
PART I V . 

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

C. - Transient Velocity Fields in the Lower Solar Atmosphere. 

D i s c u s s i o n . 

Chairman: R. L U S T 

— K . L U S T : 

W e add first a few observations which m a y be useful for the aeordynam-
ieists; da t a on the spicules and on the different types of radio burs t s . Then 
we consider t he motion in sunspots ; i t is impor tan t t o know how sure we are 
t h a t the motion is along the magnet ic lines of force and to discuss the problem 
if there are motions across t he magnet ic lines of force. Second, we should 
discuss the motion in prominences. W e are f^ced with the problem of how 
impor t an t is the magnet ic field in the motion of quiescent prominences and in 
the erupt ive prominences. As a th i rd subject we have the flares. Final ly, 
I would emphasize t h a t we should also discuss the spicules, a n d r e tu rn to the 
question whether the spicules are re la ted to t h e granulat ion, a n d are the same 
phenomena we see in different layers. We see the granules in the photospheric 
layers, and we see the spicules in chromospheric layers. I th ink the main 
problem on flares is their erupt ion, wha t kind of forces are involved, and which 
are t he most impor tan t features we can explain. 

— R, N. T H O M A S : 

Refer to the accompanying schematic representat ion of t he propert ies of 
the spicules, and where t h e y occur on the surface of the sun. Fo r orientat ion, 
I have included the height pa ramete r , t he t empera tu re pa ramete r , a n d optical 
dep th parameters—in t h e con t inuum a t 5 000 A , in t he L y m a n cont inuum, 
and in Ha of hydrogen, so you have an idea where things occur relat ive to 
rocket spectra as well as the visual spectral region. F i r s t point on spicules 
—there are a great number of t h e m ; they are small objects moving wi th rel­
at ively high speed. N u m b e r is something like 10 4 a t t h e solar surface a t a n y 
one t ime. Speed: ranges between 20 and 100 k m per second; 100 is for an 
abnormal spicule; a spicule reaching the height of 20 000 k m is an abnormal 
spicule. Most of them get to a round 10 000 k m . The m a x i m u m height 
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r eached shows a good correlat ion wi th speed. A n original impulsive mot ion 
-decelerated under g rav i ty is as good a representa t ion of t ime , distance d a t a 
o n spicules as is any . Dens i ty in a spicule, we can guess roughly t o be 10 1 1 p ro­
tons per c m 8 down a t t h e he ight where they first appear a round 4 000 k m . 
All observations of t h e spicules refer to heights of 4 000 k m and above. The 
theories which have been m a d e on spicules refer t o 4 000 k m and below, where 
the re are no t spicule observat ions presumably because there is so much ob­
scur ing mater ia l . I d o n ' t cover theo ry here, I simply ment ion there has been 
s o m e a t t e m p t s a t cons t ruc t ing several. 

T A B L E I . - The spicule system and its environment. 
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There are only observat ions a t t h e l imb—noth ing on t h e disk which has 
been unambiguously identified as a spicule. A t 4000 k m t h e typical spicule 
ha s an upper l imit of 1000 k m in diameter . W i t h the densi ty already given, 
1% of the solar surface or less is covered b y spicules. Ye^ i f you compute t he 
ijotal flux of mater ia l in a spicule, using a typica l velocity of abou t 30 k m per s, 
y o u get roughly 10 8 8 p ro tons per s ejected in to t h e solar a tmosphere . Teaming: 
one sees spicules going u p a n d coming down again. The figure given is only 
t h e n u m b e r of a toms going u p , so t h a t t h e n e t n u m b e r of a toms supplied is 
something less t h a n t h a t . B u t there is probably no t a factor as laffge as 10 
in t h e difference, if one t akes t he number of spicules going out , minus those 

27 - Supplemento al Nuovo Cimento. 
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coming in. Roughly, the re are 1 0 4 2 protons in t he ent i re corona; so roughly 
in th ree hours t he spicule sys tem feeds in enough mater ia l to replenish t h e 
corona. The uncer ta in ty in th is conclusion is t h a t in t h e figures given. Char-
acter of the medium th rough which the spicules go, uncer ta in . I t looks very 
m u c h as if a t t he height of 1 0 0 0 0 k m , t h e interspicular med ium is a t 1 0 * 
t empera tu re , r a the r t h a n a small number . I w a n t t o emphasize this po in t 
re la t ive to t he d iagram dis t r ibuted t h e o ther day. Bas i s : observat ions of t h e 
coronal lines a t t he eclipses, show t h a t F e X exists a t heights of 1 0 0 0 0 k m , 
m a y b e lower. Maybe a l ready a t 4 0 0 0 k m we have such t empera tu re in be­
tween spicules. The s i tuat ion between 1 0 0 0 k m a n d 4 0 0 0 k m is uncertain. 
No te t h a t the densi ty of th i s region is near 1 0 9 , so we have a t empera tu re of 
1 0 6 wi th 1 0 9 protons per c m 8 be tween spicules. I n a rough way, the problem 
t h e n is t o t ie wha t I summar ize here wi th t h e s t ruc tu re of t h e chromosphere 
a n d wi th the s t ructure of t h e photosphere discussed in the preceding sessions. 
I will no t a t t e m p t to t a lk abou t t he interrelat ion of s t ruc ture now, however. 
No te also, there is a var ia t ion in distr ibution of spicules from pole to t h e 
equator , and possibly a var ia t ion in or ientat ion; I do no t th ink the question 
is well-enough settled t h a t I would like to say something abou t t h a t . I j u s t 
w a n t t o stress, however, t he grea t impor tance of spicules for t h e solar as t ro­
physicist in t e rms of loss of mate r ia l from the solar surface; t h e velocities 
involved; and the interrela t ion to the med ium we have been ta lk ing about . 
F r o m the point of t he aerodynamicis ts , if I look a t these velocities and t a k e 
a the rmal velocity corresponding to the t ab l e ; I see t h a t if these spicules do 
indeed extend downwards to t he lowest chromosphere or photosphere region, 
I do indeed have a super thermic phenomenon which m a y b e is similar to a 
supersonic jet . If the spicules only extend as low as 4 0 0 0 km, and between 
t h e spicules is jus t t he coronal med ium, then the spicules are subsonic phenom­
ena. B u t this is a point where one has to t ie a theory to the s t ructure of 
t h e medium. I would like to stress this uncer ta in ty on the medium, and th is 
is t h e reason I make such a point here of wha t the character of the interspic­
u lar med ium is relat ive t o t he character of t he spicules in t e rms of the th ings 
t h a t one Ttfants to in terpre t . F o r more details, refer to t h e book Physics of the 
Solar Chromosphere by R. G . A T H A Y a n d myself, and the thesis by R. B . D U N N • 

of t h e Sacramento P e a k Observatory . 

^ - R. B . L E I G H T O N : 

Are spicules no t often observed going out a t a considerable angle wi th t h e 
ver t ical and then coming back along the same line? 

— R. 1ST. T H O M A S : 

"Yes, the polar spicules are more vertical t h a n the spicules a t the solar 
equator . 

https://doi.org/10.1017/S0074180900104620 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104620


PART I V - C : D I S C U S S I O N 4 1 9 

— R . L U S T : 

Polar spicules sometimes can be seen to have a t i l t connected with the t i l t 
of the polar rays . 

— K . O. K I E P E N H E U E R : 

If you look a t t n e spicules on the disk, then i t appears t h a t the spicules 
are not dis t r ibuted homogeneously over the solar surface. On the disk, t h e 
spicules can be seen in t he IZ^-pictures as small dark spots, which seem to b e 
arranged in a k ind of network, which obviously is coinciding wi th the ne twork 
we observe in t he calcium flocculi; t he Ca + pictures in t he undis turbed region 
of the sun. The ne twork can last for several days. The spicules seen on t h e 
disk seem to have the same lifetime and to ta l n u m b e r as those seen a t t h e 
l imb. 

— R . N . T H O M A S : 

May I emphasize t h a t the spicules are really only defined on the l i m b ; 
if I in terpre t a disk observat ion and identify it wi th a spicule, I have a l ready 
introduced an in te rpre ta t ion of t he da ta . I do no t disagree with you t h a t 
the disk observations m a y be spicules, I wan t only to emphasize this po in t 
of comparison between observation and in terpre ta t ion of observations. 

— K . O. K I E P E N H E U E R : 

I will survey the different velocities which occur in t he dis turbed p a r t s 
of the solar a tmosphere . 

1) Flare regions: W e have^learned already, t h a t velocities between 0 
and 600 km/s have been observed in t he br ight pa r t s of t h e flares. F r o m t h e 
flare region so-called « surges » or «flare surges » are ejected (appearing da rk 
against the disk and usually br ighter t h a n prominences against t he sky) wi th 
velocities between 50 and 250 km/s . They seem to follow the magnet ic lines, 
of force. Most of t h e m re tu rn along curved pa th s to t h e sun. 

2)- Prominences are cool formations (T~ 5 000 to 10000°) in the corona 
( T ~ 1 0 6 degrees). They show internal motions of 10 km/s or more, have a 
lifetime of weeks or mon ths , they can rise wi th velocities u p to 700 km/s 
( thermal velocity in t h e corona ~ 200 km/s) . There is no observational ev i ­
dence, whether t h e corona is moving with t he prominences. There are dif­
ferent types of effects of flares on prominences (filaments), which work u p to 
distances of several h u n d r e d thousand k m with velocities of 20 to 100 km/s . 
An unknown agent is being rad ia ted away from the flare, affecting form, s t a ­
bi l i ty and internal mot ion of t h e prominence (filament). This effect is obviously 
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I) Velocities 
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T A B L E II. - Velocities and energies of active sun. 
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being propagated th rough coronal volumes wi th densities of 10 8 to 10 9 p ro tons 
a n d electrons/cm 3 . 

There is another effect of impor tance : 

3) When a flare is occurring, t he probabi l i ty t h a t o ther flares will occur 
in t he neighborhood is larger t h a n random. This can only be explained b y 
saying t h a t one flare is< tr iggering another flare. And this tr iggering effect ha s 
been observed all over t he hemisphere, most ly b y B E C K E R . The velocity 
of this triggering effect, which is propagat ing along the surface of the sun, 
probably in the corona, is abou t 1000 km/s . I t could be occurring in a lower 
layer bu t then i t is more difficult to unders tand this velocity. I t might be a 
« solar quake ». 

4) Then we observe after the flare, on t he ear th , a geomagnetic s torm, 
and this s torm obviously is produced b y clouds of corpuscles which are ejected 
somehow from the flare. The travell ing velocity of this cloud of corpuscles, 
deduced from the fact t h a t t he geomagnetic s torm s tar ts abou t one day after 
t he flare, tu rns out to be of the order of 1000 to 2 000 km/s . 

5) Now I come to t h e radio burs ts , which give us the possibility of de­
ducing some velocities. Let me , in a few words, explain radio bu r s t : I t is 
assumed t h a t something is t ravel l ing through the corona upwards from t h e 
flare, or in any direction from the flare, excit ing p lasma oscillations in t h e 
corona, the frequency of which depends on the electron densi ty in the corre­
sponding pa th . So some agency moves through coronal regions of decreasing 
densi ty if upward , increasing if t hey go down, and therefore the frequency of 
t he emission will change correspondingly. If we observe t h e change of fre­
quency as a function of t ime , we will be able to deduce t he velocity in t h e 
corona. F r o m this simple idea t h e type I I and the t ype I I I radio burs t can 
be understood. F o r t he t ype I I radio burs ts , obviously something mus t move 
away from the flare again wi th a velocity of t he order of 1000 km/s . This 
velocity, a t least for t he t y p e I I burs t , has been confirmed b y interferometric 
observat ion; so they could follow the t r ansmi t t e r th rough the corona and t h e y 
were able to tell something abou t t he orbit . This phenomenon takes a few 
minutes . 

6) There are shorter l iving phenomena called type I I I burs ts which cor­
respond to velocities of £ or § of t he velocity of l ight. These phenomena which 
are much faster last only a few seconds. The t y p e I I a n d t y p e I I I occur after 
or specifically dur ing flares. W e m u s t imagine t h a t something is moving through 
t h e corona with th is speed; I h a v e to add t h a t t y p e I I I burs t s occur not only 
wi th decreasing frequency, i.e. with increasing height , b u t also are observed 
coming down. So some of t h£ burs ts are s ta r ted in the high corona and t hen 
move downward; and in other cases this burs t has the shape of a U, called 
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TJ-bursts, which means t h a t t h e t ravel l ing agent is coming u p a n d t h e n coming 
down again. This m a y be in te rpre ted saying t h a t something is moving along 
t h e lines of force. 

7 ) Then there is ano ther mot ion in the corona which has been observed 
a t Sacramento P e a k wi th t h e coronagraph; there was a k ind of « whip » mo­
t ion of a s t reamer changing in a few minutes from one s ta t ic configuration 
to another . The velocity which is necessary to explain this deformation tu rned 
ou t t o be of the order of 6 0 0 km/s . This is the only case, t o m y knowledge, 
t h a t a mot ion of such a high velocity of the coronal m a t t e r in t he corona has 
been observed optically. There is no evidence if this is a mot ion of ma t t e r 
or a mot ion of an exci tat ion wave or something like t ha t . 

— A . B . S E V E E N Y : 

I would like to add other phenomena connected wi th the flares. The first 
one is the outburs t of cosmic rays wi th energy of abou t 1 0 GeV; a n d t h e second 
one is the outburs t of more slow protons , which was measured during the IGY, 
pro tons with energy of abou t 1 0 6 eV. One more phenomenon is the measure­
men t s made by L Y O T , R O B E R T S , W A L D M E I E R et al. connected wi th t he motions 
in t h e green corona. This is specific coronal emission, and the mot ion of the 
kno t s which m a y be observed in t h e green line give a velocity which is not 
ve ry high, something a round no t more t h a n ( 1 0 - r - 3 0 ) km/s . This m a y be in­
teres t ing because some people t ended to identify the motions in the corona 
wi th the corpuscular s t ream itself. 

— R . B . L E I G H T O N : 

I n s tudying the effects of flares a t some distances away from where they 
occur, there is one effect which appears in some mot ion pictures taken a t the 
Lockheed Observatory (*) and which seems qui te striking. 

There is a flare a t some point on the solar disk, and some distance from it 
there is wha t is called a disk filament, which is dark and nar row region (as 
seen in Ha), which remains quiet for m a n y days , perhaps for several solar 
ro ta t ions . Then it often occurs t h a t shortly after the erupt ion of t he flare, a 
cer tain p a r t of this filament will be «evapora ted» and suddenly disappear 
from t h e disk filament. Many examples of this have been observed in t he 
Lockheed Observatory film a n d characterist ic propagat ion speed is about 
1 0 0 0 km/s . So I add an e ighth poin t here : flare effect on filament—about 
1 0 0 0 t o 1 5 0 0 km/s . I m a y men t ion also t h a t for t he same flare where t he 
filament disappeared, one sometimes can also see one or more other flares a t 
some distances away which are sometimes called « s y m p a t h e t i c » flares; as 

(*) R . G. A T H A T and G. E. M O R E T O N : Ap. J . , in press. 

o 
CD 
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K I E P E N H E U E R said, these are statist ically unlikely to occur independet ly and 
cer tainly they suggest t h a t somehow, whatever ins tabi l i ty m a d e one flare also 
m a d e the other one, possibly b y a propagat ion of t h e «tr igger » in each di­
rect ion from some poin t which could be remote from bo th flares. 

— K . O . K I E P E N H E U E R : 

I wan t to add ano ther point , namely, t h a t the effect on filaments from 
flares is no t isotropic, i t can happen t h a t one filament which is close by the 
flare is no t affected a t all, a n d another in another direction which is far away, 
is strongly affected. F r o m t h a t one m a y possibly infer something about t h e 
n a t u r e of the force acting. 

— R. B . L E I G H T O N : 

I a m sure i t is connected with the problem of propagat ion along magnet ic 
field lines. 

— H . P E T S C H E K : 

W h y associate radio frequency burs ts wi th p lasma frequency instead of 
wi th cyclotron electron frequency? 

— F . K A H N : 

Radia t ion can be propaga ted in an ionized gas only if i ts frequency vtaA 

exceeds t h e p lasma frequency *>pl. Fo r rad ia t ion of a given frequency, t h e 
opacity of t h e med ium increases with v p l . The m a x i m u m contr ibut ion to t he 
energy in a given r a y therefore comes from the level where vvl is largest. F o r 
a r ay leaving the solar corona radia l ly this occurs where vvl and vr&d are equal . 

— F . H . C L A U S E R : 

If we have a non-l inear wave propagat ion outwards , a n d if i t decreases in 
in tensi ty as i t moves ou tward , then you should observe a change in speed. 
D o you observe such change in these observations of tr iggering action? 

— K . O . K I E P E N H E U E R : 

I th ink i t is impossible to get such information from the few da ta existing, 
b u t from the radio burs t s i t t u rns out t h a t t he velocity does no t change in 
api te of the fact t h a t t h e dens i ty change is a factor 1 0 8 along the p a t h of t he 
burs t . Such informat ion is really impor t an t for fixing t h e n a t u r e of these 
phenomena . 

— M . M I N N A E R T : 

There is a nar row relat ion between i tems 4 and 5 ; so t h a t we see t h a t t he 
geomagnet ic phenomena are closely related to t ype I I burs ts . 
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— K . O . K I E P E N H E U E R : 

This is very probable ; however, there are more features t h a n t ype I I bu r s t s . 
I t could be indeed t h a t even 3, 4 a n d 5 [3 (triggering of flares), 4 (travell ing 
speed of corpuscles from sun to ear th) , 5 (type I I burs t velocity)] might b e 
t h e same because of t h e same velocity of about 1 000 km/s . W e do not know 
for certain yet . 

— W . H . M C C R E A : 

Are there other regions except flares from which part icles are coming! 

— K . O . K I E P E N H E U E R : 

To m y knowledge, there is no th ing else besides a flare which does such a 
t h i n g ; because all of t he burs t s are correlated with flares. 

— M. K R O O K : 

Type I I I burs ts are very i m p o r t a n t in solar act ivi ty , and they very often 
occur when there is no visible ac t iv i ty on the sun ; so one can assume t h a t 
there are small, very very small flares which are no t visible in b u t which. 
will tr igger type I I I burs t s . 

— R . L U S T : 

Could you comment abou t polarizat ion of the bursts'? 

— M. K R O O K : 

The information is complicated and inconclusive.. Nei ther Wild nor Max-
well is very keen on commit t ing himself a t the m o m e n t abou t polar izat ion 
information. I t is a very difficult measure to make . 

— C. W. P E C K E R : 

Are not t y p e I V burs ts i m p o r t a n t in this ma t t e r ? 

— K . O . K I E P E N H E U E R : 

Type I V burs ts are supposed to be clouds of m a t t e r floating in t h e corona ; 
going u p with the velocity of several hundred k m / s ; rad ia t ing because of t he 
synchrotron mechanism; so i t is assumed t h a t there are electrons of some 
million volts in these clouds a n d there m u s t be a magne t ic field of t h e order 
of a few gauss in order t o explain t he intensi ty of t he rad ia t ion and t h e ob­
served strong polarization. 

— R . L U S T : 

This type I V burs ts are real ly very strongly polarized, nearly 100%. 

* 
r-t 
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— M . K R O O K : 

They are a cont inuum as compared with the compari t ively narrow types I I 
and I I I . 

— C. D B J A G E R : 

I t is good to r emark t h a t i t is not the type I I burs t s which are principally 
correlated with geomagnet ic s torms, b u t ra ther the type I V burs ts . 

— F . H . C L A U S E R : 

You observe things moving along a magnet ic field under g rav i ty ; if you 
t r y and deduce a magnet ic field of the whole sun, do you get consistency from 
day to d a y ; or do t he magnet ic pa t te rns change so much from d a y to day 
t h a t there is no pa t t e rn? 

— K . O . K I E P E N H E T J E R : 

I n the outer p a r t of the corona, there are very few observat ions so t h a t 
we have not ye t direct knowledge of the var ia t ion from d a y to day. I n the 
inner par t , a round the sunspots , there are evident var ia t ions from day to d a y 
in the shape of prominence motions, in the shape of t h e ejection of surges, 
and also from the change of polarization from day to d a y in certain r ad i a 
observations. 

— H . L I E P M A N N : 

I n the same line as Clauser's question, can one say any th ing about incon­
sistency between the s teady magnet ic field of t he sun, and a field produced 
b y fluid motion? I .e. are t he observed field lines and the observed streamlines 
free of contradict ion? 

— R . L U S T : 

If somebody has a good answer to this question, we would a l ready be n e a r 
t h e solution to a n u m b e r of these problems. 

— J . C. P E C K E R : 

I have two feelings when looking a t prominence motions. Very often y o n 
have a prominence flowing in a certain way, apparen t ly following magnet ic 
lines of force, or approximate ly so, a n d the prominence disappears after some 
t i m e ; quite often i t reappears later, showing the same p a t t e r n of motion. The 
second point is t h a t a very common th ing is t h a t knots in prominence mot ion 
are spiralling, possibly a round t h e magnet ic lines of force. Evidence for fol­
lowing the lines of force does no t seem to me conclusive. 
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— L. B I E R M A N N : 

W i t h regard to t h e spiralling mot ions , or w h a t appears as a spiral motion 
in the prominence, which sometimes occur, we have directed our a t ten t ion 
in Gott ingen and in Munich to t h e resemblance of the observed pa t t e rn to t he 
force-free fields which h a v e been invest igated b y L U N D Q T J I S T , L U S T and 
S C H L U T E R , and others. W e w o u l d like to suggest t h e possibility t h a t t he ob­
served motion in such prominences, which appears as helical, implies t h a t the 
mot ion is guided b y magnet ic fields of the force-free var ie ty . I th ink this 
observat ion is one of t h e indicat ions t h a t such fields really do occur in na ture . 

A second point is L iepmann ' s question as t o whether or no t in general 
one could speak of consistency be tween w h a t one could derive from the mot ion 
themselves and from t h e different information abou t t he magnet ic field from 
spicules, spots, e tc . As far as I know there is consistency in t h e sense t h a t we 
are unaware of any violent discrepancy between the information which could 
be derived from the several sources, which are available. B u t we have to 
keep in mind t h a t the observat ions regarding the magnet ic field are of such 
a k ind , t h a t we get no un ique information abou t geometrical propert ies. We 
can only p u t together different pieces of evidence, m a k e a reasonable guess, 
a n d compare again wi th w h a t we see. As far as I know, no obvious inconsist­
encies appear to exist. 

— F . H . C L A U S E R : 

Does any th ing like a dipole s t ruc ture appear in the s teady s ta te? 

— L. B I E R M A N N : 

F o r instance, we know t h e following: t h e field of a sunspot is w h a t you 
would expect if you would regard the spot as a source or sink of magnet ic 
lines of force and ar range the cur rents in some way along and below the sur­
face. I th ink wha t you would see in the prominences is reasonably consistent, 
wi th t he picture t h a t one gets from the photospheric observat ions. Ordinari ly 
i t looks as if there would be no s t rong currents above t h e surface affecting t he 
magnet ic field. Except ions , of course, are the indications for fields of t he 
force-free va r i e ty ; t h e force-free fields are no t potent ia l fields because of t h e 
currents which flow along the lines of force. 

W i t h regard to t he dipole charac ter of the « genera l» magnet ic field of t he 
sun, things have become ve ry complicated since t he recent discovery b y B A B -
O O C K of two years ago, which revealed t h a t the pole fields of t he whole sun 
h a v e reversed their polari ty. This makes somehow doubtful t h e earlier sug­
gestion t h a t this polar field has t o be regarded as dipole field of t he whole sun. 
Now the re are some suggestions as t o t he answer, b u t this should perhaps b e 
excluded from the present discussion. 
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— B . S P I E G E L : 

A question to S E V E B N Y — a b o u t t he az imutha l field you described in sun-
spots . I wonder if you would elaborate your a r g u m e n t for their existence, 
a n d describe their dis t r ibut ion if you know a n y t h i n g abou t t h a t , and suggest 
t h e magni tude of t h e az imutha l component in sunspo t s? 

— A. B . S E V E R N Y : 

I a m sorry, I wish I could do t h a t b u t we do n o t have any method to 
measure the az imutha l field. 

— E . S P I E G E L : 

You suspected the existence of a non-radial component? 

— A. B . S E V E R N Y : 

I t is jus t a guess. I find some indicat ion of possible existence of this azi­
mu tha l field, and this indication is the fo l lowing: We t r ied to establish this 
az imuthal field by scanning the spots near t h e v e r y border of the sun. If we 
h a v e an az imutha l field, t hen we mus t h a v e a radia l , for instance, a nor th 
component a t this border of the spot in a n u p w a r d direction, and from the 
scan through the south border we should g e t a d o w n w a r d direction of the field. 
Thus, by observing the spot a t t he borders of t h e sun, we can t r y to establish 
this component . I have some indicat ions of t h e existence of this field, b u t 
t h e y are not conclusive as yet . This is w h a t I m e a n ; b u t I a m sorry we don ' t 
ye t have methods permi t t ing us to d e t e r m i n e t h e az imutha l component of 
t h e magnet ic field; this is a very ha rd j o b . Now, I would like to add a few 
words regarding Clauser's remark . 

There were observations made a t Boulder w hich show t h a t t he assumption 
of dipole field for spots i s in satisfactory a g r e e m e n t wi th t he observed mot ion 
of prominences. As far as I can remember t h e p i c tu re , i t was considered theo­
retically t h a t the dipole field is a l i t t le be low t h e surface; and they calcu­
la ted the field lines p ic ture a t different i nc l ina t ion of t h e dipole to the solar 
surface. The observed mot ions were compared w i t h t he location of dipole field 
lines and they found p r e t t y good ag reemen t be tween t h e two. 

— J . -C . P E C K E R : 

J . - L . L E R O Y in Meudon made very nice m e a s u r e m e n t s of the t ransverse 
field in sunspots using polar imetr ic m e a s u r e m e n t s . This, of course, is very 
impor t an t because, between the t ime it is a t t h e center of t he disk and the 
t ime it is a t the l imb, t he spa t and the magnet ic fi eld of the spot can be changed. 
If you have a m e t h o d to measure t ransverse magne t i c field, then you can 
measure topography of the field a t t he same t i m e. Actual ly , m a n y spots have 

«© 

https://doi.org/10.1017/S0074180900104620 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104620


4 2 8 P A R T I V - C : D I S C U S S I O N 

been measured this year , a n d I t h ink the fine resolution of t he magnet ic field 
is qui te good. I don ' t h a v e here m a n y details. 

— A. B . S E V E R N Y : 

The problem is no t t o measure t h e inclination of lines of force, because we 
can measure inclination of magne t i c force jus t using the simple Seares ' for­
mula . This was applied a t Moun t Wilson Observatory since 1920; your me thod 
is, of course, be t t e r ; b u t how t o de te rmine the az imuth of t he projection of 
t ransversal field, this is t h e quest ion, t h a t has no t been solved as y e t ; t h a t ' s 
w h a t I mean. 

— J . T U O M I N E N : 

The basic problem of t h e appearance of sunspots is more a problem of t he 
solar interior t han one of t he solar a tmosphere . Now I should like to ask espe­
cially S E V E R N Y : D O t h e velocity and magnet ic fields in sunspots give a n y 
indicat ion on 1) whether a long-lived sunspot is a phenomenon which is con­
t inuously coming out from its source benea th the photosphere? or 2) is t h e 
sunspot a phenomenon which once comes ou t from its source beneath t h e 
photosphere and then lives a shor ter or longer t i m e a t t h e solar surface? This 
question is impor tan t , for ins tance , when movements of sunspots are s tudied. 

— A. B . S E V E R N Y : 

Excep t for the Evershed effect I ment ioned in m y ta lk , and disregarding 
fine s t ructure , we observed somet imes a lifting of t h e whole region connected 
wi th t he spot ; bu t , owing to the b a d seeing, we don ' t have indicat ions on fine 
s t iuc tu re of this mot ion. And, of course, in most of the cases these mot ions 
are also masked by the usual Evershed pa t t e rn , a n d we cannot distinguish 
clearly the motion of t h e spot as a whole and the Evershed pa t t e rn . 

— R . L U S T : 

As far as I remember , t h e measurements from the Evershed effect of the 
mot ions in sunspots h a d given velocities of t h e order of one to two km/s . Now 
S E V E R N Y has repor ted velocities u p to abou t 8 km/s . Could he comment? 

— A. B . S E V E R N Y : 

These velocities are higher t h a n t h e velocities repor ted in the usual liter­
a tu re , because they refer t o a fine s t ructure , and are de termined b y careful 
s t udy of the line-profile. 

— R . B . L E I G H T O N : 

I s i t no t t rue t h a t t h e 7 or 8 k m / s refers to a very small region a t the outer 
bounda ry of the p e n u m b r a a n d n o t to a velocity dis t r ibuted over the disk 
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of the sunspot as found b y E V E R S H E D ? Second, does t h e velocity correspond 
t o outward flow or inward flow of ma t t e r ? 

— A . B . S E V E R N Y : 

These high velocities correspond to t h e outer boundary of the penumbra . 
The sign of the velocity follows precisely t h a t found 
b y E V E R S H E D . The U is t h e u m b r a in the spect rum 
a n d P is t he penumbra (see diagram). B U M B A found p 

t h a t if we t r y to d raw t h e form of spectral lines, ~ 
something like t h e following pic ture called b y h im 
t h e flag phenomenon takes place. H e has no t been p 
u,ble to measure the mot ions in the u m b r a itself and 
his results refer only to t he penumbra . This is wha t 
I am speaking about . Fig. l. 

— J . R O S C H : 

Concerning the Evershed effect—you m a y have noticed t h a t on the film 
by S P I E G E L several days ago there were mot ions jus t a t t he edge of the boundary 
between the penumbra and the umbra . W e have also found in our first a t t e m p t 
t o have moving pictures of t he granules a n d sunspots , something of this sort. 
I th ink this is a point which mus t be looked in to very carefully, because m y 
feeling u p to now is t h a t one will find here , jus t on th is edge, velocities higher 
t h a n the average velocities inside t h e granules and inside the penumbra . I 
should no t be surprised t h a t here on th is edge we find velocities of several km/s 
and this will be qui te consistent wi th t he velocities indicated by S E V E R N Y . 

— J . -C . P E C K E R : 

Ei ther there is a correlation between the rmodynamic s t ruc ture of the spot 
in penumbra and u m b r a , and the motion, or there is not . Now from the recent 
measurements m a d e in Meudon, I th ink t h a t t he p a t t e r n of Evershed motions 
measured b y S E R V A J E A N show li t t le correlation, for complex spots, what ­
soever wi th the shape of u m b r a or with the p e n u m b r a also. There is a very 
.strange p a t t e r n which looks more like the maps of t h e magnet ic fields t h a t 
. S E V E R N Y showed which also show no s t rong correlations wi th shape of the 
u m b r a or t he shape of t h e penumbra . 

— R . B . L E I G H T O N : 

We have also s tudied mot ions a round sunspots wi th our Doppler device. 
If we observe a spot wi th bo th u m b r a a n d p e n u m b r a near t h e center of the 
disk, it is invar iably t rue t h a t t h e velocities from 27 a , t he N a D-lines, etc., are 
•essentially zero wi th in the outer boundary of the penumbra . W e find no evi-
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dence for motions on a scale la rger t h a n 1"^2", which would exceed 0.1 km/s . 
However , j u s t outside t h e p e n u m b r a one finds ve ry pronounced radial lines of 
flow, s tar t ing a t t h e b o u n d a r y of t he p e n u m b r a and shading off as we go 
away. If t he sunspot is s een foreshortened near t he l imb, one sees the s ame 
th ing . However, in t h e X 6103 line of calcium, the re m a y be indications of 
an outflow or inflow of m a t t e r — g e n e r a l l y t he former from our observations. 
I n JH^ there will be opposite direct ions of mot ion on t h e two sides of the s p o t ; 
we in te rpre t th is to m e a n t h e gas moving in toward t h e sunspot is moving ve ry 
near ly horizontally, a long t h e surface of t he sun. Schematical ly, I visualize 
a pic ture of sunspot s t ruc tu re consistent wi th this , as follows. W e have the 
granula t ion outside t h e spot , t h e penumbra l region following the converging 
lines of force toward t h e u m b r a , t h e penumbra mak ing a small angle with the 
solar surface. The hydrogen , be ing free to move along lines of force, moves 
essentially in a v a c u u m outs ide t h e penumbra , b u t is suddenly s topped when 
i t strikes t he denser a t m o s p h e r e a t the bounda ry of t he penumbra . 

Note t h a t we somet imes find an erupt ive prominence coming from some 
poin t on the edge of t h e p e n u m b r a . M I C H E L S O N observed these first and you 
will find accounts of t h e m in t h e early issues of t h e Astrophysical Journal. H e 
poin ted out (from his v isual observations) t h a t these s ta r t from the ou te r 
boundary of t he p e n u m b r a . B u t we also find t h a t in an erupt ive prominence 
no t only is there an o u t w a r d mot ion , b u t also often a component of rotation 
so t h a t one edge of t h e p rominence m a y be moving toward us and the o ther 
side away, as if there were spiral l ing a round lines of force. This has been seen 
several t imes, a l though it is b y no means a universal p roper ty of e rupt ive 
prominences. 

Continuing to ano the r po in t , we have obta ined some interes t ing results on 
t h e K line of Ca+ which, a l t hough the in terpre ta t ion is no t completely clear, 
seem sufficiently s t r ik ing t o be pointed out here. W e took a spectroheliogram 
of t he solar surface; however , as t he slit scanned the solar surface, we also 
scanned the slit pas t t he spec t ra l l ine, so t h a t we obta in a combinat ion spectro­
g ram and spectrohel iogram. I t has been known for a long t ime t h a t the JT 2 

emission is stronger in t h e violet component of t he K2 l ine. I t h ink we have 
t racked this down to a difference in the kinds of features which produce t h e 
emission. W e see m a n y sha rp , b r igh t points of emission scat tered about t h e 
disk, and these are more n u m e r o u s and br ighter in t he violet component of 
K2 t h a n in the red. The slide shows the effect. One-half was centered on t h e 
red component of t he spectra l l ine and t h e other one on t h e violet ; t hey are 
otherwise (with respect to t h e exposure and all t h e subsequent photographic 
t r e a t m e n t ) identical , except in being different regions on the sun. You see 
t h a t there are m a n y more regions per un i t area (many of t h e m very t iny) 
which emit l igth on t h e violet side of t he line t h a n are present on t he red side 
of the line. 
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I suggest t h a t t he calcium emission comes from regions which m a y be ve ry 
small, in m a n y cases r a the r point-like, and which are preferential ly moving 
upwards as t hey emit . I t h ink these migh t have something to do wi th spicules. 

— J . - C . P E C K E R : 

I wan t to d raw a t t en t ion to one point , which m u s t be considered when 
discussing the dynamics of a sunspot ; viz., empirical de te rmina t ion of t h e gas 
pressure a t a given geometrical level. Because there is a magnet ic field, t h e 
gas pressure within and outside t h e spot m a y of course differ. The point is , 
t h a t present measures of this differential gas pressure do no t seem conclusive. 
The measurements b y M I C H A R D of some years ago gave a pressure in t he 
u m b r a which was equal to abou t 0.2 t h a t in t he pho tosphere ; a rough es t imate 
of magnet ic plus gas pressures gave t hem equal to t h e gas pressure in t he 
photosphere. F r o m more recent measures b y L A B O R D E , i t seems t h a t th is 
was wrong, and t h a t t he pressure in the u m b r a is ac tua l ly much bigger t h a n 
it was thought before, a t t he same level, and is a lmost of the same size as t h e 
pressure in photosphere . These types of d a t a are i m p o r t a n t to the problems 
being discussed t o d a y ; I w a n t to emphasize how difficult i t is to obtain results . 

(Ed. note: There followed an inconclusive discussion between E L S T E , 

P E C K E R , M I N N A E R T on reliability of relat ive geometrical scales within and 
outside sunspot .) ^ 

— E . S P I E G E L : 

I ' d jus t like to ask how L E I G H T O N envisages the general mass flow a round 
a sunspot ; in par t icular , how does he satisfy the conservat ion of mass, w h a t 
are t he sources for t he inflow, where does t h e mass go, and such questions. 

— R. B . L E I G H T O N : 

When I discussed our Doppler effect measurements I showed a p la te of 
the motions far from the center of Ha, all over the disk, and these were pre­
dominant ly downward mot ions . I th ink t h a t when one looks a t l imb promi­
nences with Lyo t filters, one sees p redominant ly downward motions in t h e 
quiescent prominences. I would regard the inward flow, seen in Ha, t o t h e 
outer > boundary of t h e p e n u m b r a as being merely ano the r example of the gen­
eral downward flow of t h e hydrogen gas from the corona. Now the reason 
mot ion stops a t t h e bounda ry of t he penumbra , it seems to me, is t h a t t h e 
densi ty increases so great ly t h a t t o keep the conservation of mass t h e velocity 
correspondingly decreases and goes below our resolving power. 

— E . S P I E G E L : 

Would you th ink then t h a t the penumbra is basically cool with br ight 
s t reaks result ing from the inflow of ho t mater ial? 

https://doi.org/10.1017/S0074180900104620 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104620


4 3 2 P A R T I V - C : DISCUSSION 

— E . B . L E I G H T O N : 

No, I don ' t t h ink the br ight s treaks have any th ing to do wi th t h e p a r t 
of t h e ma te r i a l t h a t is coming in. I th ink these are probably convective cells 
t h a t are seen edgewise. The mater ia l has to move along the lines of force; 
I ' m assuming t h a t t he lines of force go in t h a t direction, which seems likely. 
So I th ink of the b r igh t lines being convective cells and, as t he lines of force 
leave t he surface, you jus t have a boundary region to which the hydrogen 
c a n come more or less freely from the relat ive v a c u u m in t he chromosphere 
.and corona outside. This is a qual i ta t ive picture, and there m a y be some 
q u a n t i t a t i v e difficulties with i t which I haven ' t ye t discovered. 

— E . S P I E G E L : 

If you ' re th ink ing of convection, I can ' t unders tand why i t circulates in 
t h a t way. The convection in the model for sunspots t h a t I ' ve ment ioned pre­
viously b y D A N I E L S O N is supposed to be occurring in rolls, the rolls having 
the i r axes radial ly in t h e penumbra , and these correspond to the filaments 
in t h e film t h a t was shown. A n d here now, we're confronted wi th another 
k ind of flow, t ransverse to t h a t p resumed convective flow. This has also been 
called convection and i t is, I th ink , confusing. 

— A. U N S O L D : 

P e r h a p s j u s t a word of explanat ion. Looking a t t he mot ions in a sunspot 
f rom a hydrodynamica l viewpoint , one should be aware t h a t t h e ou tward 
mot ion which one sees in t h e Evershed effect of t he usual metal l ic lines is 
really the main phenomenon a n d comprises b y far t h e largest mass. W h a t 
one sees as inward motion in Ha a n d in H and K takes place a t abou t the level 
of t he spicules; it is onfy a secondary phenomenon. Observat ions also show 
t h a t t he whirls which one sees on the .H^-spectroheliograms have noth ing to 
d o wi th the magnet ic field b u t are simply determined in t he same way as the 
circulat ion in terrestr ial cyclones and anti-cyclones b y t h e Coriolis force. 

I n a cross-section things would look approximate ly like Fig. 2. I n the 
m a i n level of t h e photosphere, t he mot ions mus t have come u p near the u m b r a 
a n d t hen go outwards . A n d only in t h e high level the spicules—or one m a y 
say jus t as well very small prominences—move inwards. You should compare 
m y r e m a r k to the well-known observations t h a t also large prominences are 
f requent ly d rawn in to t h e sunspots . The sunspots exer ts—we don ' t qui te 
u n d e r s t a n d how—an a t t r ac t ive force on prominences, a n d w h a t we see as 
inward mot ion in 2? a and H and K is evidently a phenomenon of t h e same 
na tu r e . This is something qui te different from the ou tward mot ion in t he 
o rd ina ry E v e r s h e d effect, which gives t he (6—8) km/s near t h e outer edge of 
t h e p e n u m b r a and velocities of abou t 2 km/s nearer t h e umbra . If we t r y 
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Spicules 

Cromosphere 
~6000 km 

Evershed circulation 

Photosphere \j>enumbra \^ Umbra ' Penumbra Photosphere 

Fig. 2 . 

t o collect our ideas in to a hydrodynamica l theory of sunspots , we should in 
a n y case begin with these ou tward motions and t r y to complete this circulation 
somehow. The inward motions are evidently a secondary phenomenon. B u t 
th is is a wholly theoret ical ma t t e r . 

— A . J . D E U T S C H : 

Do you ascribe t he vort ical pa t t e rns t h a t we see in the ^ - s p e c t r o h e l i o g r a m s 
t o Coriolis force act ing on those outward motions'? 

— A . U N S O L D : 

The spicules are pulled in b y the same force which pulls in t he large prom­
inences, and t h a t mot ion is accompanied b y a Coriolis force giving the 
r ight curvature . There is no connection with the sign of t h e magnet ic field. 

— R . B . L E I G H T O N : 

I t seems to me t h a t wha t is p r imary and wha t is secondary in impor tance 
depends upon which p a r t of the sun you ' re interested in. F o r m a n y purpose 
we're interested in w h a t happens outside, where t he prominences are, and i t 
seems to m e t h a t w h a t t h e hydrogen clouds are doing ou t the re makes a dif­
ference. Also, we are very m u c h interested in establishing, as far as possible, 
t h e relations—if a n y exis t—between these motions in outer and lower regions. 
So first, let us be a b i t more definite on t h e mot ions in t h e lower regions. 

(Ed. note: There now followed a disordered discussion t ry ing to establish 
which lines showed outflow, which inflow, and the place of origin of these lines. 
Unsold 's d iagram has been expanded a bi t following Leigh ton ' s suggestions 
a n d the « consensus » from t h e floor. Mrs. B O H M - V I T E N S E es t imated m e a n 

28 - Supplemento al Nuovo Cimento. 
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depths r c ~ 0 . 1 for the lines showing the Evershed p a t t e r n ; no es t imate was 
placed on differential dep th between lines showing inflow and outflow in t h e 
Evershed pa t te rn . Again, t he question of differential height within and outside 
a sunspot of t he same line was raised and not answered.) 

— R. B . L E I G H T O N : 

W i t h this information on hand , I would now remark t h a t the motions in 
t h a t we observe occur a t a much higher level and presumably correspond 

to mot ion downward along lines of force t h a t a ren ' t jus t t he ones t h a t go ou t 
of t he photosphere, b u t t he neighboring ones as well. I t is, however, signif­
icant , I th ink, t h a t the bounda ry of the motion for the inward-moving Ha is 
geometrically the same, as far as we can tell, as the bounda ry of t he sunspot 
as seen in integrated light, which perhaps implies only a small height dif­
ference in the a tmosphere for these two th ings—much less t h a n indicated in 
t he figure. Prominences m a y come in along the lines of force as well. 

— A. B . S E V E R N Y : 

I n this connection, I Avould ment ion t h a t together with B U M B A we meas­
ured magnet ic fields in t he chromosphere above the spot. W e reported in 
Observatory two years ago t h a t from measures of t h e Zeeman effect in the 
center of SaJ Hp and Ca+ H and K we found an upper l imit of some 500 gauss 
(as compared with some 3000 gauss in the spot—ed.) My results this morning 
showed records of the field in t he chromosphere above the spot of some 60 gauss. 
So if we compare the kinet ic energy in the chromosphere with t he magnet ic 
energy in the field above the spot, t he former is a l i t t le smaller. So above the 
spot, we have a picture in which the magnet ic field organizes the motion in 
some way. 

— C. D E J A G E R : 

I n drawing the magnet ic field lines, they are assumed parallel th roughout 
the s tar body and then they diverge suddenly close to t h e surface. Drawings 
like this are often found .bo th in scientific and in popular accounts . I t should 
be m a d e clear, however, w h y we do i t l ike t ha t . In tu i t ive ly , one would th ink 
t h a t t h e lines diverge a t t he l imb because the sun « ends » there . B u t i t is 
clear, of course, t h a t the l imb of the sun is only the point where the solar body 
changes from opaque to t r a n s p a r e n t ; this has nothing to do wi th t h e magnet ic 
field, and the densi ty decreases continuously outward there as smoothly as 
i t does 1000 k m higher or lower. F r o m t h a t point of view there would not 
be t h e slightest reason to assume t h e field lines parallel jus t to the sun's sur­
face a n d to let t hem diverge higher up . If there is a reason to make them 
divergent in the chromosphere they mus t be divergent too in t he lower regions. 

« . 
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The only reason I see for making t hem divergent jus t a t t he l imb is be­
cause there the solar m a t t e r is mainly neutra l . 

— R . B . L E I G H T O N : 

De Jager ' s point is well-taken, b u t i t seems to m e t h a t t he visible boundary 
of the sun represents more t h a n jus t t he place where t he l ight comes from. 
I t also represents t h e jflace where t he densi ty is increasing so rapid ly downward 
t h a t i t and t h e pressure go u p to enormous values only a few hundred k m 
below the visible surface, to values which can very well provide t he pressures 
which i t t akes t o constrain lines of force of t h e order of 3 000 gauss s t rength. 
So, while i t is qui te t rue t h a t we don ' t know within several hundred k m jus t 
t h e height a t which this can t ake place, several hundred k m in height is very 
small compared wi th t he m a n y thousands of k m size of a sunspot. 

— L . B I E R M A N N : 

I would like to m a k e three points connected wi th the discussion thus far. 
F i r s t , relat ive to t he Evershed effect, i t seems to m e t h a t after the report of 
S E V E R N Y , there is no reason to believe any more t h a t there is a sort of average 
mot ion across t he magnet ic lines of force. Such mot ion would contradict t h e 
constancy of t he magnet ic flux, which is to be expected from the value of t he 
electric conductivi ty. 

Second point was t h e inhibi t ion of the convective energy flux by the mag­
netic field: t h a t came u p already in the discussion. I th ink the current pic ture 
of why a sunspot appears dark is t ha t outside the spot, unde rnea th t he photo­
sphere, the energy is carried largely by convection whereas in the spot t h e 
convection is affected strongly by the magnet ic field, which is s t rong compared 
to t he kinet ic energy of turbulence. I t is gratifying to see from the discussions 
which we had in the last few days t h a t while the whole theory of convective 
energy t ranspor t has become considerably more complicated t h a n as t rophys­
icists usually believed, i t is obviously now well within t he range of theoretical 
possibilities to have motions—certa in types of convection—of several km/s in 
t h e spots as well as outside t h e spot, b u t — i n the presence of t he strong mag­
net ic fields—no energy t r anspor t in the spots, b u t effective t ranspor t outside 
t h e spots. This is, of course, no answer; b u t simply an emphasis on a problem 
which is essentially a theoret ical problem, which is very impor t an t in t h e 
theory of sunspots. 

The th i rd point has , as far as I recall, no t come u p in the discussions. I t 
is t he following: As was discussed already a long t ime ago b y C O W L I N G , t he 
apperance of a spot on the solar surface mus t mean t h a t t h e magnet ic field 
is carried to the surface b y mass mot ion. I don ' t know whether any obser­
vat ions which were discussed, or which are possible now, give any indication 
of mass motions connected wi th the appearance of a spot on the surface or 
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t he disintegration of a spot to a magnet ic pa tch , or t he disappearance of bo th 
to t he normal quiet s ta te of t he photosphere . One would no t expect very large 
mass mot ions ; jus t as a guess I would expect something of the order of 0.1 km/s 
or so, so it might well be below the level of observation. B u t in addit ion to 
all t he observations which have been and are being carried out , I would sug­
gest t h a t par t icular a t t en t ion be given to events of this k ind, t h a t is to say 
to phenomena which are appear ing during the b i r th of a sunspot and during 
the la ter stages in which i t changes its large-scale s t ructure . 

— H . L I E P M A N N : 

W h y do you say the convection is inhibited? I can see t h a t turbulence 
is inhibited, bu t if you have a large mass motion from the center on up , should 
t h a t motion be inhibi ted as well? 

— L . B I E R M A N N : 

I th ink the convective mot ion t h a t shows u p an Evershed effect is prob­
ably connected to a very th in layer, and so it is no t a t all obvious t h a t the 
mass is really considerable, and t h a t the energy which is connected with it 
plays any part icular role. The idea I discuss is connected wi th the s ta te of 
observations of about 10 years ago. A t t h a t t ime the observers to ld t he theore­
t icians t h a t in a spot there was no turbulence. And on t h a t basis i t was suggested 
t h a t t he absence of turbulence was brought about b y t h e magnet ic field, and 
therefore no energy t r anspor t b y convection. Now, recently, i t has become 
apparen t t h a t in the u m b r a there are bo th s tructures and motions , and there­
fore we have the somewhat more complicated problem t h a t we have a type 
of mot ion which probably differs inside and outside the spot. The theoretical 
problem which I emphasized was to get more insight in to t he conditions under 
which convection—in the presence or otherwise of a magnet ic field—can or 
cannot carry energy. 

— F . M. C L A U S E R : 

If you carry this 8 km/s mot ion back along a magnet ic line this indicates 
t h a t mater ia l is being brought u p from below. This is convection. 

— L . B I E R M A N N : 

Well, this m a y be suggested tenta t ively , bu t I t h ink everything we know 
is consistent with the possibility t h a t actually this outflow is a phenomenon 
in qui te a th in layer as compared with the dimensions, and therefore t he veloc­
i t y which we have inside t he spot—from the divergence, from cont inui ty , is 
ve ry much smaller t h a n you w rould infer from wha t you observe here on t h e 
edges. 
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— F . H . CLATJSER: 

Yes. I t m a y be small, b u t i t is still a velocity from in to out and doesn ' t 
th is carry ho t mater ia l out? 

— L . B I E R M A N N : 

Yes, b u t the densi ty is so small t h a t for this purpose i t can be neglected. 
B u t I must confess I have no t made this es t imate . Anyhow, i t is not available. 

— E . N . P A R K E R : 

One can begin with Biermann 's point , t h a t the s t rong magnet ic field in 
a sunspot inhibits the convection so t h a t the convective t r anspo r t benea th 
the spot is a t a somewhat lower ra te t han in the normal convection zone. 
Since this gives a lower t empera tu re in the interior of t h e sunspot , i t is easily 
shown t h a t the field is further increased, and convection inhibi ted even more, e t c 

Consider a spot which is perhaps 1 0 0 0 0 k m across a n d presumably there­
fore of comparable depth . Now, 1 0 0 0 0 k m a t the t empera tu res you see on 
the sun is something like 3 0 or 4 0 scale heights , the scale height being the 
vertical distance over which the pressure drops b y a factor of e. Suppose t h a t 
I have a very weak column of magnet ic flux within which i t is slightly cooler 
t h a n outside because of convection inhibition b y the magnet ic field. Thus , 
t h e scale height inside will be less t han the scale height outside. Now the 
pressure inside drops off rapidly, s tar t ing down a t some base level deep in 
the sun. And so 3 0 scale heights or 5 0 scale heights above t h e base level, t h e 
gas pressure inside the field is considerably lower t h a n the gas pressure outside, 
even though the t empera tu re difference m a y be very slight over the ent ire 
range. Suppose the t empera tu re is only 1 or 2 % different between the inside 
a n d outside. I n 5 0 scale heights , you still get a factor of 2 be tween t h e pres­
sures. We must have, of course, hydrosta t ic equil ibrium. T h a t is, pressure 
outside (if you neglect curva ture of the lines of force) m u s t be equal to pres­
sure inside plus B2j%n. Now if you have too low a pressure inside, the pres­
sure outside merely caves in the tube of flux squeezing the mater ia l out along 
t h e lines of force and increasing the field in tens i ty B. The ou tward flow of 
gas goes on unt i l t h e increasing B2/8TZ makes u p for t he deficit. Increasing B 
further inhibi ts convection, cools t he gas inside t h e field, so t h a t t h e pressure 
drops still more, e tc . I n th is w a y the spot develops. This is t he extension of-
the arguments which B I E R M A N N began with his remark t h a t t he strong field 
inhibited the convection. 

— E . B O H M - V I T E N S E : 

I would just like to make the point t h a t this is, of course, only r ight as 
long as the t empera ture in the spot is lower t han the surrounding photosphere. 
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B u t if there is really no convective energy t ranspor t , or a t least much less 
t h a n in the surroundings, you can calculate very easily t h a t a l ready in rela­
t ively high layers one gets a t empera tu re which is higher in the spot t h a n in 
the surroundings. 

— E. N. P A R K E R : 

If convection was s topped completely you are r ight , b u t presumably it is 
only part ia l ly inhibited. 

— E . B O H M - V I T E N S E : 

I n a n y case, I th ink this is wha t you would expect, because if t he convective 
energy t ranspor t is s topped somewhere below, t hen you would expect the 
t empera tu re to rise below this level, because t he flux gets s tuck there and will 
hea t the layer below the sunspot . Nevertheless, I would th ink t h a t t he Ever­
shed effect might be a non-s ta t ionary phenomenon because I t h ink t h e sun-
spot cannot ever reach a s ta t ionary s ta te . One can calculate the t ime which 
is needed for a dis turbance in t empera tu re to reach t h e higher layers of t he 
spot. If the spot would be a few thousand k m deep i t would be nearly 
1000 years. And since t h e spot only lasts b u t a few weeks, I t h ink t h e spot 
cannot be in a s ta t ionary s ta te . So I t h ink the Evershed effect m a y very welj 
jus t show t h a t the spot is no t in a s ta t ionary s ta te . If t h e gas in t h e deep layers 
of the spot gets heated, then , of course, you have to push u p mater ia l in order 
to keep the equil ibrium of pressure in those deep layers. 

— V . D . S H A F R A N O V : 

I t seems to me, t h a t there are some arguments in t he t heo ry of hydro-
magnet ic equilibria, which suppor t the idea of an az imutha l magnet ic field 
in sunspots, developed in t he repor t b y A. S E V E R N Y . 

Let us assume, in accordance wi th t he Alfven idea, t h a t t h e magnet ic field 
of a spot is a ringformed toroidal flux-tube, emerging out of deep layers. As 
is known, the magnet ic force lines t e n d t o contract , so a force of a t t r ac t ion FX 

arises which is Fx = (B2J8TI)-no^lR per un i t length. I n this case t h e radial veloc­
i ty of t he r ing mus t be of the 
order of 

Fig. 3. 
a 

i.e. much higher t h a n t h e observed 
velocity of approach of spots. So 

<0 
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i t is necessary to have for equil ibrium a current along the ring, which pro­
duces an az imuthal field B±, and the force F2, opposite t o t h e force Ft. 

I have proposed Msp. Teor. Fiz., 33, 710 (1957)) t h a t there m a y 
exist an equilibrium stable configuration in a fluid, having jus t such s t ructure . 
I t is reasonable to suppose, t h a t a spot represents a cross-section of this 
configuration. 

The connection betSveen az imutha l and longitudinal fields in this configu­
ra t ion is as follows 

B I - 7 - ^ . , for B\ & const over cross-sect ion, 
V In (SB/oc) - i 

gmax 
B = '.=-•-•.. , for parabolic d is t r ibut ion of Bl. 

" V 2 [ l n ( 8 B » a ) - J ] 

The difference between gas pressures outside and inside t h e r ing is positive, 
a n d less t han the pressure of t he longitudinal magnet ic field: 

p e — pi = - i — • ~ k > 0 . 
oTt OTZ 

— R . L U S T : 

This ends the discussion on motion in sunspots, and we change now to the 
subject of the flare phenomena. 

— 0 . D E J A G E R : 

I comment no t so much on the observations as on their in terpreta t ion. 
Often a flare is p ic tured as a region where suddenly much hea t is released. 
B u t I th ink the most i m p o r t a n t phenomenon which we observe in a flare is 
t h e sudden and large increase in density. Let us pic ture here t he si tuation. 
The chromosphere has an electron densi ty of 10 9 or 1 0 1 0 part icles per cm 8 . 
I n the corona i t is 10 8 . The flare arises in a few minutes , a n d we observe i t 
t o have a densi ty of t he order of 10 1 3 —so you see in a ve ry short t ime inter­
va l the density exceeds t h a t of t he surroundings b y a great factor. I th ink 
th is phenpmenon to be t he mos t fundamenta l one of a flare. I t is t rue t h a t 
a flare m a y also have a higher (or even lower, depending on whether i t is formed 
in chromosphere or corona) t empera tu re t h a n t h e surroundings. Different 
values are quoted in the l i t e ra tu re ; depending on the way i t has been found 
one gives 10 000°, 50 000°, even 100000°. B u t t h a t is no t t h e main point . 
I th ink the essential point is t h a t in a very short t ime a region of the corona 
or chromosphere, depending on where it is, collapses to a very high density. 
A secondary aspect is t h a t such a collapsed region can emi t more radia t ion: 
t he number of particles per c m 3 is greater, there are more recombinat ions, etc. 
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— F . H . C L A U S E R : 

W h e n you say collapse, this would imply the particles come from outs ide. 
Are you sure they don ' t come from below? 

— K . O . K I E P E N H E U E R : 

There is some evidence against this idea, because the s t ruc ture of t h e 
chromosphere undernea th t he flare doesn ' t change a t all. So there can ' t be 
a big flow of mass. I t h ink this is qui te crucial. 

— Z D . S V E S T K A : 

I should like to ment ion one observation which m a y have a connection 
wi th t h e velocity field in flares. S E V E R N Y ment ioned here this morning t h a t 
according to the observations m a d e in the Crimea for flares on t he l imb, the 
Ba lmer lines in these flares are broadened by some flare motions. I a m n o t 
sure t h a t all flares can be in te rpre ted in this way, because m a n y flares can 
be described also in te rms of S ta rk or damping broadening. B u t there are 
several flares quite certainly where th is explanat ion in t e rms of S ta rk broad­
ening is no t possible because, first, t he wings of the Balmer lines do no t follow 
the law of the S tark broadening, second, because these flares are evident ly 
optically th in . We can observe t he absorpt ion lines th rough the emission 
of t he flare. And because we need for t he Stark effect a great n u m b e r of a toms 
in t he line of sight, we m u s t explain t h e broadening of the lines in these « th in » 
flares b y means of some velocity field. We observed one large flare on t h e 
solar surface on J u l y 20, 1958, where we took a series of spectra dur ing the 
whole development of t he flare. This flare is optically thin, and i t seems t h a t 
t he lines there had to be broadened b y some velocity field. If t he Ba lmer lines 
were broadened by Doppler effect, then if we plot l o g r (r~ optical thick­
ness) vs. (AA)2 we should get s t ra ight lines. W e get such s t ra ight lines only 
jus t for three minutes in t he flash phase of the flare, no t for the pa r t s before 
and after this. We can get such s t ra ight lines, however, if we plot l o g r vs. 

2.0 

1.0 

m 

1 2 h 0 5 ' m i n 

Fig. 4. 

Flash state 

m i n 

(AA)W, using m< 2 ; th is same 
effect was a l ready observed 
b y J E F F E R I E S and S M I T H a t 

Sacramento Peak . They t r ied 
to explain i t b y non-Max-
wellian velocity dis t r ibut ions 
in flares. B u t there are some 
difficulties. The first is t h a t 
we do no t observe corre­
sponding broadening of t h e 
lines of calcium a n d t h e 
lines of hel ium which would 

QO 
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give much smaller velocities t h a n those from hydrogen. A n d second it is 
r a the r curious t h a t jus t in t h e flash phase we get these Maxwellian distri­
but ions of velocities a n d not before and after. The value of t he quan t i t y 
m changes as shown in t h e figure. There would be another possible expla­
na t ion ; namely, t h a t there appears a change of t he Doppler w id th ; namely, 
of AAD inside a flare even if t he velocities were Maxwellian. Such a change 
could give rise to such fictitious s t raight lines for other values of t he 
power of (AA), t h a n 2. Then this graph would mean t h a t this change in 
zM D was very large in t he beginning arid end of t h e flare. B u t , during (2-^3) 
minutes , there was no change a t all. The si tuat ion 4 minutes after t h e 
m a x i m u m of t he flare was roughly the same as 4 minutes before. The veloc­
ities, of course, were r a the r large, they were higher t h a n 200 km/s in the 
flash phase. This cannot be explained as due to t empera tu re , because this 
would require t empera tu res of t he order of coronal t empera tures , more t h a n 
one million degrees. And, therefore, we are obliged to assume some micro-
tu rbu len t mot ion inside t he flare. And I should ask S E V E R N Y how was t he 
s i tuat ion in the l imb flare he observed a t the Crimea; were t h e C a + and helium 
lines inconsistent wi th the hydrogen lines with respect to velocity or were 
t hey not? 

— A. B . S E V E R N Y : 

There are some cases in which we observed them. Now we are observing 
flares with echelle grat ings, which permi t us to obta in the whole spectrum 
in the range from 6 800 u p to 3 200 A , in the form of strips corresponding to 
t h e different regions of t he spectrum. And sometimes from the observational 
s tandpoint it is mos t impor t an t to fix the flare on the slit. And we do really 
observe sometimes this same picture in the Ca 4 lines H and K and in t he 
hel ium lines—not only for D 3 of H e I b u t also in A 4686 of H e I I . We really 
observed the same wings—very broadened wings as in « mus taches» , in these 
lines simultaneously. B u t there are some flares in which you can only observe 
hydrogen emission, b u t no broad calcium emission and hel ium emission appear. 
Sometimes you can observe very s trong emission in metall ic lines, bu t emis­
sion in hydrogen is comparat ively weak. 

— A. U N S O L D : 

I was struck b y seeing one of the spectrograms t aken b y S V E S T K A , t h a t 
on this par t icular spect rum, the metall ic lines were quite narrow. How is t he 
s i tuat ion in your case? Do the metall ic lines also show these high velocities 
of the order of 1000 km/s? 

— A. B . S E V E R N Y : 

I n some of m y cases, the metallic lines are broad. 

c» 
CM 

https://doi.org/10.1017/S0074180900104620 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104620


4 4 2 P A R T I V - C : D I S C U S S I O N 

— A. J . D E U T S C H : 

I n this Symposium I have heard of m a n y things t h a t I do no t unders tand . 
B u t now I wish to inquire abou t one point t h a t I do no t unde r s t and more 
thoroughly t h a n any of t he others . This is the equat ion which governs the 
t i m e ra t e of change of t he magnet ic field in a conduct ing medium, 

a # JL_ y * H + V x ( F x H ) . 
dr 47tma 

If one computes the order of magni tude of the r ight member for the case 
of a s ta t ic medium, in order to find t he t ime of rigid free decay for a field 
comparable in size with a typica l flare, he gets, conservatively, 10 4 years or 
more . The observations of S E V E R N Y indicate t ha t , in t he course of a flare, 
t he magnet ic field in t he reversing liayer changes drastically, a t least in some 
p a r t s ; and this has also been suppor ted by theoret ical a rguments advanced, 
I th ink , b y PACKER. A flare typical ly releases most of its energy in about 
15 minutes . If I did m y ar i thmet ic r ight , the rat io of these two t ime inter­
vals is of the order of 10 8 . Moreover, if fluid motions exist, t hey cannot accel­
e ra te t he dissipation. The Laplaciati alone gives the dissipative p a r t of the 
t ime change of H. The curl t e rm dissipates no th ing; i t jus t convects the lines 
of force some place else. H o w is i t d o n e ! 

— L. B I E R M A N N : 

The problem of how this can be reconciled has been though t of in several 
s t eps—and can be found in a paper b y S W E E T as a contr ibut ion to the Stock­
holm Symposium on Elect romagnet ic Phenomena in Cosmioal Gases. The 
ma in point is t h a t this equat ion has to be applied wi th some care if mass 
mot ion along the lines of force occurs. The second point is t h a t the resist ivity 
in certain layers is very great ly increased by ambipolar diffusion. T h a t plays 
a grea t pa r t as has been pointed ou t an several occasions by S C H L U T E R and 
myself. When you combine all these factors and t ake in to account t he special 
factors in t roduced by neut ra l lines in neut ra l surfaces, you approach an answer. 
Since a t least 1948, i t has been recognized t h a t these neut ra l lines p lay a 
serious central role in t he discussion of what happens in a flare. 

— E . S C H A T Z M A N : 

I would like to say a few words more on the question of the origin of flares 
associated with neut ra l points . S E V E R N Y this morning has already reminded 
us t h a t when we have on the surface of the sun « hills » of opposite polari ty, 
we h a v e in between these hills a region where the magnet ic field vanishes, 
a n d t h a t is wha t is called a neu t ra l point . This is not to be confused wi th the 
regions along which the magnet ic field, being transverse, is no t seen on the 

© 
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magnetograms . I t has been proved already by D U N G E Y on one hand , by S W E E T 

on the other t h a t a neu t ra l poin t is a region of instabil i ty, and i t was appealing 
t h e n to t r y to explain t h e appearance of the flare' a t t he neu t ra l points b y a 
special k ind of instabi l i ty . F o r t h a t purpose, I have s tudied a magnet ic field 
of a much simpler n a t u r e — t h a t is, a magnet ic field which is periodic in x and y 
a n d decreases exponential ly in z. Or is constant in the z direction. I won ' t 
d raw the picture of the magnet ic field, I jus t wan t to men t ion t h a t there is 
a periodic s t ructure of neu t ra l lines of force—that means neu t ra l lines along 
which the magnet ic fields vanish. The magnet ic field which has been used 
is a so-called force-free magnet ic field. W e have the advan tage t h a t there 
is no magnet ic force so t h a t t he pressure equil ibrium is realized with a con­
s t a n t pressure and t h a t simplifies the calculations. With t h a t special choice 
of the magnet ic field, I have tr ied to see whether there was s tabi l i ty or not . 
I t can be seen t h a t there exists per turbat ions which are uns tab le if some' char­
acterist ic value of t h e magnet ic field is greater t h a n a cons tant t imes the gas 
pressure: B2 > PG• constant . The constant is of t he order of u n i t ^ but? has 
n o t been found b y the theory . So, though I th ink it is an oversimplified 
problem, I th ink i t goes in t he line of the observation of S E V E R N Y and worth 
ment ioning briefly here (paper to be published in Rev. of Mod. Phys.). 

— E. N. P A R K E R : 

I want to call your a t t en t ion to some of the numbers characterizing solar 
flares. Let me restr ict m y remarks to a large solar flare—they come in all 
smaller sizes so you can scale down my arguments as much as you like. The 
energy from the large flare (the rad ian t energy, the visible energy) is no t less 
t h a n 1 0 3 2 erg. L U S T suggested the number 1 0 3 3 erg, and I t h ink t h a t is qui te 
a reasonable es t imate . The flare does a number of th ings , mos t of these large 
flares now are observed to emi t protons with energies anywhere from 1 0 MeV 
u p to as high as 3 0 GeV. Most of t h e m do no t emit energies much above 
1 0 0 MeV, b u t t he to t a l energy in this part icle emission is 1 0 3 1 erg, or even 
1 0 3 2 erg. Now I migh t also a d d t h a t from the gas which blows pas t the ear th 
a day or so after t h e flare, you deduce t h a t there m u s t be something of t he 
order of 1 0 1 8 g of m a t t e r ejected wi th a kinet ic energy of abou t 1 0 3 4 erg. Now 
t h e first and obvious question is where does t he energy of the flare come from. 
T h e thermal energy of t he ent i re solar corona is only abou t 1 0 3 2 or 1 0 3 3 erg. 
E v e n if you could bleed the corona on all sides of t he sun a n d feed i t into the 
flare spot, you would p robab ly no t have enough energy to run things and, 
of course, there is no known mechanism for doing this . The observations show 
t h a t the corona is unchanged during a flare, even fairly close to the flare. 
People have therefore been forced to t h e idea, t h a t you have heard frequently 
expressed today , t h a t t he flare energy source mus t be a magnet ic field. Well, 
a big flare might easily be 1 0 4 k m high and i t might be 3 0 0 0 0 k m on a side— 
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you find t h a t if this ent i re volume is filled with a field of 500 gauss and if the 
onset of the flare completely annihilates t h a t field, t hen you will have enough 
energy to perhaps account for t he flare. There has been so far suggested no 
o the r , answer to ' the r iddle of t h e energy of a solar flare. 

— H . L I E P M A N N : 

I t is certain t h a t t he energy comes from the flare! 

— E . N. P A R K E R : 

No, b u t the flare is wha t is mak ing all the noises and waving all t he flags 
and one assumes t h a t i t is t he center of the energetics. There is no other 
dis turbance t h a t can be seen on the sun a t the t ime of the flare, so i t would 
be even more mysterious if t he energy came from a quieter region. 

— H . L I E P M A N N : 

No, b u t it could be the same cause t h a t causes the flare to produce itself. 

— E . N. P A R K E R : 

You are correct. The visible energy is in fact perhaps only a small port ion 
of the to ta l energy, and therefore migh t be a decoy. 

— I . K . C S A D A : 

I would like to comment on some statist ical evidence for the general mag­
net ic field of the sun. 

I n the following a stat ist ical method will be proposed for evaluat ion of 
Babcock 's magnetograms in order t o s tudy the s t ructure of t he general magnet ic 
field of the sun. As t he local fields show random fluctuations and suggest the 
existence of magneto-hydrodynamic turbulence the usual representat ion for 
the local field is as follows 

wh£re the mean value H m a y be considered as the general field and m a y be 
supposed to be governed b y the differential equat ion deduced for the averages. 

I n the magnetograms the component of the magnet ic field in the line of 
sight is recorded i.e. we m a y wri te 

HX = HX+H'm 

and the determinat ion of Hx m a y be carried out planimetrical ly. As i t seems 
theoretically possible to suppose t h a t the symmet ry of the magnet ic field is 
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axial (magnetic axis) the field m a y be represented b y the vector potential 

_ v hnPf c o s y 
A<P — 2, rn+i ? 

where \p is the polar distance related to the nor th magnet ic pole. Simple de­
duction show t h a t the x component of the mean value of the magnet ic field 
along constant 0 is * 

where q denotes t he distance of the magnet ic axis from the axis Z. 
Let us in t roduce t he following nota t ion 

then the magnet ic s t rength on the solar surface is 

which will be considered as an interpolat ion formula. \ 
This expression will be used for t he model of a two- term potent ia l function 

(DO model) in t he following form 

Hx = AXP™ (cos 6) + A3P<»(cos 6) . 

As the calibration factor is not given for all magnetograms, we must reduce 
the analysis to the non-dimensional pa ramete r h = Azj^A^ being independent 
of the calibration, t h a t is 

cHx = P™ (cos 0) + 3*Pi" (cos 6) , 

where 

• hz 1 1 o • _ 

I n the stat ist ical analysis h was determined for 250 disc recordings (mag­
netograms) which were made in t he Mount Wilson Observatory and were 
sent by B A B C O C K to t he Univers i ty of Szeged. Values of h were found be­
tween 0.0 and 1.0, b u t a well defined grouping appears a t 0.4. The explanat ion 
of the spread is as follows: 
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i) I t is possible t h a t the s t ruc ture of the magnet ic field character ized 
by hlK would be a r a n d o m function of the t ime and we can ment ion « general 
field » in the statistical sense. 

ii) F r o m the stat ist ical point of view h^/hx m a y be near ly cons tan t in 
t ime (its r andom fluctuations are very small), b u t the or ientat ion of the m a g ­
netic axis varies in the system XYZ. 

A periodical var iat ion of h seems to appear from t ime to t ime syncronously 
with the synodic ro ta t ion of the Sun. This fact suggests a devia t ion of t h e 
magnet ic axis from the ro ta t ional axis. As g is given b y the expression 

cos g = cos s cos v + sin s sin v cos oj(t — t0) 

(where s is the distance of the axis of ro ta t ion from Z a n d v t h a t of the mag­
netic axis from the axis of rotat ion) i t is clear t h a t q and also h m u s t show two 

periods: annual period and ro ta t ional 
period. Bo th periods are found and 
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shown in Fig. 5 and 6. F r o m the rota t ional period it was possible to es t imate 
the co-ordinates of the nor th magnet ic pole 

Bm = 75° and Lm --= 9 0 ° . 

Now, I shall show some consequences of these results relat ing to the solar 
a tmospber ic phenomena. 

The disturbances which are generated in the photosphere propaga te through 
the chromosphere into t h e corona as Alfven waves (magnetohydrodynamic 
waves) and magneto-acoustic waves. 

I t is possible to l imit areas in the field of the DO model in which no Alfven 
waves can proceed radially. F r o m this point of view the discussion like the 
one published by B I L L I N G S a t t he High Alt i tude Observatory seems to be 
impor tan t . This paper contains observations of some wave motions in the 

00 CM 
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corona, and t h e anomaly is pointed out a t J5 = 50° where no 
can proceed in D O model . 

Final ly , I should like t o ment ion t h a t t he or ientat ion of t h e 
t o follow the lines of force of t he D O model be t te r 
t h a n t h a t of a simple dipole field. Fig. 7 shows t h e 
or ientat ion of t he spiculae (derived b y L I P P I N C O T T , 

published in t h e Contribution of the Smithsonian Insti­
tute) and the line of force of t he D O model a t h = 0.4. 
I t h ink such an in te rpre ta t ion of spiculae m a y be 
i m p o r t a n t to de termine t h e solar magnet ic field dur­
ing t he m a x i m u m ac t iv i ty when Babcock-magneto-
grams are no t evaluable in this w a y as t he local fields 
are too large compared to t h e general field. 

Alfven waves 

spiculae seems 

-h=0A 

Fig. 7. 
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