
PART I V . 

Considerations on Localized Velocity Fields in Stellar Atmospheres: 
Prototype — The Solar Atmosphere. 

A. - Convection and Granulation. 

Summary-Introduction. 

E . B O H M - V I T E N S E 

Institute of Theoretical Physics - Kiel 

Since there is the excellent s u m m a r y on stellar convection given by J . - C . 
P E C K E R a t t he Liege symposium on stellar evolution in 1 9 5 9 , where he gives 
a complete account of the exist ing l i tera ture , I shall in this s u m m a r y no t t r y 
to do justice to the his tory of stellar convection research nor shall I t r y to 
ment ion all the existing papers even if t hey are quite impor tan t . I shall r a the r 
a t t e m p t to give an objective picture of the present s ta te of affairs in order 
to be able to discuss our problems with the aerodynamicists . I shall cite only 
those papers t h a t have been explicitly used for the results presented here. 
Addi t ional references to l i tera ture m a y be found in the article b y J . - C . P E C K E R . 

Introduction. 

The origin for turbulence in t he a tmosphere of stars wi th effective tem­
pera ture T e f f < 8 0 0 0 ° — s p e c t r a l types la ter t h a n abou t A 6 — m a y be found in 
the convectively unstable zone which occurs a few hundred k m below the 
surface of the stars due to t he ionization of hydrogen ( U N S O L D , 1 9 3 0 ) . For 
s tars wi th higher t empera tu re this ins tabi l i ty zone is too flat for convection 
wi th any measurable velocities to occur. B u t in connection wi th rap id ro ta t ion 
of the stars i t m a y still cause some tu rbu len t motion, as K I P P E N H A H N has 
pointed out ( K I P P E N H A H N , 1 9 5 0 ) . 

A) Observations. 

1. - Solar photosphere. 

The velocity fields caused b y t h e hydrogen convection zone can be best 
observed on the solar surface, which shows the well-known phenomenon of 
t he solar granulat ion. 
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The main i tems t h a t observers t r ied to invest igate are the following: 

I . Size and shape of granules. 

I I . The lifetime of granules. 

I I I . Size of t he t empera tu re fluctuations between granular and inter-
granular regions. 

IV. Velocity fluctuations between granular and in te rgranular regions. 

V. Correlation between t empera tu re and velocity fluctuations. 

VI . Magnetic fields of granules. 

I n spite of the excellent observational work on which we heard reports 
yes terday, we can hard ly provide definite answers to any of these problems. 

The main difficulty for observations is the bad seeing, which means the 
small scale turbulence in the a tmosphere of the ear th t h a t dis turbs the wave 
front of the light and in this way prohibits excellent image quali ty. Even 
under best seeing conditions t he resolution for observations from the ground 
is usually l imited to abou t 1" of arc, which corresponds to abou t 700 k m dis­
tance on the solar surface. 

Many a t t e m p t s have been made to escape bad seeing. B O S C H took pictures 
a t t he Pic du Midi Observa to ry ; we saw one of his films yes terday. B L A C K -

W E L L , D E W H I R S T , and D O L L F U S S took pictures from a m a n n e d balloon going 
u p to 6 k m height. S C H W A R Z S C H I L D even took pictures from an unmanned 
balloon, reaching a height of 27 km. We also saw one of his films. Taking 
pictures from balloons has the advantage of escaping bad seeing conditions 
to a high degree, b u t i t has the d isadvantage of l imited size of telescopes which 
can be borne b y a balloon. The telescopes t h a t have been used so far have 
an aper ture of 12 in. = 30 cm, which gives a theoretical resolving power of 0".4 
of arc, which obviously is a lower l imit to the ac tual resolving power. 

W e shall now proceed to discuss the observational results concerning i tems 
I to VI . 

T I Size and shape of granules. - S C H W A R Z S C H I L D (1959) found diameters of 
granules reaching from 300 to 1800 km, in agreement with Bosch 's pictures, 
corresponding to abou t 0".4 to 2".5, with a mean size of abou t 700 km. The 
granules are separated b y dark, narrow lanes. The s t ruc ture of t h e granules 
is irregular b u t very often polygonal. These findings are confirmed b y the 
o ther observers. S C H W A R Z S C H I L D does no t th ink t h a t t he granules could be 
B e n a r d cells, because 

1) The polygonal s t ruc ture of the granules is irregular. 

2) The granules have vary ing diameters. 
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3) The solar granulat ion is a dist inct ly non-s ta t ionary phenomenon, as 
we saw yesterday. 

S C H W A R Z S C H I L D compares the solar granulat ion to a t ype of fluid motion 
which is called «non-s ta t ionary convect ion» ( S I E D E N T O P F , 1 9 4 8 ; P R A N D T L , 

1 9 4 2 ) . I t is a type between the regular Benard cells and a completely irregular 
tu rbu len t convection, which occurs for Rayleigh numbers of the order 1 0 5 

(B = (A grad T/T) • (I4 • g\v • x), wi th v = k inematic viscosity and x = conduct ivi ty, 
being radia t ive conduct ivi ty in stellar atmospheres) . For the upper solar con­
vection zone S C H W A R Z S C H I L D calculates B = 1010. 

There remains the question whether the observed sizes of granules are real 
or whether they are counterfeit by t he l imited resolving power of t h e instru­
ment , so t h a t the observed granules are really conglomerates of small granules 
which cannot be observed. 

S C H W A R Z S C H I L D tries to answer this question by calculating the autocor­
relation functions for the brightness fluctuations on his images of the solar 
surface: 

J n=N-m 

Q(y) = w

: 2 A I w - A I „ + m , wi th y=m .138 km . 

H e then calculates the same function for wha t he calls a point model, which 
means he assumed t h a t all granules are really very small br ight spots distri­
bu ted randomly and t h a t the ins t rumenta l profile is given by the diffraction 
p a t t e r n of the 1 2 in. aper ture . This theoretical Q(y) does not agree with the 
observed one. S C H W A R Z S C H I L D also calculates Q(y) wi th the assumption t h a t 
the granules are bright lines d is t r ibuted randomly and finds much be t t e r agree­
m e n t wi th the observations. F r o m this he concludes t h a t he really resolves 
the individual granules. 

To me i t seems t h a t the possibility has not been excluded t h a t the granules 
are really point-like, wi th a t endency to congregate. I n this connection I 
should like to draw a t t en t ion to t h e experimental invest igat ion of F E L L -

G E T T ( 1 9 5 9 ) . H e copied p la te grains in a special way so as to show congre­
gat ions of grains and then took out of focus photographs of these p la te grains. 
I t is amazing how much this b lurred picture resembles t he s t ruc ture of a 
photograph of solar granulat ion, a l though it mus t be realized t h a t t he image 
qual i ty of t he best solar pho tographs is be t te r t h a t t h e one of th is picture . 
B u t t h e main result is t h a t b y blurr ing the original p ic ture the original p la te 
grain is completely lost and , instead, there appears a ne twork which was not 
visible on the original. 

1*2. The lifetime of granules. - R O S C H and S P I E G E L yes te rday discussed this 
question. They obtained lifetimes of 6 to 8 minutes . I t seems somewhat dif-
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ficult to define a lifetimes of granules because they change their appearance 
ra the r quickly b u t do exist a ra ther long t ime. On the other hand Leighton's 
investigations of line shifts and intensities indicated a lifetime of about 20 min­
utes b u t with an oscillation period of 5 minutes for the velocities. Since he 
obtains a correlation of brigthness and velocities this period should also be 
present in the brightness of granules. Bosch's and Spiegel's pictures certainly 
did not show these 5<minute oscillations. All these different observations have 
been made with so much care and skill t h a t I personally ha t e to doubt any 
one of them. So, I a m faced with the very difficult problem of bringing these 
observations together in to a consistent picture which we can place before the 
aerodynamieists . I mus t admi t t h a t I find i t extremely h a r d to fit in these 
oscillatory motions wi th the other observations. 

If we have to accept the oscillating motions as being real, the only way 
could be t h a t these oscillations occur in such high layers t h a t they do not 
show up a t all in the continuous spectrum. As I pointed out earlier those 
par t s of the line profile of the Cal line 6130 which are used to determine the 
Doppler shifts can be expected to be formed in layers wi th optical depths 
T c<mtinuum = to 0.01 (corresponding to about 150 to 100 k m below the sun's 
surface) or possibly even higher, while the continuous spect rum originates 
in T = 1. B u t then due to the correlation of brightness and velocity, which 
was observed b y L E I G H T O N , we should expect a correlation between line in­
tensi ty and velocity which I do not th ink has been observed so far. Moreover, 
as W A D D E L a l ready pointed out some days ago, there has been derived a 
circulating mot ion jus t by invest igat ing line profiles originating in high layers. 
W e shall come back to this later. 

In any case, for the granules seen in the cont inuum I a m inclined to accept 
the lifetime of 6 to 8 minutes . 

1*3. Size of the temperature fluctuations between granular and intergranular 
regions. - T H I E S S E N ' S (1955) visual observations with the 60 cm refractor in 
Bergedorf (resolving power 0".17 of arc) indicated mean brightness fluctuations 
of 3 5 % , corresponding to mean t empera tu re differences of 370° ( ± 1 8 5 ° ) . 

S C H W A R Z S C H I L D on one side and B L A C K W E L L , D E W H I R S T , and D O L L F U S S 

on the other side measured the brightness fluctuations on their new plates and 
bo th found V ^ A I 2 = ± 0.046. The English-French group then pointed out 
t h a t , due to the resolving power of the ins t rument of 0".4, features of 1" dia­
meter lose much of their cont ras t ; in fact, t hey measure t he contrast t rans­
mission function for their ins t rument as a function of size of observed features 
wi th an object of known contrast . They found t h a t t he measured brightness 
fluctuations correspond to real t empera tu re differences of a t least 520° (±260°) . 
This appears to be a lower l imit , because for t he correction the seeing con­
ditions were not t aken into account , and the mean granular a n d intergranular 
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diameters were assumed to be 1".4, while the in tergranular regions might be 
much narrower. For smaller features the correction to t he measured contras t 
mus t be much greater . 

This is the only direct me thod to determine t empera tu re fluctuations in­
dependent ly of all model calculations for the solar a tmosphere . 

There are other indirect methods to derive t empe ra tu r e fluctuations in the 
solar photosphere, which indicate values in agreement wi th the one determined 
from the brightness fluctuations. F i r s t one can invest igate the center-to-limb 
var ia t ions of the line intensit ies. This has been done so far under t he assump­
tion of L.T.E. , which to m e still seems to be a fairly adequa te assumption. 
Fo r each line there is a certain well-known temperature-dependence of intensi ty . 
I n addi t ion the regions with higher t empera tu re cont r ibute more to t he ob­
served mean intensi ty t h a n do the colder regions. Therefore t he observed line 
intensi ty is different from the one which we would expect to observe in a 
homogeneous photosphere. 

K . H . B O H M was the first to derive values for A T by s tudying the center-
to-l imb var ia t ion of F e l l ine wings. H e found t h a t he got relat ively good 
agreement with observations using a three-stream model with A T ^ - ' ± 1 0 0 0 ° 
in f = 1 for equal geometrical dep ths t\ corresponding to A T = + 500° in 
equal optical depths T . (Observations of contrast always refer to equal optical 
depths , because radiat ion always escapes from T = C O S # . ) Since the ab­
sorption coefficient x is larger for higher T, the apparen t A T for equal optical 
depths , r=jxdt, are smaller t h a n A T in equal geometric depths . The s i tua­
tions for a three-stream model is sketched in the following draft. 

T 4 = Q.4T4 T 4 = T4. T 4 = 1 . 6 T j 

AT =-- 12(X° AT = 0 AT = -f 730° 

6400° 

r= 1 

4800° 6000° • 6730° 

5400° 

T = = 1 

T = 1 

H. H . V O I G T invest igated in 1956 the center-to-limb var ia t ion of t he infra-
red oxygen tr iplet being formed in r a the r deep photospheric layers where one 
would certainly not expect serious deviat ions from L.T .E . H e found best 
agreement with observations assuming a three-s tream model wi th A T = ± 1 0 0 0 ° 
in deep layers b u t decreasing wi th height , A T being 0 in T a = 7 7 7 5 = 0.03. 

S C H R O T E R (1957) finds agreement wi th measured red shifts and center-
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to-l imb variat ions of weak F e l lines, assuming a two-s t ream model with 
A T = ± 4 5 0 ° (in equal t) for r = 0.6, decreasing in bo th directions upwards 
and downwards. 

This is also in rough agreement with the observations of the Balmer lines. 
Using the new theory of hydrogen line broadening evaluated b y G R I E M , K O L B 

and S H E N (1959) and tak ing into account the resonance broadening, T R A V I N G 

and C A Y R E L (1960) found t h a t t empera ture fluctuations of < i 300° in 
equal optical depths are still pe rmi t t ed b y observations. 

All these indirect de terminat ions of t empera tu re fluctuations are of course 
subject to great uncer ta int ies , b u t they show t h a t all invest igations of line 
profiles suggest t empera tu re fluctuations A T of t he same magni tude as were 
derived by the direct photographs of the sun's surface, which means A T > 
> i 260° in equal optical depths . 

1*4. Velocity fluctuations between granular and intergranular regions. - Again 
we shall first deal wi th a direct method not making use of any assumptions 
abou t the source function 8{r). 

I n 1950 B I C H A R D S O N and S C H W A R Z S C H I L D obtained a solar spectrogram on 
Mr. Wilson—with t he slit p u t across the sun's image—which clearly showed 
a wiggling of the Fraunhofer lines a t t r ibu ted to different velocities on dif­
ferent points of the sun 's disc. Miss M U L L E R will show us such a spectrogram 
this morning. B I C H A R D S O N and S C H W A R Z S C H I L D measured V2 Atf = 0.37 km/s . 
A t the same t ime they found brightness fluctuations of 6 .4%. T H I E S S E N (1955) 
compared this value wi th t h e 3 5 % brightness fluctuations found by him and 
concluded t h a t Eichardson and Schwarzschild's values were very much re­
duced by scat tered l ight. The scat tered light mus t then also reduce the veloc­
i ty fluctuations. H e calculated t h a t the measured value of V2 Av 2 = 0.37 km/s 
would mean t rue velocity fluctuations of 1.85 km/s . 

Again there are indirect methods to determine mass motions. We can, for 
instance, measure the line profiles—integrated over several granules as one 
usually does when t ak ing a spect rum o t the sun. If we assume the non- thermal 
velocities to have a gaussian distr ibution, then the width of faint lines will 

be determined b y AA^ = A-(f/o) where f = ^ i L r m + I L b - f i s t n e velocity com­
ponent in the line of sight. Fo r stronger lines one has to correct for sa tura t ion 
effects. 

B y observing t he center-to-l imb var ia t ion of line profiles one can even 
determine the depth-dependence of the velocities. A t t he l imb only the high 
layers contr ibute to t he line profile, while in the center deeper layers also are 
seen. 

The investigations of A L L E N (1949), B E I C H E L (1953), V O I G T (1956), S U E -

M O T O (1957), and W A D D E L L (1958) agree t h a t in the center of the sun the mean 
line-of-sight velocity, which is there the radial component , is (1.7-M.8) k m / s : 
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while a t the l imb, the line-of-sight velocity, which is there mainly the 
horizontal component , is a round 2.8 km/s . (The lines are observed to be 
broader a t the limb.) 

V O I G T , t ak ing in to account also the t empera ture inhomogeneities, found 
agreement with observations, only b y assuming an ou tward decreasing radial 
component ~ 3 km/s a t T = 1 and an outward increasing tangent ia l component 
( i ^ k m / s in r = 0.02, called by h im microturbulence). The decreasing radial 
component was confirmed by S U E M O T O ' S paper, where he points out t h a t weaker 
lines of the same mult iple t have a larger Doppler width t h a n to the stronger 
lines. The weaker lines are formed in deeper layers. On t h e other h a n d all 
lines are broadened toward the l imb, indicating an increasing horizontal com­
ponent of the velocities. 

U N N O (1959), s tudying various points in line profiles in the center of the 
disc being formed in various depths , also obtained an 

. — 1 » outward decreasing radial velocity component . 
^ ^ \ Altogether we obta in the picture of a circulating motion. 
A I There is only a slight discrepancy with a result of M I Y A -

I f MOTO (1954) who obtained vTfkd = 4.6 km/s for those layers, 
Fig. 1. where t he cores of s t rong Fraunhofer lines are formed, which 

m a y however a l ready be in the low chromosphere. 
There is still the curve-of-growth method to determine non- thermal veloc­

ities. This, I th ink, is qui te valuable for other stars, b u t for the sun the 
direct measurement of center-to-l imb var ia t ion of line-profiles gives more 
accurate results. There seems to be a general tendency, however, toward some­
wha t smaller values for f turl) ( ~ 1.5 km/s) derived from curve-of-growth 
analysis t h a n from line-profile method. If this is t rue there m a y be two 
reasons. 

Curve of growth shows only small scale motions, while the line-profile in­
cludes also large scale motions. So t h e presence of large scale mot ions probably 
shows u p (the same velocities over regions > T = 1 ( > 400 km)) . On the other 
hand , for curve-of-growth analysis s t rong lines originating in high layers have 
t he highest stat ist ical weight , while for measuring line-profiles one usually 
uses weaker lines originating in deeper layers. So a stratification effect m a y 
also be included in the different results. 

1*5. Correlation between temperature and velocity fluctuations. - A correlation 
of A T and Av has always been expected, b u t to m y knowledge i t seemed first 
to be proved to exist b y S T U A R T a n d R U S H in 1954. Their investigations were 
based on the spectrogram of Richardson and Schwarzschild. They found a 
correlation between the small scale fluctuations in brightness and velocities 
in t h e way t h a t t he br ighter regions have outward velocities (correlation co­
efficient r = — 0.50 to —0.68). 
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The Av were determined as deviations from a running mean. This gave 

V ^ S t i 5 = 0 . 1 7 km/s . 
The discussion of F E L L G E T T ( 1 9 5 9 ) , however, shows t h a t this value of r 

is not so significant as has been supposed thus far. The subtract ion of a 
running mean is dangerous. Wi thou t using running means one obtains 
r f^f — 0 . 3 , and this obviously does no t mean very much , because F E L L G E T T 

in one case even obta ined r = — 0 . 4 1 when comparing velocity fluctuations on 
one spectrogram wi th the brightness fluctuations on another one t aken 2 0 min­
utes later. B u t F E L L G E T T also s tates t h a t exceedingly br ight granules are 
a lways correlated with negat ive velocities (rising mat t e r ) . 

I t may not be surprising t h a t t he observed correlation between A T and 
Av is ra ther weak. F i r s t there are the difficulties of accura te measurements 
because of scattered light, and second we have to keep in mind t h a t bright­
ness and velocity var ia t ions refer to quite different depths , as was pointed out 
earlier. 

1*6. Magnetic fields of granules. - Magnetic fields of granules have not 
been observed so far, a l though they have been looked for. I t seems t h a t mag­
netic fields larger t h a n 5 0 gauss correlated with granules do no t exist. 

2. - Summary of granule observations. 

Finally we may summarize the observational results concerning solar gran­
ules. Mean diameters are < 7 0 0 km. The observed brightness fluctuations 
on the solar surface, observed as the phenomenon of granules, correspond to 
tempera tu re fluctuations A T > 5 2 0 ° in equal optical depths . A T is probably 
decreasing with height. The velocity fluctuations are abou t ( 2 . 5 - ^ - 3 . 0 ) km/s , 
changing their direction from vertical motions in deeper layers (T = 1 ) to 
horizontal motions in high photospheric layers. Very br ight granules certainly 
rise, less br ight ones probably do. Magnetic fields connected wi th granules, 
if present, mus t be smaller t h a n 5 0 gauss. 

3. - Velocities in sunspots. 

B R A Y and L W I G H E A D ( 1 9 5 9 ) have published photographs of granules in 
sunspots which possibly h a v e Somewhat smaller diameters t h a n t h e ones in 
the photosphere. H O W A R D ( 1 9 6 8 ) found from curve-of-growth analysis veloc­
ities v= ( 2 . 9 - ^ 3 . 7 ) km/s . These are larger t h a n the ones derived for the sur­
rounding photosphere. 

2 2 - Supplemento al Nuovo Cimento. 
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There are also the line shifts in the sunspots penumbra corresponding t o 
a nearly horizontally outwards s t reaming gas with m a x i m u m velocity of abou t 
3 km/s for a large spot—usually called the Evershed effect. 

4. - Velocities in the chromosphere. 

The observations of velocities in t h e solar chromosphere have been sum­
marized by D E J A G E R in his art icle in the Handbuch der PhysiJc ( 1 9 5 9 ) . 

Velocities increase with height u p to abou t 1 5 km/s in about 3 000 k m above 
the solar l imb. 

5. - Velocities arising from convection in other stars. 

The observational da t a are reviewed in the article of W R I G H T in the 
IAU Transactions ( 1 9 5 5 ) . Miss U N D E R H I L L has included the la tes t observa­
tions in her summary talk. The measured velocities increase wi th increasing 
effective tempera tures of t he s tars a n d with decreasing surface gravi ty . You 
still have the table of Miss U N D E R B I L L . 

B) Theory of the Hydrogen Convection Zone. 

Convection occurs when 

v = d l o g T > d l o g f = 

d log Pe d log Pe adiabatic 

I n t he high photospheiic layers of a s tar this is not fulfilled; t hey are in radia­
t ive equil ibrium, meaning t h a t t h e whole energy t r anspor t is performed b y 
radiat ion. I n such an a tmosphere t h e t empera tu re dis t r ibut ion is given ap­
proximate ly by 

( 1 ) T 4 = | T\ti(T + f) with aT'n = nF , nF = ne t flux , 

while t he distr ibution of t h e gas pressure Pe obeys the hydros ta t i c equat ion 

( 2 ) = Jt— , q = gravi ta t ional accelerat ion 
v ' d r x/gr' y 6 

F o r t he sun T E F F = 5 8 0 0 C , # = 2 . 8 2 - 1 0 4 . 
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