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Early work In the 1930s

Sternwarte Berlin-Babelsberg, 1937 Nov. 2o. L. Brermann.

Zur Theorie der Granulation und der Wasserstoffkonvektionszone der Sonne.
Von L. Biermann.

Als Dicke der WK Z findet Siedentopf 7co km fiir den
von Unséld angenommenen Wasserstoffgehalt (279, und als
Durchmesser der Granula nimmmt er soe ki an. Die beobach-

On the Convection of the Stellar Photospheres*

Sueo UENO and Satoshi MATSUSHIMA
Institute of Astrophysics, Kyoto University
(Received May 4, 1950)

In these earlier works, the opacity of the stellar photospheres has been attributed to the continuous
abgorption of neutral hydrogen for the early type stars and to that of various metallic atoms for the
late type stars. But, since 1938 it has been pointed out by R. Wildt“® that for the late type stars
the opacity of negative hydrogen ion instead of metals plays a leading role in the mechanism of conti-
nuous absorption, the effect on the photospheric structure has become to be considered as relevant, as has
been shown by R. Wildt™” and B. Strimgren*®. Several years later, the ccefficient of continuous absorp-
tions of H™ has been in detail computed by Chandrasekhar and his collaborators™. Consequently

it may be of interest to revise the theory of convection allowing for the continuous absorptions of atoms
and negative ions of hydrogen,




Entropy & convection
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Original mixing length model
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of Mathematical Sciences, New York University, NY 106012

Convection in the solar interior 5 thought to comprise structun
on a spectrum of scales. This conclusion emerges from phenome
ological studies and numerical simulations, though neither cove
the proper range of dynamical parameters of solar convectio
Here, we analyze observations of the wavefield inthe solar phot
sphere using technigues of time-distance helioseismology to imad
flows in the solar interior. We downsample and synthesize 9(

rical-harmonic degree /. Within the wavenumber band 7 < 60, con-
vective velocities are 20-100 times weaker than current theoretical
estimates. This constraint suggests the prevalence of a different
paradigm of turbulence from that predicted by existing models,
prompting the question: what mechanism transports the heat flux
of a solar luminosity outwards? Advection is dominated by Coriolis
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Anomalously weak solar convection
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Considerations

BIQ Swirls

In mixing length theory: I=H_ only hypothesis
Simulations: subgrid scale diffusion, viscosity

Envisage reasons for (i) smaller scale flows
and/or (i1) deeper parts subadiabatic?

Convection zone still 200 Mm



Helioseismology: change at 0.7R
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CONVECTION IN STELLAR ENVELOPES: A CHANGING
PARADIGM

H.C. SPRUIT
Maz Planck Institute for Astrophysics, Garching, Germany

ABSTRACT. Progress in the theory of stellar convection over the past decade is reviewed. The
similarities and differences between convection in stellar envelopes and laboratory convection at high
Rayleigh numbers are discussed. Direct numerical simulation of the solar surface layers, with no other
input than atomic physics, the equations of hydrodynamics and radiative transfer is now capable of
reproducing the observed heat flux, convection velocities, granulation patterns and line profiles with
remarkably accuracy. These results show that convection in stellar envelopes is an essentially non-local
process, being driven by cooling at the surface. This differs distinctly from the traditional view of stellar
convection in terms of local concepts such as cascades of eddies in a mean superadiabatic gradient. The
consequences this has for our physical picture of processes in the convective envelope are illustrated
with the problems of sunspot heat flux blocking, the eruption of magnetic flux from the base of the
convection zone, and the Lithium depletion problem.




Stein & Nordlund (1998) simulations

Filamentary, nonlocal ~ shown: entropy fluctuations pos neg




Entropy rain

The first consequence of the extreme asymmetry between top and bottom is that
upward moving fluid is tsentropic, hence neutrally buoyant, all the way from the base
of the convection zone to the thermal boundary layer at the top. It follows that we can
not say anymore that the flow is driven by buoyant bubbles moving up from below.
All driving (in terms of actual forces) is due to cooling at the surface. The gently rising
isentropic upflow gets exposed to the cold universe in a thin layer ‘near optical depth
unity. The extreme temperature dependence of the opacity makes the cooling happen
even faster than it would have done otherwise: as the fluid cools, it becomes more
transparent, and cools even faster. The cooled fluid has strong (negative) buoyancy,
and collects in a downward flowing lane. On its way down the lanes very soon break

up into threads or ‘raindrops’. The upward flow of the hot fluid serves to replace the

fluid ‘condensing’ at the top. The entropy contrast of the downflows, the horizontal and
vertical velocities, the length scales of the upwellings are all determined by the physics
happening in the surface boundary layer.



Tau approximation

§=-U,V.S+N,
U, =g;s/c, +N,
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Theoretical Expression for the Countergradient Vertical Heat Flux

J. W. DEARDORFF

National Center for Atmospheric Research, Boulder, Colorado 80302

A theoretical expression is derived from the heat-flux conservation equation for the counter
potential-temperature gradient that can sustain an upward flux of sensible heat. This gradient
is found to be y. = (g/6) (¢°)/(w?), where (¢ is the potentiz! temperature variance and
(w") is the vertical velocity variance. The usual down-gradient eddy coefficient expression for
the heat flux is obtained from the derivation only if v, is set to zero. Aircraft measurements
of (g/6) (¢*)/(w™) in the middle and upper portions of convective planetary boundary layers
indicate that this expression for «. is of the same order of magnitude (near 0.7 x 10* °K cm™)
as the value deduced previously for v, from completely different considerations.

Evidence has been accumulating for many
years that in the central half or so of the plane-
tary boundary layer (PBL) under conditions of
upward sensible heat flux the lapse rate is
s\iglltj_kl[;c:rthan adiabatic; that is, the heat
flux is countergradient. The evidence up to 1966
is summarized by Deardorff [1966]. Since that

time, additional aircraft observations of both

potential temperature and heat flux by Lens-
arhoan (19707 ond hv Waemse FT1TOT1T davnnss

could represent a much larger averaging area or
a time or ensemble average. Although this value
of y. is small, the question of its use is far from
being of only academic concern. In a thick PBL
of 3 km height, for example, & numerical model
that uses equations 1 and 2 will prediet values
of (6) at upper levels in the PBL (relative to
lower leveis) neariy 2°K warmer than one that
sets yo = 0 for a given set of external condi-
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Physical meaning?

s/c,=>Inp=Inp

S pert coasting...

s>0, u,>0 = u,s>0



Physical meaning?

s/c,=>Inp=Inp

| pert

s<0, u, <0 = u,s>0



New solutions with Deardorff flux
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Gradient & Deardorff terms

1 - —_—
FG — —ETredu,fmp T VS,

Fp = _Treds_zg p T/CP

extra nabla term in standard MLT

Fantn = 576 T (Teattians/HP)(V = Via + Vi)



Subadiabaticity of the
deeper layers

previously taboo, by construction

'] I 1 I
Fe> STABLE UNSTABLE STABLE
0.2} LAYER 1 LAYER 2 LAYER 3
* .} : L]
1.0F ,3
Ba
0 0.8
Negative -
Negative , |
0.2l <Fp>-
0.4 L | .
%1 2 3 DEPTH z-= %4

Hurlburt, Toomre, & Massaguer (1986) 20
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Brandenburg, Nordlund, & Stein (2000) using Kramers opacity



Hydrostatics with K(z) 2 K(p,T)

Radiative flux:

3
Fra | = —KVT with K = 1601

3xp

Kramers’ opacity: g = g (,0/,00 )a (T/%)b

Nonconvecting solution (F,4=const, T,,,= 0.84T )

(T/Tp)* b =m+ 1)V£21(P/p0)1+a 14 (Eop/%)4+a_b

rad

Polytropic index:

3-b 3+35

=3.25 >1.5(> stable)
1+a 1+1

22

N =




But why optically thick =

The equation of radiative transfer is
n-VI=—kp(l—S85). (1)

where I = I(x,t,n, v) is the intensity, p is the den-

sity, k is the intensity, and S = (ogp/7)T* is the

source function.
Equation (1) can be solved by taking moments.
We define Oth, 1st, and 2nd moments as follows,

1
J—E‘/iﬁfdﬂz (2)
F- [ mao (3)
J da
p— L [ rIando (4)
= E.iﬂ_ ( .

CONTACT Axel Brandenburg ) |
Dedicated to Professor Ed A Spiegel

instead of

thin in equiibrium?

the Oth and 1st moment of Equation (1)

V- F = —4xkp(J — S),
v.p=_2"

dn
Making the closure assumption

Equation (6) becomes

1 kP
sVJ = s

DS 47
S =V.— V]
Dt JKkp

DS 4
> v,
Dt Jrp

=V -KVT.



...end of a generation has begun
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Magnetic activity and
variations in solar luminosity
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Solar non-convecting model

Unstable layer
extremely thin
(1Mm)

But extremely
unstable

Deep layers will
be mixed by long
nonlocal spoon

- S ~ const

large structures
—> not excited!
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Thickness versus separation
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Nonconvecting 1-D atmospheres

 Solve from the bottom upward

dln P/dz= —pg/P.
dinT/dz= —~F/KT.

V=dnT/dlnP = FP/KTpg = FcpVai/Kg,
din7T/dIn P = V,

—3—/pr“llﬁ and T-/{Hﬁfﬂ)dhlﬁ,

28
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Figure 4. Profiles of § /ep, ¥V — Vg and bty for £, = 0(Vp = 0), as well as
fo=0203 and 0.5 for 5= 3 =0 (Case [) with # = 1/9. The location of
the surface (r = 1) is indicated by vertical dashed—dotted lines and geometric
depths below the swiface are indicated in the middle panel. starting with tick
marks at 100, 200, and 300 km, and continuing with 1, 2, and 5 Mm, etc. The
inset in the middle panel shows ¥ — %y over a narrower range as a function
of —z.

i, oc PA=2m/5 — p~1/3

always: F, —=F

conv

.+.
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Figure 5, Same as Figure 4, but for § = (. 3 = 1 (Case II) with F=1/9m
fip =0.0.1, and 0.2,

logyg P [cgs]

Figure 6. Same as Figure 4, but for 3= 5= 1 (Case ll) 7 = 1/3,
fo =0.0.1, and 0.2,

Equation (48), we find Ma oc T ™
m=1-p8"+1/2+ B")/¢

Uy, oc PA-2m/5 — p ~1/5

and

|:rad

29
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Kinetic energy flux  fxin = = ®xin Plhims
S 1/2 1/3 0.14 0.015 0.0006
D 0 0.35 1 4 20
— U, [t ms 1 1.4 2.5 8 40
U, /ttms 1 0.7 0.4 0.12 0.025
. 0.100F -
Self-consistency & )
upflow estimate fmm_ "']'f'” S
= =0 Fa=0.5
3

ds fep (A8, df 2 (AN,

—He .r.!':_ - cp | d |[15.FT - _:': op % >0, 0.001F :,
Uy dSy/dz = —(dFaa/d2)s. 20
POS pPOS -(neg)

dotted green lines, respectively).

Figure 8 Dependence of [T fu.. on depths —z for Case I with [, = (.5
{solid red line), as well a8 Cases 11 and T with f, = 0.1 (dashed blue and



log & [em?®/g]

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

k= KkopT"
a=1, b=-3.5



Different metallicities
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Essentials captured by analytic formula

o I fﬂ.h:.h:. R — h‘j_l _ hi} N H,I_{l
10*+ - 5
L a
;Eu 102 R = Kop fh
&o100F
i
1072 e Kr:a=1, b=-7/2
L0 « H:a=0.5,
b=+10...




Solve hydro model with prescribed prescribed «

Dlnp
— —V- . '
Dt u, Cartesian
Du  Gray rad
prp; = ~VP+pg+ V. (2vpS), transfer
DS « 22-26raysin
pTD_t = —V - F.q+2vpS*+H, 3D
e 2raysin1-D
—V - F.q = kp 514 (I —.5)de, (Up/dOWﬂ)
J A

—n-VI=kp(l—-25),

I : -
AA 448 TI1_TYT (3006) Radiative transfer in decomposed domains

DOL: T0.1051/0004-6361:20053 1240

© E30 2006 T. Heinemann'~, W, Dobler™?, A, Nordlund”, and A. Brandenburg'
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Relaxation from isothermal state

Barekat & Brandenburg (2014, A&A 571, A68)

4.0x10"

3.8x10*
3.6x10*F
3.4x10* —
3.2x10* —
3.0x10" —

2 8x10*

» Most rapid cooling near, or slightly above t=1
« Relaxation to near-polytropic interior plus isothermal top
 Polytropic index depends ona and b



Constant opacity (a=b=0) with
exponential (iron) bump

26F . 25F :
2of 1-D, no convection 20t 2-D, = convection
& 1sf sf
* 10F * 10F
0.6F 0.6F
0.0 0.0

0 2 4 6 8
z [Mm] z [Mm]

« Convection smears out negative entropy gradient
 Surface becomes slightly cooler



Strong random perturbations:
almost die out

4
z [Mm]

« Mild convection
 Strongly subsonic




fluxes

Deardorff also in accretion discs

1x107%}

5x107%F

-5x107%}

—1x1075}

Significant
convective
flux near
midplane!

Not explained
by super-
adiabatic
gradient!



Simulations (Kapyla+17)

BZ

—0.50 —0.25 0.00 0.25 0.2

« Extended subadiabatic layer
 Yet upward enthalpy flux

—0.55—(b)

-0.50 -0.25

0.00 0.25 0.50 0.75 1.00

V = Y [107]



Consequences

 Large scales not excited
— No giant cell convection

« Smaller scale |- less turb. Diffusion: n=lu../3

'ms
— Applications to dynamos: stronger, less turb diffusive

« Two other important effect:
— Lambda effect - differential rotation
— Negative effective magnetic pressure - spots

40



Coronaviral activity (update)
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| atest update (last week)
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Title: Mathematical modelling of infectious disease outbreaks
fibstract:

Mathematical models for the spread of infectious diseases are used to:
better understand spreading mechanisms. determine if a big outbreak is
likely to occur and how big it will be., determine if a disease will
become endemic. and investigate how various preventive measures can
reduce spreading hopefully preventing a major pandemic outbreak or make
an endemic disease vanish. Making inference is harder than usual in that
the basic events, transmissions., are rarely observed but instead proxies
like onset of symptoms are recorded. and also by the fact that these
events are dependent rather than independent (as is usually the case).

In the talk I will give an overview of the area with particular focus on
emerging outbreaks, with illustrations on the current coronavirus outbreak.
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Conclusions

 For the Sun: need new approaches
—WholeSun (Paris, MPS, Oslo)
—ERC consolitator for Maarit Kapyla

e Smart top boundary condition
—Effects of entropy rain
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Crafoord prize in Astronomy 2020

“for pioneering and fundamental studies of the solar wind and magnetic fields from stellar to galactic scales™



