 162)
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Small scales predominant?

• Rapid downdrafts
oHow fast can they go?

• Are small scales unobservable?
oCould explain helioseismic result?

o E.g., like cases I or II?

Hotta19
Hanasoge+17



Filling factor?



Final remarks

• NSSL (near-surface shear layer) not (well) resolved
o Tremendous difference in time scales: 5 min vs 12 days

o Length scales: 300 km vs 60 Mm

• Convection instability not by local Schwarzschild criterion
oBut stirring from above → drives Deardorff flux

oNo giant cells expected (→ all global simulations flawed!?)

o Stability depends on local opacity law

Barekat+Brandenburg14

Opacity 
Polytropic index n

Gradient flux (Böhm-Vitense 1953)
Deardorff flux (Deardorff 1968)

Brandenburg (2016, ApJ 832, 6



Conclusions

• Convection dynamics not quite like mixing length theory

• Slope of entropy matters for convective stability

• Find even hot blobs in convection simulations

• Identified Deardorff term:responsible for subadiabatic conv

• Mixing length model still gives sharp bottom of CZ



Tau approximation
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Another missing piece: surface appearence
• Stratified MHD turbulence produces spots

o Even without convection

oCan form + disappear in days

o Strong scale separation required

oBest in forced turbulence

oUnclear how important for the Sun

• Buoyant rise picture questionable
o Expansion during ascent

o Slender tubes not seen in simulations

oAnticipated role of tachocline?

• Link between dynamo & butterfly
oMust be integral part of solar dynamo

o Surface appearance possibly shallow

Brandenburg+13


