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Origin of the solar convection zone

Convection occurs because the temperature gradient becomes steeper than the ‘adiabatic

temperature gradient’. The temperature gradient becomes steeper in the our layers of the Sun

because the temperature there is lower than in the temperature in the radiative core, and thus it

requires a stronger dT/dr to keep the radiative energy flux, o T°(dT/dr). When the solar plasma

becomes convectively unstable most of the solar energy is transported by convection.
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Convective instability

Consider a displacement, Jr, of a small fluid
element along the radius. If the density inside

the displaced element, p + Jp, is smaller the

density of surrounding plasma, o+ Jp, then

the element will continue moving up under
the buoyancy force. Therefore, the condition
of the convective instability is:

Ap=0p,—op <O.

Physical conditions inside the element obey the adiabatic law because the
characteristic time for heat exchange is much longer than the dynamic time. Then,

op, = (d_pj or = L(d—Pj or, (use the adiabatic law P/ p” = const)
dr ), yP\ dr
where ¥ is the adiabatic exponent. The density variation in the surrounding plasma
is: 5p="P 5r. Then, Ap=&p,—&p= d—par—ﬁ(d—Pj 5r <0,
dr dr yP\ dr
_ldlogP dlogp

= <0.
y dlogr dlogr

Finally, the instability condition is: A’

Parameter A" is called the Ledoux parameter of convective stability.



Parameter of convective stability
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Convective instability in terms of
temperature gradients

: : P
Temperature Gradient (Dalsgaard Model 1) By using the equation of state, p :9{—’;{ and
=TT " T e T T Tt , . : o
FoeE g RadiativeZone : ComvectiveZone - »gsuming 4 =const, the condition of instability can
‘ : ; be expressed in terms of temperature gradients:
08 ..... Adiabatic Gradient dT dT
| ‘ — | ——>0,
Ené 18 Using the equation of hydrostatic equilibrium:
3 | V2V ., | dP/dr=—gp, we write:
%ﬁ 0_4..____--------_g----------“---------é. Vad - V < 09 or V > Vad
dlogT | . L :
02| 1 V.= is the ‘adiabatic gradient’,
‘ : ++ d lOg P
; He H+ ! ad
| lonization zones ~ dlosT
R B - T e = is the ‘local (ambient) gradient’
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For an ideal gas V , = B2 thus the instability occurs when V > —— .

/4
In fully 1onized gas y=35/3; thus, V=(y—1)/¥=0.4 in the 1onization

zones Y <5/3, such zones are more unstable.



Effect of molecular weight gradients on
convective instability

Consider effects of variations of the molecular
weight 1.

Pu
RT

Changes in 4 can arise from ionization and nuclear

Equation of state: p =

reactions. For variable 4 the condition for
convective instability is:

dT{de +Zd_ﬂ_1(d_ﬂj
d”' dl” ad ﬂ ad.

Consider this condition in the solar core where plasma
1s fully ionized, and thus 1onization does not change

under adiabatic conditions, that 1s, (dg/dr) =0 .
Because of nuclear reactions, du/dr < 0. Therefore,

this gradient is stabilizing.
The instability conditionis V>V +V ,

dlog u
dlogP

where V 0=

Hydrogen abundance

Lo

0.8r

r/R
Because of nuclear

reactions the solar core
has more helium than the
rest of the Sun. Thus, the
molecular weight
decreases with the radius.

1.0



Convective Energy Transport:
Mixing-Length Theory

Consider the momentum equation of a fluid element:

d*Sr (dp\ dp
g~ 8°F g_(a’rjad a’r} '

z_ngdlogp ~ dlogp}drz

dr ), dr

——gp dlogT | dlogT | 1
¢ dlogP )  dlogP H,

where : =— dlogP 1s the pressure scale height.
H, dr
2
Finally, d fr — ; (V.. —V)Sr=—-N’6r,

P

where N’ =Hi(vad —V) s the Brunt-Viisild frequency; N’ =5 A" in term of the
» r

Ledoux parameter of convective stability; A™ = ldlogh dlogp
y dlogr dlogr

If N? <0 then the medium is convectively unstable.
If N*>0 then it is convectively stable: or o sin(Nt); the fluid elements oscillate with
frequency N . These oscillations are called internal gravity waves - g-modes.



Convective Energy Flux

Multiply the momentum equation by 2% and integrate over t:
2
(d—d"j =5 (V-V )5r.
dt H,

The mixing-length theory assumes that the convective elements travel
without destruction a distance / - ‘mixing length’:

or=1/2.
Then, the characteristic velocity, v, of these elements can be estimated as:
—2 8 2
== (V-V._)I".
\% 4 HP ( ad)
Then, the convective energy flux is:

3/2
F=p’=p—-_(V_V )| .
L= pv p{m ( » J

P

In the convection zone, V 1s slightly greater than V_,. This is sufficient to

carry the energy flux; the convective velocity is small in this regime,
which is called ‘efficient convection’.
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The mixing length is usually defined in terms of
the pressure scale height:

l=caH,,
where « 1is called ‘the mixing length

logP) " .
dlog j is the pressure

parameter’. H, = —[
dr

scale height.

In the convection zone, V is slightly greater than
V_,. This is sufficient to carry the energy flux;

the convective velocity is small in this regime,
which is called ‘efficient convection’.
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density, o , 1s small much higher,

near sonic velocity, is required to
transport the solar energy. In this case

V >>V_,. This near surface zone is
called a ‘superadiabatic zone’.



Convective overshoot

Convective overshoot is penetration of convective elements into convectively stable
layers. Evidence for convective overshoot at the base of the convection zone is the
observed deficit of Li and Be. These element are burned in nuclear reactions in the upper
radiative zone where they are transported by overshoot.

The overshoot is described by a non-local mixing length theory.

h

AT

A 4 ’/-2
Consider plasma elements starting at level r, . Atlevel r, the mean temperature excess,
AT , and velocity, v, of these elements is given by

6] dT dT
AT (ry, 1) :—Ir {E—(zj }di’,
! ad

and the balance of the kinetic energy and buoyancy work:

1 n g
Evz(rz,rl):_‘-rl AT (r, 1)

The mixing-length theory assumes that for rising elements r, =7 +/, and for sinking

elements r, =r, —1.
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Overshoot model of Stix and Skaley (1991) may explain
the sound-speed bump (in oOc / ¢ )at the base of the
convection zone found by helioseismology
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Inversion results for the observed
solar frequencies
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Observation of Solar Convection

Convection cells:

e Granulation (size ~10° km, lifetime ~ 10 min, velocity ~1 km/s).
e Mesogranulation (size ~10* km, lifetime ~ 1 hour, velocity ~ 1 km/s).
e Supergranulation (size ~3x10* km, lifetime ~ 1 day, velocity ~ 0.5 km/s).

e Giant cells (?) (size >10° km, lifetime >1 months, velocity < 0.1 km/s).



Granulation

The convective overshoot of the gas flow from the solar convection zone
into the photosphere forms a pattern of bright cellular elements the
granules, surrounded by a network of dark intergranular lan
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Movie of solar granulation observed with adaptive




""Exploding granules'' have become a well-known solar surface
phenomenon. They are described as bright and rapidly expanding granular
cells containing a dark spot in their centers, forming a ringlike structure

that fragments into several smaller granules

Image 134 Image 138 Image 142 Image 146 Image 150 Image 154

Image 158 Image 162 Image 166 Image 170 Image 174 Image 178

Twelve snapshots of the life of a typical undisturbed exploding granule.
The time range is about 13.5 minutes, and the size of the panels is
approximately 5x5 arcsec.



Flow field in exploding granules

The evolution of exploding granules
and dark dots seems to be strongly
driven by the formation of downflows.

This picture of the evolution of
exploding granules agrees well with
model simulations that granulation is
mainly driven by spontaneously
developing downflows due to thermal
instabilities in the convective flows.

Some of these downflows could also
have high angular velocities leading to a
high stability similarly to tornados in
the Earth’s atmosphere, which are more
stable the faster they rotate.

N
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This interpretation of some central
downflows as rotating "bathwater" may

i}t . be an explanation of the relative
\L | g stability and dynamics of the dark dots
A\t w found in our data material.

Flow field of the exploding granule. The
maximum velocity is 4.38 km/s, and the mean
velocity is 1.17 km/s.



Numerical simulation of granulation.
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Numerical simulation of downflows in granules.



Concentrations of magnetic flux tubes
(B~1 kQG) in the intergranular lanes




Numerical simulations reveal flow
vorticity in the convection downdrafts in
the intergranular lanes




Spectral properties of solar convection
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Fig. 1. Power spectra E-(k) of the horizontal velocity
fields using the three hour data set of Pic du Midi. The
orid size is 0”7 (1”= 728 km); note that the field of view
is 58.2"x47.6"”. All the spectra have been normalized by
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Mesogranulation — clustering of granules —
no clear observational picture

Numerical simulation by Cattaneo et al



Single Dopplergram

{30-MAR-96 19:54:00)
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SOl /MDI Stanford Lockheed Institute for Space Research

The rotation speed of the solar surface is 2km/s.



Average Dopplergram Minus Polynomial Fit
45 images averaged (30-Mar-96 19:26 to 30-Mar-96 20:17)
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Single Dopplergram Minus 45 Images Average
(30-MAR-96 19:54:00)
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Supergranulation

. SOHO MDI/SOI
Doppler shift 1996 May 26

observations HR LT




2 N TN TN e T S e O e Y
: 3 ST e TR T Ry e
.. t PN 222 SIS 5 S s 0 mmmao s o
’ T - -~ .
.- B N PR . LS
2 R Tt E NS SN itz
o - - SN SaN -y =2
-y B Saaa SN Y P eosssy - RSN
o S R R e o~
, N P S e, Y o
’ iy S o G RSNl 7 bk N~
t s | - ¥\x,1/_\., A
[ R 7o e o
Z [ (i o B vy S 5
oo I S I Ty
tﬁ:..?f;x W 0o
IR /1< A IW \ ‘el
Sl AT R Y NS D 3 s
: R r Ty Ll I 7 ey
5o P e el Ee W N = . R R Y R PP S
. 2T L. G B BN : 5
. st k>‘\\\\V. A 7 ~ \\.h».\ N //.»\<
= 14§62%55% 5 SINUEEN Mo NS
v (SO S RS S PPPORE JEEN T. § oo o \ NN
b & SR g i or MURSGEARN: et NNl I 2 =
b0 - et Lyl o e 0.
N Lo o \st..h.f,uS\ NN et SN A
Bt . AN RS L IZIA
NN .r\l: mx s T STl
IRENY ~ = R\ coZLEELS Ll -
;.:/\.\'.///JL o Cp oMy = e 705
R NN - el o BRNEARR Y gooc=
LA AR ; 85568 IINOLANNTY TR
P N R i 50 RN I
[ AR, tht RN S5 a N B
AR S S S - Kt 000 e P DN
(TR Nt P s e = NN
it 0000 0 ose L= D \ 7. INEEALS e b '
t My s-Eol V7. At |-
e 172 RIS N
e A LTINS N B DO
‘ 1/ he Ry
e = NN
EEEAE ’ P
RES T . e
RS
"
,n_uﬁq\ W
l PN N ARN NN
cess .
Ry e .mwﬁnnu“,ﬁ,wmﬂ
A NSNS
koo s TNNNN\er sl
N i
! : 23
g Soez MR
SIS
0o o NN
S0 Sy
: N Aot
' — e o K
1 ! P o o176 00
3 (@) %
i [INENENNEY
= & EAS VNN
- N L \./l/ﬂ‘.
= 3 o RN
1= N e R e
= > __ Sy S
v & gL SR |
- ~ e
i == B3 L
e .\,/N AN
A e
- A
== R4 o
S 1 SN
o =3 / NN
£ " S
== @) ] e - Baay
S35 ] PEEIPVRENE: I3 b
B - — \ NN \ [ OIS,
e LN e LT N R
\. Vi /XIN.MM‘/YQ.\lfv T 2N ° g = 1 v
B A e R RSN, <
¥ i N
e, ' z SN
y . \ Ay
- .;M s =2
A L SRS
X p -~ TN R

N

SRRV ST N W L CN
N

)
PPN

SECA T O

distance hel

e
NP

i SsaaaE
E RN

e

.
. Wy H S,
AN N R
T EA S N N

- A
P Th 4
LN l,‘ .
PR ~ 2
5 g i
7 Al
177 . T
i vt N 1t
iy, TR RN AT 4 S
= TN o ! 20 2940
o hron e O NN SSMISNERE el NN eSS e a0 g 88 TR PN N
,/4,.,.wwn”mﬂn“uw.,AM%:NMMJ,//I\MMMMM e N N N N RS e 7 A A Y et
AN x.+v/// \)/,/U.NN./):,\”/\!HI;.”: T IR C A PN
g RG-S Voroam, (0 s ,\_\h_.\ﬂ.\izf_b.u\_z/\\\‘,\ e
A AR NS o TR B O R ot Al I Sl Gl
N AN B e A N N R N D R N e g L O
B /1IN NN N NN S 5 5 B Bl
s AR SRS AN S CEOBER R
SN L e WL ” a
S0 o2 MR O E il T g
I e N -
\\le.,/./z.'.\\\ . =7\ S
RS N RN
4 SN LT T
! HSSERESR G 22
] Skien o oo i
LN =Nt
i

spnine]

260
Ca

240

220

200

180



Origin of supergranulation

Origin of supergranulation — increased convective instability in the He |l
lonization zone (second ionization of helium), located 15 Mm below the
photosphere (Simon & Leighton, 1963), due to the decreasing adiabatic

exponent Y < 5/3.
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F16. 12 —Ionization of hydrogen and helium in the convective envelope of the Sun. Depth is meas-
ured relative to optical depth 2/3 in the continuum. Unpublished data of Iben and Sears (1962).
For an ideal gas V , = ~——, thus the instability occurs when V > —— .

In fully ionized gas y=35/3; thus, V=(y—1)/y=0.4 in the ionization
zones ¥ <5/3, such zones are more unstable.



Search for giant cells

Fig. 6.22. Distribution of solar filaments on 11 June 1972 (Wagner and Gilliam
1976). Courtesy National Solar Observatory, AURA, Inc.



Science 6 December 2013:
Vol. 342 no. 6163 pp. 1217-1219

Giant Convection Cells Found on the Sun
David H. Hathaway, Lisa Upton, Owen Colegrove

They found evidence for giant cellular flows that persist for months by
tracking the motions of supergranules.



Evidence for Giant Convection Cells
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A sequence of supergranule flow velocity maps shows
persistent large-scale patterns.



Numerical simulations of convection in a rotating
sphere have not explained the multi-scale structure of
solar convection but reproduced the differential rotation




