
PART I V . 

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

A. - Convection and Granulation. 

D i s c u s s i o n . 

Chairman: W. H . M C C R E A 

— W. V . R. M A L K U S : 

Consider the variat ions of the gradient t h a t would be computed jus t from 
radiat ion theory. There would be some subadiabat ic region, an adiabat ic 
region, and then again a subadiabat ic region, in the absence of hea t t ranspor t 
b y motion. This adiabat ic region, of course, would be called a convective zone 
a n d there would be penetrat ions in to the regions beyond—both above and 
below. Now, the astrophysicist , as I unders tand it, has in the pas t often as­
sumed t h a t wherever one computed instabi l i ty using rad ia t ive t ranspor t alone, 
he could then recompute the a tmospher ic s t ructure assuming t h a t in this 
region convection carried all of the excess heat flux, and t h a t it really s tayed 
a t an adiabat ic gradient . The convective region has really go t ten bigger 
when one has made this assumption. Now, clearly, t h a t ex t reme is never quite 
realized. We 've seen here how one reduces i t a l i t t le bi t by assuming t h a t one 
mus t have a finite difference between the . adiabat ic gradient and t h a t achieved 
through the convection process. B u t one might ant ic ipa te t h a t the actual 
gradient would be ra ther closer to this ex t reme t h a n it was to the initial p ic ture ; 
t h a t is, t h a t the convection bo th lengthens the region in which convection 
occurs and greatly reduces the superadiabat ic gradient . Now, how much 
of a depar ture from adiabat ic actual ly exists apparent ly is impor t an t to t h e 
astrophysicist , because he wan t s t o compute tempera tures in the interior of 
s tars , a n d he has to do it b y some theoret ical computa t ion t h a t carries h im 
below t h e gradients observed a t t he surface. Even this small difference, I ' m 
told by S C H W A R S C H I L D , can make a difference in the interior t empera tu re of 
t he star. I a m no au thor i ty on how impor t an t t h a t difference is. I n fact, 
a t first glance, thermodynamicis ts might wonder why one couldn ' t get per­
fectly satisfactory stars jus t by in tegra t ing in and whenever you got to a 
superadiabat ic region, calling it adiabat ic , assuming there is convection 
there , till you get off the adiabat ic region again, and radiat ion can carry the 
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ent i re heat flux. B u t w e ' r e told this isn ' t t rue , and, in addi t ion, one wants 
t o know more about the dynamics of the motion in these regions. Perhaps 
one wants to know how much beyond these regions convection can penetra te 
due to inertial features. I n fact, as penetra t ion occurred in to the stable region 
above, one might expect smaller scales of mot ion to disappear rapidly. This 
is impor tan t because it is all we see of the sun. We only see the region where 
convective elements are^ pene t ra t ing into the stable layer (and, a t best, a little 
b i t below tha t ) . I t is, unfor tunate ly , in jus t th is pene t ra t ion region here t ha t 
we mus t look more carefully a t the dynamics , a n d can ' t accept very simple 
explanat ions of a cons tant mixing length or a mixing length depending only 
on local scale height. The region in question extends roughly one scale height, 
and in t h a t region the convection goes from highly correlated velocity and 
t empera tu re fields which transfer lots of heat , to velocity and tempera ture 
fields t h a t are jus t left over after the penetra t ion and have no correlation having 
been tu rned back b y the stabilizing layer. 

Now, I don ' t p re tend to be able to deal even roughly with the problem in 
th is complicated s i tuat ion b u t I wanted to describe briefly a much simpler 
s i tuat ion in which one can explore penet ra t ive convection. I t is oversimplified 
bu t if one wants to explore the dynamics of penetra t ion of a convective motion 
in to a stable layer, one m a y get some insight through certain laboratory exper­
iments . We can see how a system of this sort can have its convective region 
al tered by the penet ra t ion process, we can perhaps tes t hypotheses regarding 
t h e na ture of penet ra t ive convection in such controlled labora tory exper iments , 
and then with some confidence in these hypotheses, apply them to the sun. 
Rather than heat ing from below, the exper iment I ' d like to describe involves 
cooling from below. Take a layer of ordinary distilled water and pu t it on a 
block of ice, or h a v e a lower surface which has a t empe ra tu re of 0 °C, then 
an upper surface which has some tempera ture—assume t h e simplest case, 100°; 
boiling a t the top and freezing a t the bot ton. Now, in this case, the temper­
a tu re gradient is roughly linear in the absence of motion. However, since 
t h e density reaches a m a x i m u m a t 4°, there is a reversal of densi ty and this 
whole lower layer is potent ia l ly instable. When the dimensions of t h a t region 
are such t h a t the Rayleigh number is comparable to 10 3 , convective motions 
s ta r t in such a layer, cooled from below. W h a t can it do? Well , if convection 
s ta r t s near the base, i t will soon h i t the stable region; there will be a certain 
penet ra t ion—al tera t ions of t he field. The convection carries heat , as i t mus t 
release potent ia l energy; then the gradients a t t he bounda ry mus t sharpen 
to carry the addi t ional hea t . If t hey sharpen in th is lower bounda ry region 
they must sharpen th roughout the entire stable region, and the 4° water will 
occupy a much larger por t ion of the flow. Then we have convection which 
has altered the dimensions of i;he region in which ins tabi l i ty occurs, and in­
creased the heat flux. One of the things one wants to see is how far the 
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motions press beyond the point of m a x i m u m density. The only controllable 
pa rame te r is the spacing between the two surfaces. One would like to explore, 
as m u c h as possible, the dynamics of this type of convection which can al ter 
its own boundary conditions. 

Another facet of this exper iment is t h a t the stable region is a s t ra tosphere 
of sorts and can have wave-like motions in it driven b y the convection a t 
its base. I can only cite two achievements in this s tudy so far. One was the 
s tabi l i ty problem. If one deals wi th a density profile t h a t is parabolic, one 
has a Eayleigh problem with a single non-constant coefficient. W e can solve 
this problem. I t leads to eigenfunctions which are large in the uns table region 
as you might expect, and drop off in an exponential way in the stable region. 
The other result concerns the first experiments with very crude t empera tu re 
measur ing equipment . W e observed the changes in gradients ant ic ipa ted 
above—and the level to which the convection penet ra tes was a t 8 °C to 
8 \ °C. This penetrat ion is well beyond the point of m a x i m u m density. 

I believe this type of problem offers some hope of unders tanding aspects of 
the aerodynamics of the penet ra t ion in t h a t region where we m a y expect simple, 
heuristic theories like mixing-length arguments to cause us some difficulty. 

— E . B O H M - V l T E N S E : 

I th ink t h a t in astrophysics the question of the upper t ransi t ion region 
is no t qui te as serious as was pointed out by M A L K U S . I do agree t h a t the 
calculations with mixing-length theory are wrong a t this point , for one reason: 
I n our theory we always assume t h a t the values a t the point in question are 
mean values over a region extending from half the mixing-length below and 
from half the mixing-length above the point in question. If we' then calculate 
the convective energy t ranspor t as being proport ional to the difference between 
the ac tua l t empera ture gradient and the adiabatic one, we will, of course, get 
convective energy t ranspor t zero, a t the transi t ion point to the s table layer, 
which is, of course, not t rue because we have moving m a t t e r through this 
point . B u t on the other hand , if we jus t calculate from the observat ion the 
a m o u n t of convective energy t ranspor t which we have in this region—or we 
can t a k e our model and s t a r t calculating the amoun t of energy t r anspor t—i t 
comes out to be jus t abou t 5 % of t he whole energy t ranspor t . And this mo­
difies the tempera ture gradient only very li t t le. Therefore I don ' t th ink t h a t 
t he calculated stratification of this t rans i t ion region is much influenced by the 
assumptions we have made . 

— L. BlERMANN: 

W h a t is the Beynold 's number associated with these motions, these con­
vect ive motions, in this exper iment? Is it large compared with 10 3 , or is i t 
small? Or to pu t it otherwise, is the convection s ta t ionary or non-s ta t ionary? 
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— W. V . R. M A L K U S : 

There seem to be two types of convection in the exper imenta l si tuation. 
I t m a y help to describe t h e m relative to an exper imenta l plot of the depend­
ence of hea t flow on Rayleigh number . I plot the log of the Rayleigh number 
as abcissa, and as the ordinate the log of the Rayleigh number t imes the 
Nusselt number , which for the astrophysicists would be t he rat io of the ef­
fective coefficient of hea t t r anspor t over the ac tual coefficient of hea t t ranspor t -
If there were no mot ion, the plot would be a s t ra ight line, which would cor. 
respond to pure conduction. Now, in the exper imental s i tuat ion, after reaching 
a certain critical value, one depar ts from the first l inear curve and goes to 
another curve, which over the range in which one can plot i t is very close to a 
s traight line. Generally the d a t a are such t h a t you can lay a ruler r ight along it . 
This has a slope of J, corresponding to a hea t flux law which is proport ional 
to the mean gradient in t he flow, the thermometr ic conduct iv i ty and to J 
power of the rat io of Rayleigh number to some critical Rayleigh number . This 
is the region t h a t has often been called uns teady cellular convection. There 
are m a n y scales of motion, b u t i t still has a quasi-cellular character , and it 
proceeds to a Rayleigh number of about 10 6 , about 1000 t imes the critical 
Rayleigh number . A t this point the curve, experimental ly , has a very sharp 
break again. I will discuss some of the theories about these results tomorrow. 
I t breaks to a curve whose slope is a | power. This is a region which we have 
come to call fully tu rbu len t convection. The motion is qui te disordered. You 
can get 10 1 0 Rayleigh numbers in a small bot t le of acetone. Hence, I was 
shocked to hear t h a t t he Rayleigh number in the sun is only 10 1 0 . I n any event, 
between 10 6 and 10 1 0 , and beyond to the best of m y knowledge, one has wha t 
one would call fully tu rbu len t convection. I t is interest ing to note , t h a t when 
you have a | power law, the hea t flux becomes independent of the spacing of 
the bounding surfaces. The in termedia te region acts as a short-circuit to the 
flux of heat , t he concentrat ions of the gradient are all confined to the boundary 
region. Now, m a y I answer the question? This corresponds in the first in­
stance to jus t cellular convection and we mus t then ask abou t the Rayleigh 
number of the evolved field. Now strangely enough, in t he experiment , we 
cannot control t he effective Rayleigh number because the dimensions of the 
unstable region are changing. W e can control t h e hea t flux, which is another 
possible exper imenta l parameter , and let the fluid pick i ts own Rayleigh number . 
F r o m the dimensions achieved in this first exper iment , t he dep th of the layer 
was of the order of 10 cm when the to ta l dep th was abou t 20 cm. This yields 
a Rayleigh number of abou t 10 7 . So the most evolved form of t he convection 
we were looking a t was in this region, b u t by changing the basic parameter , 
supposedly you "can cover bo th these regions ei ther wi th quasi-cellular or 
fully turbulent motion. 
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— K . H . B O H M : 

I t should be added t h a t t he Eayle igh number which has been given here, 
10 1 0 , refers t o t h e thickness of t h e layer which corresponds only to t h e mos t 
uns tab le pa r t of the convection zone, assuming a thickness of 500 k m for th is 
pa r t . Compute t he Eayle igh n u m b e r for t h e whole convection zone, you ge t 
a n u m b e r which is much larger. I t has usually been assumed t h a t i t is correct 
t o compu te t he Eayle igh n u m b e r only for t he very uns tab le p a r t of t h e con­
vect ion zone, because one believes t h a t the coupling between this layer and 
deeper-lying layers of the convection zone is small. 

— E . S P I E G E L : 

I n answering the question whether one should look for a mixing length, 
and cont inue to apply mixing-length ideas or seek a more elaborate theory, 
one has very l i t t le choice b u t t o t r y to tes t t he val idi ty of these notions in 
connection with laboratory exper iments on convection, since we cannot hope 
to do be t t e r on the sun observationally. Fo r this reason I would like to ment ion 
the connection of the mixing-length ideas with convection theory, and the 
labora tory results. I n t h e solar convection studies, t he mixing length has 
been t aken to be nearly t he scale height . B u t if one looks a t t he expression 
for t h e scale height, one finds t h a t i t is roughly proport ional t o t he distance 
from t h e surface of the a tmosphere . I n part icular , for t he polytropic model 
i t is exact ly proport ional to t he dis tance from the edge of t he star . This is 
an amusing coincidence wi th the k ind of mixing-length assumption made in 
the ordinary boundary layer theory, and one might surmise t h a t , if an ap­
plication of these ideas is made to the laboratory s i tuat ion, then the na tu ra l 
choice would be to make the mixing length proport ional to the distance from 
the boundary . I t is possible t hen to wri te a single expression for t h e closed 
sys tem relat ing the t empera tu re gradient to the mixing length. Then one can 
p u t in t h e hypothesis t h a t I be propor t ioned to z. One finds t h a t , away from 
the immedia te neighborhood of t he boundary—what T O W N S E N D in his ex­
per iments has called t h e b o u n d a r y sublayer—the dependence of T goes in to 
a sr.* power law. This is no t t h e same answer as one derives from dimensional 
analysis. The dimensional analysis ha s been applied b y P R I E S T L E Y , a n d he 
finds a law, while the exper iments b y T O W N S E N D give a z~x law. So the re 
seems t o be a t least in th is sublayer a difference in t h e dependence on z be­
tween the experimental and the mixing-length calculations. One migh t t h ink 
t h a t th is would suggest t ry ing ano ther k ind of mixing-length hypothesis , b u t 
I wouldn ' t know wha t to suggest a t this point . So I t h ink t h e question is 
t hen raised t h a t perhaps near t he boundary , in the t ransi t ion zone discussed 
b y M A L K U S , we cannot hope for a precise representa t ion; a l though one feels 
very strongly t h a t in the deeper regions the representat ion b y the mixing 
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length would be fairly adequa te . The only question in m y mind then would 
be the difference in opinion between Mrs. B O H M - V I T E N S E a n d MALKTJS on the 
impor tance of the t rans i t ion region. I believe myself t h a t t he thickness of 
t h e t ransi t ion layer is of impor tance for the following reason. 

When you get in to t h e deeper regions you are essentially in an adiabat ic 
gradient . This is the one you in tegra te in to the center of the star . Any small 
error in the gradient cpuld show u p as a large error in t he t empera tu re derived 
a t t he center of t h e star . However, the adiabat ic gradient you get to depends 
on the thickness of the t rans i t ion layer. So in t h a t sense I would have thought 
t h a t the t ransi t ion layer, a t least in thickness, was impor t an t . If this is the 
case, t hen i t is of some impor tance w h a t t he dependence in t h e sublayer is. 
I t is also clear t h a t the thickness of the layer, in any mixing-length theory, 
will always be of t he order of a few mixing-lengths. Therefore i t could never 
be th inner t h a n a mixing length. I cannot imagine how you could get a struc­
tu re smaller t h a n a mixing length. So, in t h a t case, in using a mixing length 
theory, you are essentially p u t t i n g a lower l imit to the thickness of the t ran­
sition layer b y t he very na tu r e of the approach used. These are t h e few ideas 
I have about t ry ing to tes t t he layer, and I hope Mrs. B O H M - V I T E N S E will 
have a correction for it . 

— E . B O H M - V I T E N S E : 

I t seems to me t h a t t h e ma in disagreement is in w h a t we call t h e t ransi t ion 
layer. I d idn ' t regard this whole very unstable region as a t ransi t ion layer. 
If I ta lk about a t ransi t ion layer, I jus t mean the very upper pa r t of i t , only 
those layers where I get disagreement between t h e mean value of any physical 
pa ramete r ( taken over one scale height) and the local value a t the point which 
I a m just regarding. If you t ake a point about \ scale height below the bound­
ary layer, then t h e difference between this mean value a n d t h e value which 
you obtain a t the point in question is no t very large. To check this , for in­
stance, you can calculate the AT's by following the upward moving gas s tar t ing 
\ scale height be low. the po in t considered, u p to t h e point , a n d t h e n calculate 
t h e A T which you obta in b y following the downward moving gas s tar t ing 
| scale height above the point , and then t ake the mean of these two AT's . 
This you can compare wi th t h e A T obtained from the relat ions used in our 
theory. I n the region somewhat below the boundary , you will find agree­
m e n t within 20 or 3 0 % . B u t in the very high layers you will find disagree­
men t , and this is t h e layer in which I th ink our theory is certainly wrong. 
This region, I called the t ransi t ion layer. An error in this region really does 
no t affect very much the adiabat ic which the t empera tu re a n d pressure follows 
in the very deep regions. A n error in the t empera tu re values for the very 
unstable region, of course, would. 
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— W . H . MCCREA: 

Would you tell us w h a t this means in te rms of optical depths? 

— E . B O H M - V I T E N S E : 

Optical depth is no t a good scale in the convection zone. Fo r the optical 
dep th you would reach values of several hundreds already, when t h e pressure 
has only increased by abou t 5 0 % from the boundary of the convective layer. 
One should int roduce t h e geometrical depth . I would guess t h a t the region 
to which I referred as t h e t rans i t ion region is about 100 or 150 k m thick, b u t 
t h a t is jus t a guess. T h a t is, below r == 0.8, which is t he upper boundary of 
the unstable layer. 

— H . LIEPMANN: 

I ' m afraid I have to m a k e a qui te negative s ta tement . I th ink nobody 
in aerodynamics believes in mixing-length theory anymore , and hasn ' t for a t 
least t he last ten years, I do n o t know enough about convection zones, and 
I like to leave these to somebody more qualified. I n aerodynamic shear tur­
bulence the mixing-length theory h a d in early t ime one a d v a n t a g e ; namely, 
to p u t all the factors of ignorance in a length, and it was believed one could 
imagine a length easier t h a n something else, say like apparen t shear. Using 
this approach, after a while one begins to t ake the length seriously, and then , 
of course, one gets in to difficulties. 

P R A N D T L introduced the mixing length by analogy with t he mean-free-path 
of gases. Now a fluid in tu rbu len t mot ion is any th ing b u t a gas. No particle 
is ever wi thout interact ion wi th i ts surroundings; tu rbu len t mot ion is much 
more analogous to a liquid. If one a t t emp t s a viscosity theory of liquids on 
t h e basis of a mean-free-path a rgument , one gets in exact ly the same difficulty. 
So if you like the mixing length, keep it , b u t do no t t ake it too seriously; 
i.e. if you get lengths small compared with some characterist ic length don ' t 
worry about i t , and if t h e mixing length goes to zero or infinity i t is also no 
cause for a larm. B u t a n y result which you can get from the mixing-length 
theory , you can get in all cases which I know of, e.g. in boundary- layer theory, 
je ts , e tc . , wi thout the mixing-length concept, from much more general con­
siderations of similarity. I t h ink t h a t eventual ly one will be able to get r id 
of this ill-defined auxi l iary length a n d develop the theory more s traight­
forwardly. I n boundary- layer theory these days , and I t h ink CLATJSER would 
be t h e exper t on this point , one uses e.g. more general asympto t ic considera­
t ions, which are essentially similari ty considerations. A n d I t h ink t h a t even­
tua l ly we will do t h a t here too. I a m no t prepared to m a k e a n y suggestions 
in detai l a t this t ime. 

I 
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J u s t as a last fly in the o in tmen t : I was a little worried b y Spiegel's remark 
t h a t dimensional analysis gives something else t h a n is observed. This would 
be against the laws of na tu re , I th ink. Dimensional analysis mus t be right if 
you 've got all the r ight factors. 

— E . S P I E G E L : 

I agree t h a t dimensional analysis, done r ight , can ' t be wrong. B u t as it 
has been done in convection problems, t h a t is, as it has been done by P R I E S T L E Y , 

it has given an entirely different power law t h a n Tow rnsend's experiments 
produced. T O W N S E N D worried about this very seriously as you can imagine, 
and has, as far I know, not been able to discover the cause of the discrepancy. 
So, I don ' t know why there is a difference, i t 's probably dimensional analysis 
not properly applied; or there m a y be a factor missing. And I th ink one 
amusing factor is t h a t Malkus ' theory does give the r ight tendency towards 
the boundary. 

— W . V . B . M A L K U S : 

The phrase «dimensional analysis » seems very convincing; you can ' t have 
anyth ing wrong. Usually you can ' t have anything. You find t h a t if you use a 
complete dimensional analysis you have learned practically nothing. Invar iably 
any use of dimensional analysis and similarity a rguments t h a t leads to more t h a n 
tr ivial results is also based on some physical assertion abou t the na tu re of the 
flow. So when you say dimensional analysis or similari ty a rguments can ' t be 
wrong, they can ' t be wrong if your physical assertions are correct. Tomorrow 
I would like to ta lk to you abou t the classical assertions concerning these flows; 
for instance, assuming t h a t viscous processes are un impor t an t far from bound­
aries, one can then show how to apply these same similari ty a rguments t o 
the convection problem, where they lead to incorrect results . This then re­
quires a re interpretat ion, a reassessment of the assertions abou t the mecha­
nisms which underlie the similari ty a rgument . I n doing t h a t we will have to 
construct new assertions, in keeping with the observations. So I wish to add 
to Liepmann 's commen t ; dimensional analysis can ' t be wrong if you say noth ing 
wrong about the physics. B u t if you make a false assertion, you say t h a t 
viscosity and conduct ivi ty are un impor t an t somewhere—which might , or might 
not , be a false assert ion—or you assert t h a t t he flow depends only on a 
distance from a boundary , these assertions then lead to results in a quite 
general way wi thout specifically describing the mechanism. If you don ' t get 
exper imental results agreeing wi th these, obviously you are only assessing t h e 
val idi ty of your assertions. The general similarity a rguments concerning these 
flows are all constructed in te rms of non-dimensional numbers . For example 
for laboratory-like convection the quan t i ty B ( E A Y L E I G H ) a n d a ( P R A N D T L ) 

2 3 - Hupplemento al Xuovo Cfmento. 
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are t h e only non-dimensional numbers . Tha t ' s all you need to know to specify 
t he flow. If you hold vjx fixed and B fixed, all you learn from the general equa­
t ions is t h a t the flows will be identical . F o r sheer flow the corresponding n u m b e r 
is t he Reynold 's n u m b e r ; if you hold i t fixed, and keep the same geometric 
a r rangement , you find t he flows will be the same. B u t you d o n ' t know w h a t 
t he flows are. Additions to these results, such as the logari thmic velocity laws, 
are based upon addit ional physical assertions. I t is these assertions, we m u s t 
assess carefully, particularly when we go to more general s i tuat ions in a stellar 
atmosphere where there are more parameters and more physical variables are 
impor tan t . 

— F . H . C L A U S E R : 

I might say a bi t on wha t we know about boundary layers, and in te rpre t 
t h a t somewhat in the l ight of Malkus ' remarks, which I th ink would have a 
certain tie-in with wha t we know about tu rbulen t boundary layers. If we 
have flow over a surface and a bounda ry layer occurs, then there is a layer 
nex t to the wall in which viscosity plays a very significant role. If we divide 
t h e boundary layer into two regions, an outer region and an inner region, then 
t h e exper imental results are, t h a t this outer port ion, which is fully tu rbu len t , 
is completely similar as far as profiles and s tructures of the large eddies are 
concerned to every other t u rbu len t profile under the same conditions of zero 
pressure-gradient along the pla te . This outer s t ructure , properly taken, is 
divorced from the wall. I t s s t ruc ture as regards the velocity profile, the big 
eddies, the energy-bearing eddies, the shear-bearing eddies, and so on are 
concerned is completely independent of Reynold 's n u m b e r ; t h a t is, completely 
independent of viscosity. If you h a d some magic way to t u r n u p or t u rn down 
the viscosity in this region, you would find no change in the characterist ics 
as far as the large eddies are concerned in this region. Now the boundary 
layer as a whole does show an effect of Reynold 's number , of viscosity, b u t 
this is because when you t r y and fit this outer layer onto t h e inner layer, a 
major port ion of the velocity j n m p , and the same is t rue of the t empera tu re 
j u m p , occurs in this laminar sublayer, which is only a m i n u t e function of t h e 
to ta l layer thicknes. 

The Reynold 's number dependence occurs pr imari ly because of the insu­
la t ing layer, insulat ing as far as hea t conduction is concerned, insulat ing as 
far as shear transfer is concerned, which occurs. 

Now if we were to apply this to Malkus ' results, i t seems to me t h a t we 
would have in this tu rbu len t region a transfer t ak ing place, in which every 
layer t h a t is fully tu rbu len t is similar to every other layer, and we would have 
relat ively slight gradients wi thin t hem. The transfer in this region is probably 
very great , b u t you do have regions in the two boundaries which would differ 
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depending on the bounda ry conditions t h a t you meet . I guess t h a t if we p u t 
a solid wall on top , and a solid wall on t he bo t tom, again we will have two 
laminar sublayers, one on top and one on the b o t t o m , a n d a major port ion 
of the t empera tu re drop will occur in these two laminar layers, one on t op 
and one on the bo t tom. If I unders tand Malkus ' thought , this is essentially 
in agreement with observation. Now then, if we free either of these boundaries 
from a solid wail, as he has done, there is no constraint t h a t zero velocity 
mus t occur at a given place; and m y guess is t h a t again, if you were to make 
observations, you would find t h a t there would be a sharp layer, with turbu­
lence inside and non- tu rbu len t flow outside. There is remarkable similarity 
between the pic ture t h a t you see when you look a t t h e tu rbu len t wake of a 
bullet or the tu rbu len t boundary layer of a bullet , and w h a t you see in this 
picture of granulat ion in the sun. If you were to free bo th boundaries, as 
apparent ly you do free t h e m on the sun, m y guess is t h a t you would apparent ly 
have on the lower edge, a sharp bu t wiggly bounda ry ; and t h a t consequently 
this layer in between would probably have very sharp edges top and bo t tom, 
a turbulent regior? in between. Above you would have laminar flow, and below 
you could have laminar flow. If you watched, with t ime you would find t h a t 
these protrusions would in fact go in and come out, wi th a certain massaging 
motion. I t ' s almost as though you could p u t a rubber membrane here, and 
massage i t from below, as far as the upper flow is concerned, and the same is 
t rue of the lower flow, b u t you would have this highly tu rbu len t , highly chaotic 
vortical motion, t ak ing place within the layer. 

This last port ion is speculation. I have no direct experience with such 
convection, bu t I ' ve seen this kind of th ing happen with je t j u m p , and other 
things so often, t h a t i t wouldn ' t surprise me a bi t if this pic ture would look 
good. Now, if this is t rue , I wonder wha t observational consequences this 
might have. If, in fact, the upper and the lower edges of this convective layer 
h a d a sharp boundary , sharp as far as a tu rbu len t change is concerned, you 
would no t see i t if you looked a t i t s t ra ight on. You very well migh t see it if 
you looked a t i t edgewise, wi th enough resolution. My guess is, from the 
numbers you 've used so far, t h a t you have far from enough resolution, because 
a t present you are jus t able to see with some clarity the big eddies; and to 
see this you would have to be able to see the smaller eddies t h a t t ake place. 
Otherwise this bounda ry would jus t be fuzzed out . 

— E . B O H M - V I T E N S E : 

Where would you expect this boundary to occur? Would you expect i t 
where the motion in t he fluid is decelerated or where t h e boundary of t h e 
unstable layer occurs? Note t h a t in our model of the solar a tmosphere there 
is a very smooth t ransi t ion between convective hea t t r anspor t and practically 
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no convective heat t ranspor t a t all. Where would you expect a t ransi t ion 
region between turbulence and non-turbulence? 

(Ed. note: there followed a confused discussion in which no more infor­
ma t ion was added than in Clauser's remarks above. The following interchange 
acts to clarify a bit this a t t e m p t to work back and forth between labora­
to ry cases involving solid boundaries and the astronomical case of a free 
boundary . ) 

— B . B . L E I G H T O N : 

I ' d like to ask whether it is really clear t h a t one can extend or 'apply t he 
labora tory situation results to the sun, because there migh t very well be other 
parameters t h a t are impor tan t . I t ake it t h a t this very th in bounda ry sub­
layer, whatever it is, is one in which viscosity, molecular viscosity, is the th ing 
t h a t determines the flow. Can we really expect viscosity to p lay a significant 
role on the sun? 

— F . H . CLATJSER: 

The laminar sublayer is associated only with a fixed b o u n d a r y ; here, you 
have bo th boundaries free—you have no laminar sublayer. 

— B . B . L E I G H T O N : 

Well, the thing t h a t I am worried about , would it be li terally viscosity t h a t 
would define the thickness of the boundary between these two types of flow 
on the sun? Also, may not the fact t h a t the sun has cell sizes t h a t are com­
parable to the scale height make a great difference in the type of flow t h a t 
we have? Will the compressibility, and perhaps other things, play an impor­
t a n t role on the sun, whereas t hey are of negligible impor tance in the labo­
ra to ry? 

— F . H . CLATJSER: 

I haven ' t made myself clear. I n the sun I do not ant ic ipate any laminar 
sublayer. The laminar sublayer—I brought t h a t in only because I wanted 
to explain a t first wha t I really know, and t h a t is this case of the boundary 
layer in which one edge is free and one edge is fixed. Now then, I th ink t h a t 
t he case t h a t applies in your convective layer with bo th edges free, would more 
properly be t h a t of a je t emerging in to the a tmosphere from an orifice, which 
h a s thus all edges free. There, we have no laminar sublayer at all, jus t a sharp 
wiggling boundary on bo th sides. 

https://doi.org/10.1017/S0074180900104589 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104589


PART I V - A : DISCUSSION 3 5 7 

Fig. 1. 

(Ed. note: see accompanying photograph of a sphere in flight; the tur­
bulent wake corresponds to either t he ballistic or je t models mentioned by 
C L A U S E R . ) 

— S . G O L D S T E I N : 

I would raise qui te another problem. I a m th inking abou t the granulat ion 
on the films we saw yes terday. I t appeared t h a t these were certainly motions 
due to instabi l i ty . The ordinary Rayleigh theory, for example , for the insta­
bil i ty of a the rmal layer does no t produce a fluctuating phenomenon such as 
we saw nor, I th ink, would a fully developed turbulen t flow produce the quasi-
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periodic fluctuating pa t t e rn I saw. I could th ink of no mechanism whatever 
b y which, if you p u t in s teady boundary conditions, you would get such a 
pic ture . I t seemed to m e t h a t you would be driven to uns teady boundary 
conditions. I do not know wha t the boundary conditions a re ; I do no t even 
know if anybody knows wha t the bounda ry conditions are, b u t wha teve r t hey 
are, if they are steady, we cannot I th ink ever get the k ind of appearance we 
saw in those pictures. The only way I could th ink of in which we could get 
t h a t sort of appearance would be to have uns teady boundary conditions. The 
quest ion I wanted to ask the astrophysicists was th i s : Is there a possibility 
t h a t you can have, a t t he b o t t o m of wha t I m a y call t he granula t ing layer—I 
do no t mean the whole convective layer, b u t jus t t he granula t ing layer—a 
fluctuating tempera ture with something like the r ight per iod! The periods, 
of course, do not have to be the same ; when the calculation is done, harmonics 
and subharmonics soon will appear . Bu t , in a crude way, if the over turn is 
abou t t he same as the period of the t empera ture fluctuation, you will get an 
instabi l i ty which will contr ibute t h e r ight k ind of fluctuating appearance . Tha t 
is a lot more, and I a m ta lk ing now purely of the convective pa r t of the 
process, no t of anyth ing else. The tempera ture var ia t ion does no t have to 
be very large, bu t perhaps i t m a y be large enough to go through the critical 
Eayleigh number for the granula t ing layer. My question is, is such a temper­
a tu re fluctuation possible? Such a model is interest ing in i ts own right . 
There are a number of these fluctuating things in na tu re where you get inter­
m i t t e n t instabilities and in t e rmi t t en t turbulence. 

— W. V. E . M A L K U S : 

I wan t to report , as a geophysicist to the aerodynamieists , some exper­
iments , which have not been very familiar to the aerodynamicis t , because his 
concern has primari ly been with shearing flow. This problem of in terpret ing 
turbulence only in te rms of Clauser's wind-tunnel has a certain danger. Most 
of us in geophysics and astrophysics come across tu rbu len t flows whose basic 
energy source is thermal . There are good laboratory exper iments , which have 
been performed, regarding the rmal turbulence. I th ink the aerodynamieis ts 
will see in t hem much of the character they see in their shear turbulences, 
and the astrophysicists m a y see in t hem examples of processes he observes 
in na tu re . Now, in direct answer to the question raised b y G O L D S T E I N , con­
sider an experiment done between two rigid plates held a t fixed tempera tures . 
As C L A U S E R ant icipated, sharp boundary regions are formed, and we'll explore 
how they differ from b o u n d a r y regions one might expect in shearing flows 
tomorrow. This flow where the Eayleigh number is between 10 3 and 10 6 , is 
a quasi-steady, aperiodic motion, with cells t h a t form and persist for only 
a short t ime. The characteristic lifetime of a cell is equal to the dimensions 
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of the cell divided by its velocity. Tha t is exact ly t he same sort of lifetime 
as we get for solar convection, too. The characterist ic scale of motion even 
in the fully tu rbu len t s i tuat ion is comparable to the vert ical dimensions of 
t h e system. So, for example , a layer like th is has mot ions in i t , whose dimen­
sions are roughly the dimensions of t h e entire system, and i t is these motions 
t h a t have the largest ampl i tude even though there are a t remendous n u m b e r 
of other spectral components . If you look from the top , or from the side, or 
from anywhere you can in to the system, you see mot ions which are aperiodic, 
whose characterist ic scale is the dimension of the system, whose period is 
t h u s 4d/V. I suppose we m a y be a l i t t le incautious in calling t hem turbulence, 
so I use the phrase , and I hope it will be acceptable, t he rma l turbulence. W e 
are in the rest frame of these motions in contrast to shear flows. No one runs 
along with their ins t ruments keeping up with the mean flow in shearing flow, 
a n d so you don ' t see t h e evolution of individual elements advected with the 
fluid. This will make i t look different from turbulen t shear flow. Still accept 
i t , though, as an example of turbulence, and t h a t the propert ies of such a flow 
are so similar to the ones we see in the sun t h a t m a n y of us for m a n y years 
now have thought there was a very in t imate connection. Certainly Mrs. B O H M -

V I T E N S E has, in even ment ioning t h a t there is such a number as this, suggested 
a similarity and I believe t h a t tomorrow we can provide some convincing evi­
dence t h a t there m u s t be. 

— J . T U O M I N E N : 

C L A U S E R said t h a t in the laboratory, the higher resolution we have, the 
smaller eddies we can see. H a s not this come in connection to the slides shown 
yes terday b y S E V E R N Y ? H e has so small a resolution t h a t he could not see 
t he granules, b u t he only saw larger areas of t he sun. If we consider a pa r t 
of the sun, then he found areas with different velocities, upwards and down­
wards. These areas are much bigger t han the granules. Now, if we have a 
higher resolution, then we see t he granules. Perhaps , if we h a d still higher 
resolution, we could see still smaller eddies on the sun. 

— L . B I E R M A N N : 

I understood G O L D S T E I N to s ta te t h a t if one has strictly s ta t ionary boundary 
conditions, he couldn ' t see how you would have uns ta t iona ry conditions in 
t h e layer in question. Now suppose t h a t you have the case of a thermal in­
stabil i ty, a superadiabat ic gradient . Inevi tably , no m a t t e r how, if you get 
motions wi th sufficiently high Reynold ' s and Rayleigh numbers , you would 
expect non-s ta t ionary features jus t from the ordinary reasoning of the theory 
of turbulence. Then necessarily you would get non-s ta t ionary features, jus t 
of the kind you observe. I ' m no t aware of any real problem in this area. 

CS 
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— S. G O L D S T E I N : 

I ' m sorry, perhaps I d idn ' t explain very well. The «period » of the inter-
mi t t ency is the so-called lifetime of the appearance, and is not , so far as I 
can see, explained on any physical theory t h a t has ye t been given. 

— W . H . M C C R E A : 

D o n ' t we have the same in te rmi t tency in our own wea the r ! 

— S. G O L D S T E I N : 

There are two answers. The first is we do not have the same kind of 
« periodic » in termit tency, and the second is t h a t we still have a job to do in 
meteorology. I n detail , for example , there certainly are in meteorology, theories 
of cloud formation, bu t wha t is seen is qui te different from this kind of inter­
mi t t ency . 

— H . P E T S C H E C K : 

If I unders tand the question correctly, it could be explained by a super­
posit ion of different periods. You see, you have periods of the granules, and 
then superposed on them another period, which you say would have to come 
from boundary conditions. Now in the sun, as you go down, all of the con­
ditions change, scale height and so on. So t h a t the characteris t ic frequency 
for a slightly lower layer is ve ry probably different from the one of the layer 
t h a t you see. If the motions from there are superposed on the ones which 
you see, I th ink one gets exact ly t he effect t h a t you ' re looking for. 

— C. A . W H I T N E Y : 

Let me summarize how this s i tuat ion on the upper pa r t of the convective 
zone looks to me, then comment par t icular ly on the region above the convec-
t ively unstable layers, above optical dep th uni ty , in t e rms of some specific 
calculations. Some of these though t s have come from interchange wi th K R O O K 

and T H O M A S . 

Below some dep th in t he solar a tmosphere , there is a region t h a t cannot 
be s ta t ic . Badia t ive transfer processes are insufficient to carry all the energy 
flux from the solar interior, so convective motions set in. J u s t above the 
uns tab le regions the a tmosphere is in radia t ive equil ibrium, and if isolated 
would be s tat ic . However, in Clauser's words, i t is being massaged from 
below, so it cannot be s ta t ic . Because in this in te iact ion region, all apparen t ly 
agree, t he mixing-length representat ion of the convective zone breaks down, 
a detai led picture of the interact ion region is difficult. However, I th ink we 
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can make some comments on the kinematics . Wha teve r t he model, in t h e 
penet ra t ion region, i t will include pressure and t empera tu re fluctuations, which 
will in tu rn produce per turba t ions travelling up into the stable regions. An 
explicit formulation of this s i tuat ion by K R O O K s tar ts b y imagining a plane 
a t some depth , wri t ing all t he significant variables—pressure, velocity, e tc .— 
as random, or quasi - random functions of space and t ime on this plane and 
then using this plane to define the boundary conditions for the flow in t he 
upper region. I n other words the lower region is el iminated, and its effect 
is simulated by the plane of fluctuations. K R O O K has discussed the effects 
of this type of boundary conditions on the flow above, a l though there has 
been very lit t le explicit work done on this model. I t is qui te obvious t h a t 
there will be a var ie ty of modes of motion generated. 

A point which K R O O K par t icular ly emphasizes is t n a t the system must be 
t rea ted as a whole. We m u s t look for s teady-s ta te solutions and mus t recog­
nize t h a t these regions will be act ing on each other. There is a sequence 
which we might in principle go through. Hav ing solved for the s t ruc ture of 
t he radiat ive region under the influence of the convection zone, we then go 
back and rederive the s t ruc ture of the convective zone as i t is influenced by 
the modified radia t ive zone. This process should be repeated to convergence. 
There are reactions in bo th directions which m a y well t u rn out to be sig­
nificant. 

In t he region above this fluctuation plane, the gas is s table against con­
vection, so we migh t offhand expect the motions to be predominant ly of the 
curl-free or compressive type . There will, however, also be a divergence-free 
type or gravi ty wave. Bo th types will exist, b u t one's feeling is t h a t perhaps 
most of the potent ia l energy associated with the wave mot ion will be bound 
up in compression r a the r t h a n gravi ta t ional potent ia l . I n this si tuation, when 
yeu have waves of bo th types , i t is impossible to weigh w h a t we should expect 
in the way of phase relations between one quan t i t y and another . I t is impos­
sible to say, for example , whether we should expect the rising elements of th i s 
region to be ho t t e r or colder t h a n the descending ones. 

I might conclude by outl ining two ways of looking a t t he granulat ion. 
These are ext reme models and clearly the s i tuat ion lies somewhere in between. 
A complete t r e a t m e n t along the above lines should provide, among other 
things, a picture of the granulat ion. Lacking such a complete t r ea tmen t , one 
might look a t two ex t reme models of granulat ion. One way is simply to forget 
about the t empera tu re fluctuations in the convective region, and regard the 
convective motions as equivalent to pistons which produce pressure per tur­
bat ions. Thus, as above, bo th acoustic and grav i ty waves will be produced. 
We might say t h a t wha t we see in granulat ion is the field of acoustic waves 
generated by the convective zone. A second ext reme model is to conceive of 
the convective motions—below the idealized plane referred to above a t the 
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top of the convective zone—imposing tempera ture var iat ions, t he overlying 
layer remaining unaffected. I n t h e simplest terms, we would consider the 
granulat ion to result from looking down through the overlying a tmosphere 
to the hot and cold gas in t he convective zone. W e know this is incorrect 
because t he higher t empera tu re associated wi th t he rising element will affect 
the t empera tu re distr ibution in the stable region, so t h a t we should modify 
this simple picture by in t roducing t empera tu re variat ions in the stable region. 

I would like to summarize some numerical w rork we have done on the basis 
of the first oversimplified picture . W e took the initial value approach, pu t t i ng 
a pis ton in the solar a tmosphere a t about optical dep th un i ty , a n d gave the 
pis ton a period of five minu tes and a velocity ampl i tude of one km/s . We 
wrote the continuity and m o m e n t u m equations in s t andard form, including 
the gravi ta t ional acceleration, and restricting ourselves to one-dimensional 
mot ion. Since a proper solution of the energy equat ion including radiat ion 
transfer te rms is exceedingly laborious, we made the following simplifying as­
sumpt ion . Each atmospheric e lement was t aken t o be optically th in and im­
mersed in a radiat ion b a t h a t a constant t empera tu re . W e in tegra ted the 
equat ions numerically and obta ined the following results. 

The tempera ture , density, and velocity ampli tudes of the wave increased 
rapidly as the wave moved u p in to t he region of decreasing density. The 
phase relation between the t empera tu re and densi ty within the wave was quite 
different from t h a t within an adiabat ic wave, because the energy loss t e rm 
is very impor tan t under these conditions. I n fact, t he m a x i m u m of t he tem­
pera tu re profile within t h e wave corresponded to the forward por t ion of t he 
densi ty profile, so t h a t the regions of m a x i m u m tempera tu re and m a x i m u m 
ra t e of compression coincided. The wave gave up its energy to t h e radiat ion 
b a t h , and b y the t ime the wave h a d travelled two hundred kilometers i ts to ta l 
energy has decreased by abou t 2 5 % . 

The width of the high t empera tu re front of the wave was abou t 100 km. 
F r o m this solution of the one-dimensional equations we migh t construct the 
following three-dimensional model of granulat ion. Imagine t h a t t he t op of 
t he convective zone be replaced b y a n a r ray of pistons a n d t h a t each produces 
a h igh- tempera ture region moving u p through the a tmosphere as described 
above. If the dimensions and separat ions of the pistons are abou t 1000 km, 
t h e appearance of an a tmosphere dis turbed in such a m a n n e r will be con­
sistent wi th the observat ional features of granulat ion. Also t h e concept t h a t 
we are actual ly observing the t empera tu re fluctuations within t he convection 
is consistent wi th observations. 

Unfor tunate ly the bulk of t he con t inuum radiat ion which we observe from 
the sun is emi t ted from t h a t l imbo region of t ransi t ion between the stable and 
uns tab le layers of the a tmosphere , so i t is difficult to separate the effects of 
these regions by observations in the cont inuum. 
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— M . M I N N A E R T : 

We heard this morning some quite interest ing theories of turbulence. I 
would like, if possible, to connect these considerations wi th the astronomical 
phenomena discussed in the first days of the symposium. The aerodynamicists 
have warned us t h a t we should no t use the t e rm turbulence loosely. So con­
sider for a momen t how far the phenomena on the sun m a y be designated by 
the t e rm turbulence, real aerodynamical turbulence. 

If we review the observat ional facts they amoun t to these. I n t h e lower 
photosphere, we observe t empera tu re differences. Unfor tunate ly , we are no t 
able to measure velocities in this layer, b u t we see these local t empera tu re 
differences varying in t ime—this is granulat ion. I n t he higher photosphere , 
t he region where the lines are formed, we observe in the first place local veloc­
i ty shifts, directly observed, these are the wiggly l ines; and in the second 
place, we have a certain number of spectrophotometr ic observations from 
Fraunhofer lines, curves of growth, etc. , which also show t h a t there are veloc­
i ty differences. Only the first are directly observable macroscopic motions, 
while the second are microscopic. 

And now I should like to ask in the first place about t h e macroscopically 
directly visible velocities and the probably connected t empera tu re differences 
of the granules. Can we call this real aerodynamical macroturbulence as astron­
omers are used to calling i t? Is i t not necessary, for example^, to have vor-
t ici ty in order to be able to speak about turbulence? W h a t are t he conditions 
which a velocity field should satisfy in order to be called b y t h a t name? One 
m a y say t h a t i t is only a question of terminology; b u t as soon as you use the 
t e rm aerodynamical turbulence, t h a t means t h a t the turbulence spectrum will 
have a certain n u m b e r of propert ies which astrophysicists would like to apply. 
How far is this allowed? 

The second th ing is, how far are we allowed to speak abou t microturbulence 
in the granular layer? I should th ink t h a t if there is real macroturbulence, 
then jus t because of the turbulence spectrum, one m a y a priori expect t h a t 
there will also be m a n y minor tu rbu len t elements, and t h a t also from the aero­
dynamica l point of view microturbulence looks probable . 

The same questions have to be pu t for t he higher photosphere , though 
the answer m a y be different there . I t should be ascertained whether r andom 
waves would give the same spectral phenomena as real turbulence. 

— R . IS. T H O M A S : 

I would like to p u t a couple of numbers on the board relat ing to wha t 
W H I T N E Y has said. As I ment ioned earlier in this symposium, we tr ied some 
t ime ago to calculate the hea t ing of the chromosphere b y aerodynamic dis­
sipation of the energy of a spicule on the assumpt ion i t was a supersonic je t 

o 
CM 

https://doi.org/10.1017/S0074180900104589 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104589


364 P A R T I V - A : D I S C U S S I O N 

b u t gave u p because we d idn ' t have any real knowledge of t he thermal s ta te 
of t he medium we were t ry ing to work with or the the rmodynamic propert ies 
of t he spicule system. W e have spent t he last several years t ry ing to get be t t e r 
information on these unknown propert ies of bo th med ium and spicules, as 
well as to develop the analyt ic s t ructure for t rea t ing such an aerodynamic 
system coupling with a radia t ion field. I would stress the impor tance of radia­
t ive stabil i ty in comput ing the aerodynamic configuration of such an assumed 
supersonic jet , maybe coming back to this point later in the symposium. 

To make decisions on several models discussed b y W H I T N E Y t he same 
knowledge of properties of the med ium mus t be made . So let me make several 
points . Firs t , I would like to ask wha t these observed brightness differences 
in the granulat ion mean in te rms of the distribution with height of the tem­
pera ture fluctuations. Now this is a numerical calculation t h a t D E J A G E R and 
P E C K E R suggested a long t ime ago ; so far as I know nobody has done it in 
detai l . Always one says t h a t an observed brightness fluctuation corresponds 
to a certain t empera tu re fluctuation, no t specifying where in the a tmosphere 
this fluctuation occurs. Let us assume a 5 % brightness fluctuation. To a 
first approximat ion, we can es t imate distr ibution a t the disk center and center-
l imb variat ion by considering the fluctuations over a spherical ly-symmetric 
surface. W e find A T e ~ 5 0 ° a t depths everywhere below r ~ 0 . 3 suffices to pro­
duce this 5 % contrast a t the center of the disk. The same is essentially t r u e 
a t = 0.6. At ju~ 0.2, t he contras t would drop to ~ 1 . 5 % for the same ATe or 
require ATe to extend upward to r ~ 0 . 1 to give the same cont ras t ; a t ^ ^ 0 . 1 , 
t he contrast would be undetec table . Tf we wish to confine ATe to regions below 
the r = 0.3 level, and to detect a granule a t /u = 0.1 (assuming a contras t of 
1 to 2 % is necessary foi detect ion), then we require ATe ~ 1 0 0 or 200° a t 
T ~ 0 . 3 . To hold the contras t to 5 % a t the center of the disk, we require, 
however, ATe to decrease rapidly downward. For example, if we set A T e = 2 0 0 ° 
over t h e interval 0.33 in l o g r centered a t r = 0.46, ATe=50° over t he same 
interval centered a t T = 1.00, and A T e ^ 0 elsewhere, we find cont ras t s : 5 % 
a t ju=l, 8 % a t ^ = 0.6 and 0.2, and 2 % a t ^ = 0.1. Changing ATe to 150° 
in t he in terval centered a t T = 0.46, keeping i t a t 50° a round r = 1 and zero 
elsewhere, we find cont ras t s : 4 % a t ju = l, 6 % a t ^ = 0.6 and 0.2, and 1.5% 
a t // = 0.1. 

This is pure numerology. I t ake an observed intensi ty dis tr ibut ion and 
ask, w h a t t empera ture dis t r ibut ion is compatible with this? I stress this be­
cause these observations relate to the regions above the level of convective 
instabil i ty. We are in t he region where penetra t ion occurs, in t h e region where 
whatever is going to hea t the chromosphere is s tar t ing from. So this is t he 
aerodynamic boundary condit ion t h a t one would like to get out . 

Le t me emphasize t h a t these several a l ternat ives give a different behavior 
of t h e granule intensi ty contras t as we go to the l imb . This is a question which 
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m u s t be solved observationally, bu t to the best of m y knowledge, the da ta do 
no t yet exist. I certainly hope to s tand corrected on this . This question is 
re levant to m a n y prob lems . The computa t ion of line profiles; the interpre­
ta t ion of the effects ment ioned b y M I N N A E R T , t he bounda ry conditions for the 
things W H I T N E Y has ta lked about , and, lastly, I wan t t o know what this 
does to the low chromosphere. 

A second point is^that an empirical analysis of t he s t ruc ture of the a tmosphere 
shows the absence of m o m e n t u m input to a height of some (1000-^-1500) k m 
above the level x = .01 . The a tmosphere is in hydros ta t ic equil ibrium under 
t h e normal solar g rav i ty value, to an accuracy of some few percent . The tem­
pera ture rises b y abou t 5 000°, b u t there is no m o m e n t u m inpu t by what­
ever the mechanism which causes the t empera tu re rise. This is a strong re­
quirement on a n y kind of aerodynamic theory of the energy input mecha­
nism. We mus t have an energy source, b u t i t cannot be a m o m e n t u m source. 

— G. E L S T E : 

Was the geometrical effect of shielding t aken into account in these cal­
culations? The hot and cool regions will screen each other. 

— E . K T H O M A S : 

All I have really done is use your contr ibut ion function method, and a 
spherical ly-symmetr ic dis t r ibut ion of t empera tu re fluctuations. I assume local 
the rmodynamic equil ibrium in the cont inuum, and ask w h a t results from as­
sumed fluctuations in the source-function. 

— G. E L S T E : 

On the picture W H I T N E Y roughly sketched, the granula t ion would consist 
of br ight regions with adjacent darker regions. B u t the granulat ion does not 
look this way. The granula t ion looks l ike br ight patches surrounded by narrow, 
da rk regions. 

— R . L U S T : 

I would also like to m a k e a remark on this one-dimensional problem, if 
you want to compare in detai l this calculation with observations. I t is m y 
experience in connection wi th two-dimensional computa t ions , including a ver­
tical magnet ic field, t h a t t h e geometrical factor, w h a t you are losing in the 
sidewards direction, is qui te severe; therefore the ampl i tude increase is not 
as large as one would expect from the one-dimensional computa t ion . I th ink 
one should therefore be somewhat careful in directly applying the calculations 
to observational da ta . 

CO 
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— E . B O H M - V I T E N S E : 

I would like to ask how much the density is increased in this wave, because 
if t he increase is not appreciable I don ' t th ink you would see this wave. 

— E . S C H A T Z M A N : 

I th ink t h a t when we go from the plane problem to the non-plane problem, 
we have the following difficulty. For the plane problem, the velocity field 
is i r rotat ional , b u t for non-plane waves the motion is no t in general rota t ional-
free e.g. for waves coming from points dis tr ibuted on a given layer. I th ink 
t h a t i t would be interest ing to see how a t some distance from the source, the 
waves coming from different port ions of the surface will interfere with each 
other, and will produce a chaotic velocity field which could t u r n out to be 
something between a shearing field and compression waves. 

— C . A. W H I T N E Y : 

The velocity semi-ampli tude increased from 1.5 km/s a t t he piston to 
2.5 km/s a t a height of about 200 k m above the piston. The densi ty ampl i tude 
had reached a factor 1.5 by the t ime the wave had gone several hundred km. 
The ampli tudes of all per turba t ions increased with height, a l though the tota l 
energy of the wave decreased. 

I n answer to the other questions I mus t agree with those people com­
pletely t h a t when we s ta r t ta lking about geometry, these calculations are inad­
equate . My point in ment ioning it was merely to demons t ra te some physical 
effects which had not been ment ioned this morning. 

— H . L I E P M A N N : 

The random piston problem has been part ial ly t rea ted by P H I L L I P S . I t has not 
been t rea ted yet for the case of a variable density a tmosphere wi th an energy 
correction in, and Phill ip 's t r e a t m e n t was a linearized one, b u t I th ink the 
complete t r ea tmen t can be made . All you have to do is give the space-time 
correlation of the fluctuations in the plane, and then you can solve t he wave 
equat ion as an initial value problem with stochastic variables in it . My feeling 
is t h a t the linearized two-dimensional problem including the densi ty variat ion 
should be the next s tep. 

— General discussion: 

Relat ive merits of proceeding with any linearized t r e a t m e n t as opposed 
to a non-linearized t r ea tmen t . Agreement t h a t linearized problem might give 
reliable results for the lower pa r t s of the a tmospheie . 
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— E . B O H M - V I T E N S E : 

If t he density var ia t ion is only a factor 2, I don ' t th ink you would see t h e 
feature described b y W H I T N E Y . The optical thickness of this region would 
be only about 0 .1 . Also I do no t see why you th ink t h a t m y picture of this 
morning, which viewed granulat ion as m a t t e r rising from below and circulating 
through the stable Jayer , would not be able to represent the observations? 

— C. A. W H I T N E Y : 

My apologies, I t r ied to give the impression t h a t bo th pictures are pos­
sible, in te rms of present knowledge. Unt i l we get t he t y p e of da ta referred 
to by T H O M A S , there seems to be no way of choosing between them. On your 
comment about t h e optical thickness of the high t empera tu re region, I find 
from m y computa t ions t h a t the increment of emergent intensi ty produced 
b y the wave is 4 % a t the center of the sun, and 1 2 % a t ju = 0.2, when t h e 
wave lies a t r ~ 0 . 3 

— L . B I E R M A N N : 

Three po in ts : a general comment on the use of the mixing length in astro­
physics; on instabi l i ty in ear ly- type stars following the work of K I E P E N H A H N ; 

and the possibility of observation of the t ype of oscillation mentioned b y 
L E I G H T O N yesterday. 

The mixing-length theory as presented by Mrs. B O H M - V I T E N S E is mainly 
used for two purposes : one, to interrelate the several d a t a of observation—size,, 
velocity, lifetimes, and contras t of granula t ion; the other, to deal with the 
in ternal s t ructure of stars and their evolution. Regarding the first, I th ink 
it reasonable to say t h a t wi thin the factor two or so associated with the ap­
plication of this t ype of theory, there is reasonable agreement between theory 
and observation. Regarding the second, consider two methods of integrat ion 
of a stellar model. If we neglect convection and jus t use t he theory of radia­
t ive transfer, s ta r t ing from the theory of stellar a tmospheres , we obtain one 
curve in t he l o g T , l o g P plane. If we make allowance for convection in t h e 
way ment ioned this morning, we get another curve, giving a lower tempera­
ture for t h e same pressure. These give quite different models for the sun a n d 
for the stellar interior. Fo r t he sun, i t happens t h a t i t is no t easy to say de­
finitely which model is more correct. I t tu rns out t h a t w h a t we know about 
stellar evolution from s tar clusters can only be unders tood, for their par t icular 
pa r t of the H-R diagram, b y using the mixing-length theory jus t in the form 
i t was presented this morning. I th ink t h a t this one fact shows t h a t there 
is in astrophysics, entirely apa r t from anyth ing t h a t was ment ioned this morn­
ing, something which indicates t h a t the application of the mixing-length 
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theory is not so far off as one migh t have guessed. To get to t he radiat ive 
solution from the convective, you need a mistake in the mixing-length theory 
—in the dimensionless quant i t ies t h a t enter—by one power of t en or more. 
Therefore, for most purposes in astrophysics, we would be h a p p y if any error 
in t roduced by the mixing-length theory would be less t h a n a factor^2 or so. 
There are, of course, special questions in which this is not t rue , b u t I would 
simply make the point t h a t our restrictions on the use of the theory are by 
no means as severe as they are in the discussion of exper imenta l evidence in 
the laboratory. 

The second point concerns K I E P E N H A H N ' S work on circulation in a ro ta t ing 
ear ly- type star. I t can be shown qui te generally t h a t a s tar ro ta t ing wi thout 
meridional circulation is in a singular s tate . An old theorem of von Zeipel 
shows this for radiat ive equi l ibr ium; I discussed the case of convective equi­
l ibr ium a t the Stockholm conference a few years ago. The speed of the cir­
culation depends upon the stellar s t ruc ture ; only for very th in convective 
layers—essentially pure radia t ive equil ibr ium—should one expect large cir­
culation velocities near t he surface. K I E P E N H A H N has a t t e m p t e d to work ou t 
numerical results. For the hot supergiants , in which according to the mixing-
length theory one should not expect extensive hydrogen convection zones, 
K I E P E N H A H N obtains velocities of t he order 1 km/s . W e know from obser­
vat ions t h a t such stars have a tmospher ic tu rbulen t velocities of some km/s , 
and this proposal is to l ink t h e m with the meridional circulation. 

The connecting a rgument is t h a t these circulations would be dynamical ly 
uns table according to the criterion of R E Y N O L D S concerning the instabi l i ty of 
shearing flow. I t can easily be shown t h a t the Reynolds number associated 
with these motions is exceedingly large, so one should really expect instabi l i ty 
of the dynamical var ie ty , not the rmal . This is the root of the idea of K I E ­

P E N H A H N for accounting for the observed turbulence in this t ype of stars. 
The th i rd remark is shor t ; L E I G H T O N ment ioned w h a t appeared to be pul­

sation with a period of abou t five minutes in addi t ion to a decay, and I jus t 
wan t to point out t h a t this is r a the r near to t he fundamenta l period of oscil­
lat ion in the sun's a tmosphere . This quan t i ty can be b rought in to the form 
P = ajg, where a is t he velocity of sound and g is t he gravi ta t ional acceler­
at ion. This period is obviously a min imum in the photosphere, and in this 
case it is not far from the observed value. I t might be worth-while to inquire 
in to the meaning of this. 

— K . H . B O H M : 

You said t h a t some of the results of the mixing-length theory are in agree­
m e n t with observations, and you quoted among other things the size of the 
granules. I am not quite sure t h a t one can predict the size of the granules 

CD 
O 
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f rom the mixing-length theory in a convincing manner . W e heard this morning 
t h a t t he scale height , which is used as mixing length, is, in a polytropic a tmos­
phe re , always propor t ional t o , a n d of an order of magni tude equal to t he 
d i s tance from t h e t o p of t h e a tmosphere . So, depending on your detailed 
assumpt ions , you can get elements of almost a n y size a t t he surface of t he 
s t a r . I n the sun, t he ra t io of t h e local scale height t o t h e distance from the 
surface is about 0 . 8 in t h e upper a n d 0 .4 in the lower pa r t s of t he convection zone. 

< 

— L. B I E R M A N N : 

Le t me jus t refer t o a recent detailed discussion of this point in Zs. f. Ap. 
Toy some of our people. 

— J . W A D D E L L : 

I should like to ment ion some work which P I E R C E a n d I did on the anal­
ysis of l imb-darkening, as I t h i n k i t bears on t he discussion we have been 
l iaving. I n solar observat ions we go from the intensi ty , Iv(ju,), observed on the 
d i sk to the source-function, S(rv), and then finally we can go to t he mono­
chromat ic radia t ion flux, F(rv). Studies I have m a d e concerning the errors 
involved in each of these steps indicate t h a t a t T = 1 0 one can magnify these 
errors in t he first s tep b y a factor of a 1 0 0 . W h e n one gets t o t h e monochro­
m a t i c flux, however, t h e error of t h e flux is only a factor of 1 0 g rea te r t h a n 
t h e errors in t he observed intensi ty . The reason for t h e large error is t h a t t he 
funct ion 8(r) is effectively t h e inverse Laplace t ransform of I(fi), a r isky nu­
merica l procedure; on t h e other hand , t h e error in t he rad ia t ive flux F(r) is 
smal l because i t is an integral over 8(r). 

W e have computed Fx(rx) for optical depths as deep as 8 to 1 0 . The value 
n e a r t he Balmer discont inui ty is a l i t t le uncer ta in , and we can only go down 
t o a wavelength of 3 1 0 0 A , so we know noth ing abou t t h e ul t raviolet . About 
3 0 % of the graph is incomplete . However , t he unce r t a in ty of t h e final values 
of t he in tegra ted flux is abou t 1 0 % . I t appears t h a t to wi th in this l imit , the 
Tadiative flux is conserved down to an optical dep th of ten . 

— A. U N D E R H I L L : 

This implies t h a t convective t ranspor t is no t impor t an t above T = 1 0 . 
I would like to ask Mrs. BofiM whether this is consistent wi th her work on 
t h e convection zone using t h e mixing-length theory? 

— E . B O H M - V I T E N S E : 

I cannot answer decisively b u t you can al together neglect convective flux 
d o w n to T = 2. The convect ive flux increases r a t h e r smoothly with T and I 

24 - Supplemento al Nuovo Cimento. 
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don ' t t h ink these results are inconsis tent wi th theory. I wou ld no t th ink we 
can d raw any conclusions from th is , however. 

— K . H . B O H M : 

I would jus t like to say t h a t we are aware t h a t i t is a sl ightly dangerous 
procedure to derive t empera tu re inhomogeneit ies from line profiles. The point 
of view which we would t ake now is the following one. W e are inclined t o 
believe with the Bri t ish-French group t h a t there are t e m p e r a t u r e inhomogene­
ities of t he order of ± 2 6 0 ° , as has been given a t equal opt ical dep th . W e would 
say t h a t they mus t cer tainly h a v e an influence on t h e l ine profiles, a n d i t is 
good fortune t h a t if we t ake in to account these t e m p e r a t u r e inhomogeneit ies, 
some of the discrepancy in t h e theory of the center- to- l imb var ia t ion of line 
wings are reduced. Bu t , on the o ther hand , we are aware t h a t in principle 
we should have to t ake a be t t e r source function too. So we don ' t t h ink th is 
is real independent evidence for t h e magnitude of t he t e m p e r a t u r e fluctuation. 
W e jus t consider i t as one a rgumen t in addi t ion to t h e evidence a l ready in­
dica ted by direct observat ions. 

There is one other po in t I would like to ment ion , wh ich is independen t 
of w h a t I have jus t said. I th ink a few numbers which h a v e no t been quoted 
so far could be ment ioned in order to s ta te t h e h y d r o d y n a m i c a l problem of 
t h e convective zone more clearly. These numbers will show how radical ly 
different t h e s i tuat ion is from labora to ry convection. I n t h e solar convection 
zone, having a thickness of abou t 6 0 0 0 0 km, the densi ty var ies b y a factor 1 0 4 . 
The conduct iv i ty by rad ia t ion varies by a factor of a t least 1 0 3 ; i t varies very 
rapidly near the upper bounda ry of t he convective zone, a n d t hen the varia­
t ions are much less rapid. F ina l ly a poin t which I th ink m u s t h a v e some bear ing 
on the calculation of the currents in the convection zone is t h a t t he q u a n t i t y 

varies by a factor of a t least 1 0 2 if we compute the s t ruc ture of t he convect ive 
zone using the mixing-length theory which has been quo ted . If we use jus t 
a rad ia t ive model this q u a n t i t y varies b y a factor 1 0 4 or more wi th in t h e 
hydrogen convective zone. 

— W . H . M C C R E A : 

As regards this zone, a few years ago I tr ied the effect of t e m p e r a t u r e dif­
ferences of about 1 0 0 0 ° t o calculate t h e continuous spec t rum of t h e sun. You 
can get wonderful agreement wi th t h e figures by p u t t i n g th i s i n ! I th ink 
E L S T E ment ioned this afternoon t h a t when you look obliquely you see th rough 
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one tempera ture to another , and t h a t effects the l imb darkening, and it seemed 
to me a t the t ime y o u ' d get good agreement b y tak ing into account this effect. 
B O H M asked about t he lines, b u t I wanted to point out t h a t there are inter­
esting effects in t h e con t inuum as well. 

J . - C . P E C K E R : 

I have two points t o make . The first is to ment ion work b y Mrs. B O U N T R E E -

L E S H measuring the mean-square velocity from curve-of-growth analysis. She 
found for Ti I I a va lue which I th ink is the ex t reme value which has been so 
far found in the sun, a va lue of 4 k m per s. The problem is how to reconcile 
this value with others. I t seems to me t h a t the only way to reconcile t h e m 
is to make use of t he curve-of-growth theory, with consideration of non-LTE 
source-function. My second point is this . I wan t to repor t on work by Mile. CTJRY, 

M. L E F E V R E , and myself in Meudon and 
Is tanbul . This work tr ied to make use of 
bo th equivalent widths and central intensi­
ties of lines and of their var ia t ion from 
center-to-limb. We tr ied to correlate these 
phenomena with t he inhomogeneous model 
proposed by B O H M . These results can be 
seen on Fig. 2. At the center of the disk of 
the sun, one of the Ti I I mult iplets gives a 
source-function represented by curve A, one 
point from each line. If I follow each line 
from center to l imb, I should find again 
the curve A, if no other effect comes in. Actually, the observational resul ts 
of L E F E V R E were qui te different, the lines behaving as shown by curves B. 

Similar measurements have been made a t In s t an -
bul on a few mult iplets of F e l , and the re 
t he effect was also seen b u t much smaller. 
Now, to show how to in terpre t this , I jus t w a n t 
to draw a very quick pic ture of the results-
wi thout going into details. If we use a three-
column model, as proposed b y B O H M , t he opt ical 
dep th T = 1 in the line is generally much higher 
in t he cold column t h a n the optical depth r = l 
in t he hot column. So if you look from a cer ta in 

direction, not normal to the surface, wha t you actual ly see is influenced ve ry 
much b y the size of t he elements . If their size was very large a t the l i m b r 

you would see t he same propor t ion of cold and ho t as a t t he center. B u t if h 
was small enough, you would see only the cold columns. Some computa t ions 

Chromosphere Photosphere 

Fig. 2. 

Cold Inter. Hot 
r=1 

r . l 

h s 5 0 0 k m 

Fig. 3. 
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h a v e been made using several values for h, and, as suggested in this discus­
sion b y E L S T E , account has been t a k e n of the fact t h a t you pene t ra te from 
o n e column to another . The resul t is qui te s t r iking; i t is possible to fit the 
observed behavior using a value h of the order of 500 k m . Of course, t he 
resu l t depends upon the t empera tu r e differences assumed in Bohm ' s model. 
I f one h a d been using another model wi th smaller t empera tu re inhomogeneit ies, 
o n e would have gone to smaller values for h. This is jus t an example of wha t 
oould be done to invest igate no t only t he inhomogeneities, b u t t he size of the 
e lements , from center-to-l imb var ia t ion, t ak ing into consideration possible de­
p a r t u r e from L T E . 

The question I wan t t o ask now is « W h a t is really t h e t rue t empera tu re 
difference between hot and cold columns? » On this point I jus t wan t to 
men t ion two things briefly: 1) Measurements by S E R V A J E A N a t P ic du Midi 
which agree entirely wi th t h e conclusion given by Miss MXJLLER , especially 
t h e fact t h a t the correlation between velocity and brigthness seems to be very 
poor . 2) I th ink t h a t R O S C H will agree with m e t h a t t he value t h a t has been 
g iven b y t h e so-called French-Br i t i sh school could be too high for a very 
definite reason: There are actual ly large scale fluctuations a n d small scale 
f luctuations. Some methods of measurement m a y give large fluctuations of 
t e m p e r a t u r e when, around the mean value which is wThat really counts , you 
would measure much smaller values. This is the reason w h y I a m inclined to 
believe the value given b y R O S C H and S C H W A R Z S C H I L D is correct. 

— G. E L S T E : 

H o w did you convert t h e equivalent width of the Ti lines in to tempera tures? 
D i d you use the linear approximat ion S = a + br for t h e source-function? 

— J . - C . P E C K E R : 

No, we used the a c t u a l source-function, derived from central intensities. 

<— G. E L S T E : 

Did you assume L T E a n d then compute the excitat ion t empera ture? 

— J . - C . P E C K E R : 

Yes, for the first approximat ion , b u t then we i te ra ted t he solution. 

— J . R O S C H : 

I would like to ment ion several points in connection wi th things which 
l iave been said. Fi rs t , the question of the value of AT/T seems an impor t an t 
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piece of da ta . I wish to ment ion the difficulties in deriving correct values of 
A T / T . Once you have t aken a picture, the simplest w a y is t o m a k e a micro-
photometer t rac ing th rough the field. Then you get a curve like th i s : 

Fig. 4. 

Then you take an average curve and compute a r .m.s . deviat ion from this 
curve. Doing this you generally find a r a the r small number . There is another 
longer way which m a y give more significant resul ts . You m a k e m a n y such 
curves or use an isophotometer and make a m a p of isophotes of the granules 
looking like th i s : 

Fig. 5. 

You m a y then draw the profiles of individual granules. W h a t you then find 
is profiles of granules looking like th i s : 

Fig. 6. 

W e have done this for approximate ly 60 granules on a p ic ture which was n o t 
one of our best. W e found differences between m a x i m u m a n d min imum inten­
sity of about 11 % of t he average—with a displacement of the various granules 
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b y abou t 4 % . On the same solar field also we m a d e a r .m.s . es t imate and 
found 3 . 5 % . After this you m u s t correct for t he effect of l imited resolving 
power. The scat tered l ight is no t very impor tan t . W e correct these values 
b y ( 1 1 - M 2 ) % and find a factor of two mus t be applied, giving an average 
A I / I of—say—24% tota l ampl i tude for a given granule. The m a x i m u m fluc­
tua t ion , no t for one granule, b u t from the darkest to t h e br ightes t p a r t of 
t he film is, when corrected, abou t (30 - f -32)%. You see t h a t the resul t is widely 
different from 3 . 5 % ; and if you measure t he A I / I s t a r t ing only from t h e r .m.s. 
you m u s t perform a ma themat i ca l analysis to derive from this the to t a l am­
pl i tude AI/I. W e avoid th is ma themat i ca l s tep b y going to the t rouble of 
mak ing isophotal maps , a n d I t h ink the result is p robably bet ter . 

F r o m the present values, derived a t about X 6 000 A , one m a y compute a 
to t a l ampl i tude A T ~ 350°. This was done wi th our 23 cm objective and the 
p ic tu re was not one of our best . W e are ready to do th is with a larger objec­
t ive now. I expect to find steeper sides on the granules b u t not a bigger A I / I . 

I would like to comment on the work of S E R V A J E A N , who does no t find a 
close correlation between brightness and outward mot ion , If you consider 
t h a t there are granules which seem to explode, there appears to be some dark 
m a t t e r jus t in the middle of a r ing of br ight ma t t e r . 

W h y shouldn ' t this da rk m a t t e r in the middle also be an ascending column, 
so t h a t if you enter i t in to t h e analysis i t will diminish t he correlation? Another 
poin t concerns wha t T H O M A S has said abou t the observations near t he l imb ; 
he said t he observations m u s t decide between the various possible curves 
showing var ia t ion of A I / I across t he disk. I a m afraid i t will be difficult to 
decide near the l imb because t h e dis t r ibut ion seems to be r a the r different. 
You see a ra ther smaller n u m b e r of granules and only t h e br ightes t points 
are visible—separated more widely. I t will be ha rd to define A I / I and the 
in terpre ta t ion will be difficult. 

The last point concerns Clauser's comment this morning abou t the ap­
pearance of these motions a t t he l imit of a tu rbu len t layer. H e said t h a t if 
th is is turbulence one mus t see smaller and smaller e lements . I t seems to me 
t h a t we can now say t h a t we see br igh t regions separa ted by definite da rk 
areas and we do not have a cont inuous phenomenon. W e mus t t r y to inter­
pre t t h e size of these things. W e may , wi th be t te r resolving power, find things 
inside these areas b u t the fact remains t h a t a t least one definite scale exists 
and we mus t t r y to in terpre t i t . 

— B . E . J . P A G E L : 

This is really in the na tu re of a short question on the observat ional side, 
b u t I t h ink i t is a fairly i m p o r t a n t one in connection wi th t he various types 
of mot ion t h a t have been discussed. S E V E R N Y ment ioned yes te rday t h a t there 

I N 
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a re several scales of mot ion, and I a m not quite clear which motions are on 
which scales. F i r s t , the re seems to be t he 10* k m scale, r a the r persistent fields 
of motion—several hours—which migh t perhaps be connected With meridional 
movements . I t h ink this has been suggested in t he pas t a n d B I E R M A N N b rought 
i t u p again this afternoon. Then there are the « wiggles » which, if I under­
s t and correctly, are on a scale somewhat larger t h a n the classical granula t ion— 
a b o u t 3 000 km, I th ink . I don ' t know if there is any evidence on the lifetimes 
of these wiggles. I should p resume—I 'd like to be corrected if I a m wrong— 
t h a t the oscillations observed apparen t ly have a lifetime of 20 minutes . Final ly 
we have granula t ion, which is less t h a n 1400 k m in scale, wi th lifetimes of 
t h e order of 8 minutes . Down to here we seem to have dist inct phenomena 
which are no t affected b y the resolution of t h e equipment . Perhaps below 
here , l imited resolving power comes in. I would be glad to know if this picture 
is consistent with t h e observat ional material . 

— E . B . L E I G H T O N : 

With respect to the large scale s t ructure , which I would call greater t h a n 
1 0 4 k m ; the lifetimes of several hours refer only to horizontal motions, as far 
as our own observat ions are concerned. These are th ings t h a t we th ink mus t 
b e t he divergent s t reaming along the surface of m a t t e r which m u s t have come 
u p from undernea th . W e do not see i t coming u p for some reason t h a t is, I 
t h ink , connected wi th t he observat ional t echn ique—I 'm no t qui te sure. A t 
a n y ra te , t he several-hour lifetime is associated with horizontal mot ion. I under­
s t and t h a t S E V E R N Y has found large scale motions, with a vert ical component 
of somewhat smaller velocity ampl i tude t h a n we find, which also have life­
t imes of several hours . W e have no information abou t t ha t . I t h ink i t is prob­
ab ly t rue t h a t t h e «wiggles » and our oscillations in t he vert ical motions 
h a v e essentially t he same scale. However, as far as our observat ions are con­
cerned, I would designate t he scale not as 3 000 k m , b u t as greater than 
3 000 k m , this being the lower limit imposed b y our resolving power. I th ink 
i t is significant t h a t over a very wide range of wave numbers there is a single 
frequency t h a t t he sun picks out . Concerning t h e granules we have as ye t 
n o information. 
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