
PART I V . 

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

A. - Convection and Granulation: 
Preview on Granulation — Observational Studies. 

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

— E . B O H M - V l T E N S E : 

This afternoon we consider t he photosphere of the sun. I t is generally 
assumed t h a t most of t h e velocity fields which we observe in la te - type stars 
(stars with low effective t empera tu re < 1 - 1 0 4 ° K ) can be t raced back to t h e 
hydrogen convection zone, which occurs, in t he case of t h e sun, in a layer a t 
a dep th of a b o u t 400 k m . I ment ion t he sun because i t is t h e only s tar where 
we can really see t h e effect which the convective layer h a s on the photosphere. 
W e are going to see some films abou t these effects, which are observed as t h e 
phenomena called granula t ion. W e will observe layers ranging between a b o u t 
400 k m and about 250 k m as t he observed region moves from center of t he 
disk to t h e l imb. Final ly , no te t h a t wi th our ins t rument s on t h e surface of 
t h e ear th , we can usual ly resolve an area abou t 1 second of arc due to t h e 
l imit of seeing in t h e ear th ' s a tmosphere ; this corresponds t o a distance of 
700 k m on the surface of t h e sun. 

J . B O S C H : Observations from the Pic du Midi. 

As an observing as t ronomer , I have been very much in teres ted in the h igh 
degree of completeness of t h e theories, and in t h e difficulties arising in reaching 
a n agreement between different theories. I hes i ta te to bo the r bo th the theore t 
icians and the aerodynamieis ts wi th this other major problem, which is t a 
get an agreement be tween theory and observation. B u t I will show you some 
examples of w h a t m a y be done b y t ry ing ha rd under t h e best possible con
dit ions, a n d show you t h e l imita t ions which we have in t h e observations. 
F r o m these observat ional results you will see, I hope, w h a t l imi ta t ions y o u 
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have on the theories; a n d t h e l imit to wha t we know from t h e observat ional 
point of view, so then y o u are completely free for theory . 

I n order to show you some examples of the l imitat ions in t he observation 
of t he solar g ranu la t ion—I shall first show some slides before t he film. The 
first was obtained a t t h e P ic du Midi Observatory under good atmospheric 
conditions with an objective of 23 cm aper tu re ; we believed for a long t ime 
t h a t th is was t he best we could obta in . This slide is (*) to allow you to com
pare these with subsequent results obta ined with larger objective. W i t h this 
t y p e of picture one m a y evalua te t h e average distance between t h e center of 
granules, then compute t h e mean d iameter of the granules, m a k e autocorre
la t ion functions, and so on. W e h a d the impression t h a t something be t te r 
could be obtained with good a tmospher ic conditions, because on occasion we 
h a d some details finer t h a n these. The nex t slide shows a sunspot wi th umbra , 
penumbra , and granula t ion on t h e average photosphere, t aken in the same 
condit ions. The nex t slide shows t h e same spot b u t p r in ted in such a way 
t h a t one sees inside t he u m b r a small granules, smaller t h a n those on the 
pho tosphere ; we had the impression t h a t these granules were below the l imit 
of resolution of our in s t rumen t b u t r a the r separated from one ano ther and 
br ight and small. W e h a d also pho tographs showing the granules near the 
l imb of t he sun, and you see t h a t granules appear e longated parallel t o the 
l imb wi th in a few seconds of arc of t he l imb, and with a wid th which is de
finitely smaller t h a n 1" of arc. N e x t is jus t t he same t y p e of th ing wi th elon
ga ted granules. Then we come to ano ther t ype of record (Fig. 1), which is 
obta ined always a t t he P ic du Midi wi th an objective of 38 cm aper tu re (theo
retical resolving power of abou t \ of a second). This pho tograph has no t been 
t a k e n in white l ight, b u t in orange l ight , in a bandwid th of approximate ly 
100 A between 5 900 and 6 000 A . W e here have a decidedly different t ype 
of th ing . F r o m our first results we though t i t was possible t o define some
th ing like an average granule wi th an average size and so on. Here i t appears 
m u c h more difficult, if no t impossible, to define an average granule, because 
we h a v e big circular granules , o ther elongated small ones, a n d so on. As de-
flnition is improved, th ings become more and more difficult to in terpre t . W e 
h a v e no t ye t succeeded in t ak ing s imultaneous pictures of the same field on 
t h e sun a t different wavelengths , b u t I hope we soon will get such pictures. 
T h e s t ructures h a v e roughly t he same appearance in differing wavelengths, 
I ra t p robab ly t he contras t be tween granules and in tergranular spaces is dif
ferent . The nex t slide demons t ra tes t h e me thod used long ago t o obta in a 
de t e rmina t ion of t he lifetime of t h e granules, which is, of course, an i m p o r t a n t 
e lement in t h e granula t ion. I t is w h a t one calls a « moire » picture , ob ta ined 

f 1) Almost all the slides presented and not reproduced in the present publication 
m a y be found (except the << moire » effects) in : L"Astronomie (1957), p. 129. 
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Fig. 1. 

pending upon the direction of the displacement of the two pictures. As long 
as you have « moire » effects on such pictures, you Can say t h a t there is some
t h i n g in common to the p ic tures ; this was used for ins tance b y G R O T R I A N , 

b y superimposing two pictures , b u t no t exact ly identical . If you slightly move 
these two pictures wi th respect to one another , then you find some patches 
or series of things like t h a t . You have either rows, s t ra ight lines or arcs de-
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T E N B R U G G E N C A T E and others to have an es t imate of the lifetime of granules. 
The nex t slide has been obta ined b y superimposing two images t aken a t 2\ min
u t e in tervals in t i m e ; t h e preceding one was obta ined wi th two plates a t 
5 m i n u t e interval . The effect is m u c h more evident on those a t shorter inter
val , b u t i t is still evident a t 5 minu tes , and this m a y give an idea abou t t h e 
lifetime of the granules. Our experience showed t h a t i t was difficult t o have 
an accura te es t imate by th is me thod . W h e n we increase t h e definition of t h e 
pictures, a n d t h e details in each granule become more impor t an t , t hen i t is 
still more difficult to obta in « moire » effects. We found t h a t really t he only 

Fig. 2. 

way to have some idea abou t t he evolution of granules was to t r y to have 
good resolving power and compare the granules one b y one, compare several 
images of the same granule, and the bes t way to do t h a t , if possible, is to h a v e 
moving pictures. This is no t easy. 

F ig . 2 is a way of represent ing the results of granulat ion. I t is obta ined 
wi th two images of the t ype which you have seen in orange l ight, b u t i t shows 
no t t h e brightness of the granules b u t the gradients in brightness. I t is obta ined 
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b y superimposing a posit ive and a negat ive of t he same image ; i t m a y be shown 
(this has been worked out b y Mr. H U G O N , one of m y assistants) t h a t wha t 
appears is t h e gradients of densi ty on t h e negat ive. I t is amazing to see how 
clearly t h e detai ls a p p e a r ; th i s technique m a y be useful for some studies on 
t h e granulat ion. The nex t slide is an example of wha t we have picked out of 
a series of Images obta ined dur ing a number of minu tes . I t shows t h a t qui te 
often a granule changes in form, in shape, and in size wi th t ime . One granule 
splits jus t as, let us say, a l iving cell or a coffee grain. F o r instance, the lower 
pa r t , which becomes a tr iangle, splits in three pa r t s a n d here i t has almost 
disappeared. The nex t slide is a series obta ined a t in tervals of 1 minu te of 
t i m e . Fig . 3 is ano ther series covering 18 minu tes a n d several features m a y 
be remarked on this . F o r instance, (a) splits and a lmost disappears—here (a'). 
The small one (b) is a p a r t of an old granule. I t will increase gradual ly here (&'), 
i t is bigger, and here (b") again it increases and gets bigger and bigger, and 
here (V") i t begins to split in several small par t s . Look also a t these two there 
(c, d). You m a y follow t h e m all in this in terval of 18 minutes b u t with 
some sign of spl i t t ing here (<?'); this one increases, you see a n d takes a shape 
l ike fingers of t h e h a n d wi th th ree fingers here (df)—here you see one, two, 
a n d three fingers—then the fingers divide (d") and so on. 

After these slides I have jus t to show you the film. I m u s t explain to you 
how to look a t this film. The meteorological conditions in our si tuat ion are 
generally as follows: a moun ta in peak 9 200 feet high, r a the r isolated from 
t h e other mounta ins in the surroundings, and this m a y be one of the reasons 
for which the conditions are good. W e observe t h e sun when i t rises in t h e 
morning, and then t h e images are no t very good because t h e l ight goes th rough 
a big mass of air. Then the conditions improve and a t a certain moment we 
have good images ; no t on all days, b u t for tunately sometimes. Then la ter 
on, after 1 or 2 or 3 hours , we have nearby turbulence caused b y the warm 
air going u p along t h e slope of t h e mounta in . W e found on th is film random 
motions of t he granules which we suspected to be due to t h e atmospheric 
turbulence , because, as I said, t he film was t aken low on the horizon (between 
15 a n d 20 degrees) so t h a t we h a v e remote turbulence which m a y no t affect 
t h e sharpness of t h e images b u t m a k e a sort of distort ion. I n order to know 
w h a t was due to these a tmospher ic effects, we selected one of the sequences 
which was good enough to give us abou t 2 dozen frames of a sharp definition 
t a k e n within 3 s of t ime . W i t h this , we have prepared ano ther film, which 
will be seen first, on which one sees only the a tmospher ic effects because we 
can make the assumpt ion (and I th ink this is p robably t rue) t h a t during 3 s 
of t i m e we have no change on t h e sun, a t least no t wi th in our definition. Then 
on t h e second p a r t one sees terrestr ial effects plus solar effects. So, on the 
first par t , granules have a sort of r andom Brownian mot ion, and there is a 
sort of p u m p i n g of t h e granules, a granule increasing, decreasing, and so on ; 
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b u t m a y I say t h a t a big granule remains a big granule , a br igh t one remains 
a br ight one and so on. On the second p a r t you will see these effects plus others;. 
a n d these others are mainly sorts of split t ings of t h e granules jus t as you have 
seen on the slides. They give t he impression t h a t i t is an irreversible phenom
enon. This is m y impression. Maybe you have ano ther one. Quite often 
there is a dark point in the middle of a br ight granule, and I have been very 
pleased to see the same dark points on the Pr ince ton photographs . 

As a conclusion, m a y I poin t out t h a t the program, which we are car ry ing 
on since 1 9 5 4 , and which has produced some new results of impor tance (gran
ules near the l imb, 1 9 5 5 ; intra-f acular granules, 1 9 5 6 ; evolution of the gran
ules, 1 9 5 6 ; evolution of t he granules, 1 9 5 9 ) takes i ts efficiency from the fact 
of being a long-range program, tak ing profit of i ts ground-basis which pe rmi t s 
changes in type of observat ions, operat ing conditions, and so on. I t is very 
for tunate t h a t other groups have been able to tackle t h e problem by qui te 
differeut ways—and with converging results. B u t I a m sure t h a t due to t h e 
flexibility of our p rogram, we are in a good position to collect some of t he 
d a t a still so eagerly needed for in terpre ta t ion of t he photospheric phenomena. 

E . S P I E G E L : The Princeton balloon observations. 

As you have seen, t he pictures of the solar surface un t i l now revealed a 
two-dimensional r a n d o m brightness field. I n spite of t h e required visual a p 
pearances, a t t he one-second resolution l imit , microdensi tometer traces in t he 
two-dimensional plane have given every appearance of a r a n d o m br ightness 
field. Now it has been felt, of course, t h a t the s tat is t ical propert ies of th i s 
field would be t he most direct ancj re levant clue to t he na tu r e of the fluid 
dynamica l ac t iv i ty in t he under lying hydrogen convection zone, a n d so i t h a s 
been considered of pressing interes t to de termine as well as possible the s ta
tistics of this fluctuating br ightness field. A t Pr ince ton some years ago i t 
was therefore under t aken to send ins t ruments to a dis tance above the t ropo-
pause where most of the a tmospher ic motions seem to be t ak ing place t h a t 
cause the seeing difficulties. And so some years ago a 1 2 in. telescope, 3 0 c m 
aper ture , was sent aloft t o 8 0 0 0 0 feet ( 2 4 km) to t a k e photographs of t h e 
solar surface. Fou r flights were made a t t h a t t ime , and the resul ts of these 
observations have been publ ished b y S C H W A R Z S C H I L D (Ap. J. in 1 9 5 9 ) as well 
as t h e re levant in s t rumen ta l details . B u t only single pic tures a t certain m o 
m e n t s tu rned out t o be good enough for the k ind of analysis one was in te
rested in. W h a t one found there is t h a t t he r .m.s . br ightness fluctuation is 
of the order of 5 percent , th is corresponds to abou t 8 0 ° fluctuations in t he 
solar photosphere if one assumes black-body emission. The arguments for 
th is are published in the paper I referred to . However , I would like here to 
discuss results from the most recent flight which was m a d e last summer ; t h a t 
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