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1 C a l c u l a t i o n s 

We have carried out detailed numerical simulations of solar granular convection cells of 
different horizontal dimension. The calculations account for the basic physics of compress-
ible convection, including the ionization of HI , He I and H e l l , and H2 molecule formation 
as well as non-local, multi-dimensional radiative transfer (grey approximation in LTE). 
A more detailed description of the simulations has been given by Steffen and Muchmore 
(1988) and by Steffen et al. (1989). 

Recently, the scheme for the computation of the radiation field has been improved to 
give a better angular resolution and to make sure that numerical integration of the rate of 
radiative energy exchange, d iv i sa , over the model volume gives the same radiative surface 
flux as obtained directly from integration of the radiative transfer equation along the ray 
system. This greatly improves the accuracy of the numerical energy conservation, flux 
errors being of the order of a few per cent, as can be checked easily for steady state models. 
This is a satisfactory result in view of the steep gradients occurring in the models and the 
presence of a narrow layer where the energy transport changes from primarily convective 
to essentially radiative. 

2 S t e a d y S t a t e M o d e l s 

Steady state solutions are found for model diameters below a critical upper limit. This limit 
was roughly 2000 km with the earlier version of the code, while it has not yet been deter-
mined with the new radiative transfer scheme, which gives steeper temperature gradients 
and larger horizontal temperature differences between hot and cool parts of the flow. 

We always find a strong downdraft at the axis of symmetry with maximum velocities of 
the order of 6 k m / s , which is surrounded by a broader ring-like upflow with lower velocity 
( « 3 k m / s ) . At the side walls we find another downflow. The convective velocity field 
extends considerably into the stable atmospheric layers. The rms value of the vertical 
velocity decreases approximately exponentially with height. The corresponding scale height 
is of the order of 200 km, the exact value being a function of cell size. 

Granulation generates large horizontal temperature differences, reaching typically 4500 Κ 
about 100 km below the visible surface ( r = l ) . Equally remarkable, the calculations produce 
very steep vertical temperature gradients at the top of the ascending part of the flow (up to 
8 0 K / k m ) where the hot gas cools rapidly due to efficient radiative energy losses (typically 
1 0 l o - 1 0 n e r g / g / s ) . The steep temperature gradient in concert with the recombination of 

213 

J. O. Stenflo (ed.), Solar Photosphere: Structure, Convection, and Magnetic Fields, 213-216. 
©1990 by the IAU. 

https://doi.org/10.1017/S0074180900044156 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900044156


214 

hydrogen produces a density inversion in this region, i.e. a layer of higher densi ty lies on top 
of gas wi th lower density. In the cool in tergranular downflows, however, density increases 
monotonical ly with dep th . 

In the overshooting layers the t e m p e r a t u r e fluctuations change sign. Here the rising gas is 
cooler t h a n the sur rounding sinking pa r t s of t he flow. Th is behavior is a consequence of the 
pene t r a t ion of convective mot ions in to s tably stratified a tmospher ic layers. T h e uppermos t 
layers of the s teady s t a t e models is essentially in radia t ive equi l ibr ium; the t e m p e r a t u r e 
is a lmost cons tan t with height as expected for a grey radia t ive a tmosphere . Horizontal 
t e m p e r a t u r e fluctuations are insignificant at heights > 3 0 0 k m above r = l . For a detailed 
s tudy of calculated s teady s t a t e velocity and t e m p e r a t u r e fields as a function of horizontal 
cell size see Steffen et al . (1989). 

From detai led radia t ive transfer calculat ions we find the rms intensi ty cont ras t , £ / r m s 5 of 
t he 2-dimensional intensi ty p a t t e r n t o range typically between 14 and 16 % in t he cont inuum 
a t 5000 Â. This value seems in reasonable agreement wi th observat ional evidence (e.g. Bray 
et al. , 1984). Towards smaller granular scales t he ampl i tude of t he horizontal intensi ty 
fluctuations decreases considerably (Steffen et al. , 1989). T h e same is t rue for the variation 
of cont ras t toward the l imb. We find a monotonie , roughly l inear decrease of £/rms with μ . 

As has been demons t ra t ed elsewhere (Steffen, 1987), line bisectors compu ted from the 
larger s teady s t a t e models are in excellent agreement with observat ions . It mus t be noted , 
however, t h a t the convective velocity field of the s ta t ionary models is not sufficient to fully 
explain the observed line broadening. 

3 N o n - s t a t i o n a r y M o d e l s 

Simulat ions wi th model d iameters exceeding a critical l imit never reach a s teady s t a t e , not 
even asymptot ical ly . They are t ruly ins ta t ionary . Increasing the model d iamete r beyond 
th is l imit , t he t ime evolution of the flow becomes more and more chaotic . It may be 
considered as a cont inuous spl i t t ing and merging of granules under the cons t ra in ts imposed 
by the cylindrical symmetry . Significant changes occur on t ime scales of the order of 
10 minutes (approximate ly one turnover t ime) , comparab le t o typical granular lifetimes. 

T h e magn i tude of the velocity and t e m p e r a t u r e fluctuations in the deep photospher ic 
layers is similar to t h a t found in the s teady s t a te models . We ob ta in a t ime average of the 
rms intensi ty cont ras t t h a t is not significantly different from t h a t found in the s teady s ta te 
models , m a x i m u m values a t individual ins tan t s of t ime not exceeding 2 0 % . T h e decrease 
of contras t towards the l imb is, however, significantly less s teep t h a n in t he s teady s ta te 
models . This is par t ly due t o the somewhat different t he rma l s t ruc tu re of t he photospher ic 
layers. Fur the rmore , the considerable t empora l variat ions of the emergent mean intensi ty 
t r ans l a t e in to an addi t ional contr ibut ion to the intensi ty cont ras t which varies only slightly 
across the solar disk. 

Due to the t ime dependence of the flow topology the upper photosphere is much more 
affected by the convective mot ions t h a n in case of s teady s t a t e flows. Stochast ic up- and 
downward mot ions of considerable ampl i tude are found in the line formation layers. Spa-
t ia l and t empora l averaging of this type of velocity field will probably result in a height 
dependence of the rms vertical velocity t h a t shows a local m in imum somewhere above the 
r = l level with an increase toward higher layers. Fur the rmore , the non-s ta t ionary velocity 
field should provide sufficient line broadening to explain observat ions . These points will 
need further s tudy. 

Test calculat ions have shown t h a t the main effect on the line bisector is to shift it back 
and forth wi thout seriously dis tor t ing i ts shape; t he bisectors more or less keep their C-
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shapes as the flow evolves in t ime. We never found an inverted C-shape. Therefore, the line 
bisectors ob ta ined from a t ime average of the s imulat ions is similar t o t h a t derived from 
comparab le s teady s t a te models . 

It seems evident t h a t the non-s ta t ionary models give a more realistic descript ion of the 
real solar photosphere t h a n s teady s t a t e flows. In view of t h e resul ts presented above 
we have t o conclude t h a t the dynamical and t he rma l s t ruc tu re of the solar photosphere 
is much different from the s i tuat ion suggested by flux-constant mixing-length models . In 
par t i cu la r , t he uppe r photospher ic layers are probably not horizontal ly homogeneous and 
thei r t he rma l s t ruc tu re is not exclusively de te rmined by radia t ive equi l ibr ium b u t also by 
dynamica l phenomena . 

4 O s c i l l a t i o n s i n S t a t i o n a r y C o n v e c t i o n C e l l s 

As ment ioned above, all bu t the largest model granules s tudied with t he earlier version 
of the code finally reach a s ta t ionary s t a t e . Superposed on the convective flow, almost 
sinusoidal vertical oscillations with a per iod of abou t 4 min are ubiqui tous . A prel iminary 
repor t has been given by Steffen (1988). T h e oscillation per iod depends only slightly on 
model d iamete r , increasing from abou t 200 s to 265 s over t h e d iamete r range 200-2000 km. 

In all models the velocity ampl i tude increases wi th height , typically from abou t ± 1 0 0 m / s 
a t t he lower bounda ry t o several t imes t h a t value in photospher ic layers. T h e increase of 
amp l i t ude with height is less steep t h a n l/y/p- All layers oscillate in phase . Together , 
th is behavior is compat ible with t h a t of evanescent waves. T h e velocity oscillations are 
associated with oscillations of t e m p e r a t u r e t h a t have a non-monotonic height dependence , 
a t t a in ing m a x i m u m values of typically ± 5 0 Κ in t he upper pa r t of t he granules where the 
t rans i t ion from convective to radia t ive energy t r anspo r t occurs . 

These oscillations are remarkably pers is tent . In most models t he ampl i tude remains 
cons tan t over many per iods; some models show a slow decrease, o thers an increase towards 
an a sympto t i c value which never exceeds 500 m / s . Extensive tes t calculat ions have shown 
t h a t t he basic proper t ies of the oscillations are insensitive to detai ls of t h e numerical scheme 
such as t ime s tep , grid spacing, or SGS viscosity. In addi t ion , t he vertical ex tent of the 
s imulat ion volume tu rned out to be not critical. 

Which physical proper t ies of the s imulated granules de te rmine the frequency, us\m, of 
these oscillations? T h e str iking independence of cell geometry seems to rule out an explana-
t ion in t e rms of a resonant cavity. More likely, us\m is de te rmined by intr insic proper t ies of 
the convective flow. Our hypothesis is t h a t u ; s j m is related t o the acoust ic cut-off frequency, 
u>ac, in the upper par t of the granule close t o r = l , where bo th the convective t e m p e r a t u r e 
gradient and the t e m p e r a t u r e oscillations a t t a in their m a x i m u m , and the mass densi ty has 
a local m i n i m u m . We suspect t h a t it is here t h a t the dr iving oscillator may be located. 
Indeed the value of o ; s i m ( « 2 6 m H z ) is found to closely coincide wi th in all model gran-
ules. As ano ther test of this hypothesis the dependence of u>s\m on gravi ty was invest igated. 
We have run various simulat ions for solar t ype s ta r s , keeping Teff unchanged bu t varying 
l°g<7 by u p to ± 0 . 1 . Indeed u ; s i m t u rned out to be str ict ly propor t iona l t o gravity. This 
suppo r t s our view t h a t ω&ιτη is closely related t o ω^, which, for an i so thermal a tmosphere , 
is given by ωΆΟ = ig/2a. 

Our s imulat ions imply t h a t a s ta t ionary convective flow is able t o genera te oscillatory 
power in the five minu te band , most probably th rough some kind of overstabil i ty mech-
anism. It mus t be expected t h a t this contr ibutes t o the exci ta t ion of solar p -modes , in 
addi t ion t o s tochast ic interact ion with ins ta t ionary convection. Fu r the rmore , an efficient 
d a m p i n g mechanism must be active which keeps t he ampl i tude in t he l inear regime. We 
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suspect t h a t radia t ive transfer a t photospher ic levels is t he cause, b u t this has still to be 
s tudied in detai l . It should be noted t h a t the non-s ta t ionary s imulat ions show basically the 
same kind of oscillations, super imposed on the s tochast ic convective velocity field. 

5 S i m u l a t i o n s for o t h e r S t a r s 

Curren t ly a t t e m p t s are under way t o extend our s imulat ions t o s ta rs o ther t h a n the Sun. 
As a first appl icat ion t he a tmosphere of an early A- type main-sequence s ta r of spectra l type 
AOV has been choosen. T h e a tmospher ic s t ruc tu re of such s tars is generally considered to 
b e well unders tood : convective energy t r an spo r t is believed to be completely un impor t an t 
in t he a tmospheres of these s ta rs , which are therefore described in t e rms of s ta t ic , plane-
parallel models . 

A different p ic ture came to light in t he numeric s imulat ions under t aken so far (see also 
Gigas , 1988, 1989). Al though convective energy t r anspor t is still u n i m p o r t a n t ( « 0.5 % of 
t he to ta l flux) in comparison to the energy t r anspor t ed by rad ia t ion , mainly vertical gas 
flows are encountered with velocities considerably larger t h a n t h e predict ions of mixing-
length theory. Max imum flow velocities amoun t to a few hundred mete rs per second in 
deep a tmospher ic layers below the hydrogen ionization zone; similar t o the solar case they 
increase towards smaller, spectroscopically accessible dep ths up t o values of « 2 k m / s . T h e 
t empora l power spec t rum shows a dominan t per iod of « 1070 s, a secondary peak of « 220 s, 
as well as higher frequency "noise". Like in t he solar case, t he main per iod seems to be 
re la ted t o t he acoustic cut-off period in t he upper pa r t of the computa t iona l domain . 

Corresponding t e m p e r a t u r e fluctuations show a m a x i m u m of « ± 5 0 0 Κ in the region 
close t o the hydrogen ionization zone. Cont ra ry t o the velocity field, pressure and tem-
p e r a t u r e fluctuations appea r t o be in an t iphase in t he uppe r and in t he lower pa r t of the 
computa t iona l domain with a common phase shift of « π / 2 relative to t he velocity field. 

T h e presence of such oscillatory velocity fields in the a tmospheres of ear ly- type s tars 
may provide a satisfactory explanat ion for the microturbulence pa rame te r ξ, which has to 
be employed in abundance analyses of such s tars even if deviat ions from L T E are taken 
in to account . Typically, microturbulence values of « 1.0-2.0 k m / s are required, which is 
in satisfactory agreement with the results encountered in our s imulat ions so far. We are 
p lanning to ex tend these computa t ions t o s ta rs of o ther effective t e m p e r a t u r e and gravity. 
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