
PART I I I . 

Spherically-Symmetric Motions in Stellar Atmospheres. 

B . - The Propagation of a Shock-wave in an Atmosphere 
of Varying Density. 

D i s c u s s i o n . 

Chairman: M . KROOK 

— L . B I E R M A N N : 

A comment on several points made by SCHATZMAN. F i rs t , as regards the 
energy balance of the chromosphere and corona, it is essential to take account 
of the energy necessary to main ta in the corpuscular radia t ion as well as the 
optical radiat ion. The energy in this corpuscular radia t ion is of the order 
10 5 erg c m - 2 , which is comparable wi th t h a t from the corona b y optical radi
ation. Second is a point discussed by L U S T and myself seyeral years ago ; 
viz., all stars hav ing hydrogen convection zones, where occur velocities of the 
order a few km/s , m u s t be expected to possess chromospheres and coronas. 
Bu t for supergiants with large radii , the velocity of escape is much less t h a n 
for the sun, and possibly these stars have only chromospheres, not coronas. 
I t is known from the general properties of the mechanism of radiat ion loss 
t ha t there is a sharp t ransi t ion between the chromosphere, with T of the 
order 10 4 , and the corona, with T of the order 10 6 . Thus , a supergiant with 
escape velocity 20 km/s or so cannot retain a corona with thermal velocity 
200 km/s or so. Third, L U S T and myself have reached the conclusion t h a t 
unt i l one reaches the chromosphere-corona interface, one cannot — except 
within sunspots — expect to have Alfven waves ; in the low levels of t he 
chromosphere one has practically exclusively sound waves. Four th , on t he 
relative impor tance of ambipolar diffusion — again s tudied by L U S T and 
myself and by L E H N E R T — we have bo th agreed t h a t P iddington ' s conclusion 
is not really sound, t h a t outside the spots the contr ibut ion to ambipolar dif
fusion is not really essential. Fif th, in discussing the evolution of the noise 
from granulat ion into shock-waves, the possible influence of a chromospheric 
magnet ic field mus t be t aken in to account . Sixth, it is no t clear to me how 
a shock with the small relat ive ampl i tude suggested by SCHATZMAN could 
produce enough dissipation to main ta in the energy ba lance ; i t seems to me 
necessary to have material velocities near sonic. 

https://doi.org/10.1017/S0074180900104462 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104462


228 P A R T I I I - B : D I S C U S S I O N 

— E . L U S T : 

Firs t , two comments on the acoustic noise generation, which in the astro
nomical l i terature — following the work by LIGHTIIILL and by PROUDMAN 
(Proe. Roy. Soc. Lond., 1 9 5 2 , A 211, 5 6 4 ; A 214, 1 1 9 ) — is usually t aken 
proport ional to Mb. K U L S R U D {Ap. J., 1 9 5 5 , 121, 4 6 1 ) has invest igated the 
effect of the presence of magnet ic fields, and finds t h a t magnet ic turbulence 
increases considerably the generat ion of sound. Provided the magnet ic pres
sure is less t han the gas pressure, no Alfven waves will be generated. On the 
other hand , note t h a t the Mb law rests on a discussion of isotropic turbulence. 
B u t in the top layers of the hydrogen convection zone, we probably do not 
have isotropic turbulence — the turbulence element will expand and move 
outward . We might expect the dependence on M to become somewhat less. 
This is a question for the aerodynamicis ts , the question of the generat ion of 
acoustic noise in the presence of a densi ty gradient . Second, consider the 
quest ion of wave propagat ion in a magnet ic field. W e have invest igated 
— results are as yet incomplete — an a tmosphere with an ou tward densi ty 
gradient and a vertical, cons tant magnet ic field. I n the lower layers, we took 
gas pressure large compared to a magne t ic pressure; and in the top layers, 
t he reverse. We assumed cylindrical symmet ry , and invest igated how an 
init ial pressure impulse propagates outward. We in t roduced an artificial 
viscosity in to the wave so &s to be able to t r ea t shock-waves. One finds indeed 
t h a t an acoustic wave is guided b y a magnet ic field, so t h a t t he propagat ion 
of the wave is preferentially along magnet ic lines of force. The difficulties 
inhibi t ing t he completion of t h e work are those of bounda ry conditions a t 
t h e t o p of the layer, a l ready discussed a t the last session. We made several 
assumptions to avoid incoming waves ; b u t always in the calculations we found 
instabil i t ies occurring a t t he t op layers, and these u l t imate ly t rave l inwards. 
I t is no t ye t clear to us whether these instabili t ies are due to assumed incorrect 
b o u n d a r y conditions, or if there are really instabilities. So t h e problem has 
no t been solved, b u t there appear to be good indications t h a t a magnet ic 
field is able to guide an acoustic wave preferentially along the magnet ic line 
of force. This was our in ten t , to see if one could in terpre t solar spicules as 
arising from such an effect, not ing t h a t the spicules are very often t i l ted in 
much t h e same way as coronal rays and t h a t one likes to identify t he coronal 
r a y t i l t wi th t h a t of the magnet ic lines of force in the solar field. 

— B . N". P A R K E R : 

Let m e present some ideas on the dissipation of t ransverse hydromagne t ic 
waves in the solar corona. If we believe in the cont inual hydrodynamic ex
pansion of the solar corona, then no t only is the r a t e of hea t ing larger, 1 0 2 8 erg/s, 
t h a n previously est imated considering only radia t ion and conduct ion losses, 
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1 0 2 7 erg/s, b u t the heat ing mus t t ake place out to distances of several solar 
radii . The question is whether such extended heat ing is plausible. 

Let us assume t h a t b y some means , such as the convection zone and/or 
the spicules, there are generated a t low levels 1 0 2 8 erg/s in hydromagnet ic waves, 
in the general one gauss field of the sun. Below the corona the gas pressure p 
is very large compared to t h e magnet ic pressure J? 2/&7r, of t h e general solar 
magnet ic field. Thus, c for t ransverse waves wi th an ampl i tude A2? comparable 
to B, the motion will be essentially incompressible. The t ransverse incom
pressible wave will p ropaga te slowly (BIV^TZQ <^PIQ) out along the magnet ic 
lines of force, which presumably ex tend approximate ly in t he radial direction. 
Under such conditions the propagat ion is wi thout dispersion. The angular 
frequency to of the waves is of the order of ( 1 0 ~ 2 - f - 1 0 - 4 ) rad /s , so t h a t the 
wavelengths are within a factor of ten of ( 1 0 2 - f - 1 0 3 ) km. Dissipation due to 
viscosity and resist ivity is negligible. 

B u t as the waves propaga te higher in the solar a tmosphere , the gas pres
sure — which is decreasing rapidly — becomes comparable to the magnet ic 
pressure. The med ium becomes compressible. I t was shown sometime ago 
b y per turba t ion methods ( P A R K E R , 1 9 5 8 , Phys. Rev.) and more recently by 
reduction to a R iemann- type analysis ( M O N T G O M E R Y , 1 9 6 0 , Phys. Rev. Lett.) 
t h a t the hi ther to t ransverse wave will develop a longi tudinal or compressible 
aspect and will rapid ly steepen its front. The steepening prpceeds wi thout 
limit, so t h a t eventual ly some sort of dissipation — resistivity, p lasma insta
bility, phase mixing, etc. — mus t occur, with the result t h a t the energy 
originally contained in t he pure ly t ransverse wave is fed into thermal motions. 

Note then t h a t if the dissipation and heat ing of t he a tmosphere should 
become so rapid t h a t the gas pressure becomes much larger t han J? 2/8TZ, 

then the steepening of the t ransverse wave, and the energy dissipation, will 
slow down. Thus, the dissipation mechanism is self-regulating. Given a large 
flux of t ransverse hydromagne t ic waves propagat ing up into the solar a tmos
phere along the radial lines of force of the general solar field, the tempera ture 
of the gas will be elevated by the dissipation of the waves to the point t h a t 
p is of the same order as B 2 / 8TT, i.e., t he speed of sound will become com
parable to the Alfven velocity. This relation, 

will be mainta ined for as far out in the solar a tmosphere as the hydromagnet ic 
wave flux can hold up . I n te rms of the t empera tu re T and number density 
N(Q = 2NJcT) we have 

p = o (B2/8n) , 
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which is in rough agreement with observations. Fo r ins tance, one gauss a t 
t he photosphere extending radial ly ou tward yields 0 . 6 G a t an a l t i tude of 
3 - 1 0 5 k m , where J V ^ 1 0 8 / c m 3 . W e compute , then T = o ( 1 . 5 - 1 0 6 ° K ) . We 
obta in slightly lower t empera tures , lower down, and slightly higher temper
a tures (up to 3 - 1 0 6 ° K ) far ther out . 

W e suggest t h a t the outer corona is heated principally by the dissipation 
of initially transverse hydromagne t ic waves, so t h a t p ^ B2/S7t determines 
t he coronal t empera ture of the sun. We call this regulated heat ing the Mach 
one effect, which we have a l ready suggested to be operat ive in the interstel lar 
genera ted of cosmic rays ( P A R K E R , 1 9 5 8 ) . 

— F . K A H N : 

W h y does the wave steepen? 

— E. N. P A R K E R : 

A quick and purely physical p ic ture is t h a t the velocity of propagat ion 
is most rap id where the field is strongest . Let me recall to your minds t h a t 
t he condition which prevails in a t ransverse hydromagnet ic wave is t h a t the 
to ta l pressure is constant . Therefore, t he gas pressure and densi ty m u s t be 
lower where the field is stronger and t h a t pa r t of the wave propaga tes faster 
t h a n the par t where the field is weaker and the pressure and densi ty higher. 

— A . J . D E U T S C H : 

I n connection with Biermann ' s interest ing suggestion t h a t there m a y be 
g iant s tars having chromospheres b u t not coronas, I wonder if escape veloc
ities as low as 2 0 km/s are possible? For a s tar of one solar mass to have 
such, i ts radius mus t be 9 0 0 t imes t h a t of the sun. Escape velocities of 1 0 0 km/s 
are possible, possibly 5 0 , b u t lower t h a n 5 0 is, I th ink, impossible. 

Second, I would like to ask t he following questions in connection with some 
very qual i ta t ive ideas abou t the na tu re of the flow processes in the la te- type 
giants , details of wThich I will discuss in tomorrow's session. Here , one deals 
wi th s tars having radii several hundred t imes the solar radius . One knows 
t h a t m a t t e r is s t reaming out of these stars with velocities of t he order of 10 km/s 
(cf. Table I of Deutsch 's ta lk) . 

The gas, where we observe it , has an excitat ion t empera tu re indistinguish
able from zero, an ionization t empera tu re which is very low; and a kinetic 
t empera tu re which cannot be very high. W e m a y call this a corona if we wish, 
i t cer ta in t ly is very different from the solar corona. 

W e also know t h a t these stars have emission features which suggest to 
us t h a t there is a chromosphere. Now we find, by s tudying the dynamics , 
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t h a t in order for us to under s t and the flow a t all, we m u s t consider either 
very high velocities of ejection — which we do not observe — or a very high 
t empera tu re region — which we also do not observe. Le t us suppose, how
ever, t h a t there is a high t empera tu re region near t he reversing layer. The 
t empera tu re need no t be as high as 10 6°, b u t i t probably will have to be over 10 5°. 
This region is p resumably unobserved. I observe the lines produced a t greater 
distances where t he gas has cooled off and slowed down. 

Is it not reasonable to suppose t h a t the physical mechanism operat ing 
here is the following*? D u e ul t imate ly to convective processes well below the 
photosphere, acoustic dis turbances are set u p which then propaga te outwards 
through the reversing layer in to the chromosphere, dissipating energy as they 
go and heat ing the gas — m u c h the same picture we have for the solar chro
mosphere and corona. W h e n we reach a sufficiently high level in the « corona », 
we find t h a t the inhomogeneit ies due to the acoustic dis turbances and shocks 
are p re t ty well evened out , and we are left wi th a med ium which is nearly 
homogeneous, hav ing a high tempera ture , and having some ne t velocity out
wards. Shortly after we reach t h a t point, we come into the regime 
where we can observe the gas. Is this a physically realistic picture? If so, 
then in order to unde r s t and it in a more quan t i t a t ive way, it would be 
appropr ia te to formulate these specific gas dynamical problems. Firs t , I would 
like to consider a one-dimensional problem: I will consider a gas which m a y 
have a t empera tu re gradient , and which m a y have a gravi ta t ional field 
going through it in the « x » direction. Let us suppose t h a t a t t = 0, I give 
to a certain slab of gas a cer tain initial velocity which will be prescribed, and 
then let it go ; I simply assert t h a t a t t = 0, I know the velocity and the mass 
contained in this slab. And I ask for the subsequent mot ion of the gas, bo th 
in front of the slab, after i t has been s tar ted on its way, a n d behind the slab. 
The part icular question which I would like to have answered, because it is 
one tha t ' s re levant to the problem t h a t I have been discussing, is th i s : as a 
result of the impulsive motion, how m a n y g /cm 2 of m a t t e r will flow through 
a surface which is well removed from the slab? This effectively gives me the 
ra te of mass-loss in the plane problem. Of course, eventual ly I will want 
to consider the same problem with a spherical geometry, where I give a th in 
shell an, impulsive d is turbance and ask, as a result of t h a t impulsive distur
bance, how m a n y grams of m a t t e r flow per second th rough a larger sphere? 
I would also like to ask wha t are the properties of t he velocity field and of 
t h e mass t ranspor t? Will t hey depend upon the ra t io of energy to m o m e n t u m 
in the init ial dis turbance? I t seems to me t h a t they should. The characteristics 
of the flow and of the mass-loss migh t well be different, depending upon 
whether I s ta r t wi th 1 g /cm 2 moving a t Mach 10, or 5 g /cm 2 moving a t Mach 2. 
It is necessary to ask in wha t ways this will change the t empera ture , t he 
velocity field, and the ra te of mass t ranspor t . These are some of the questions 
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which I wish to pu t before the hydrodynamicis ts as p robably re levant to the 
kinds of flows which we have observed. 

— F . 1ST. P A R K E R : 

I would like merely to comment t h a t as an a l ternat ive to the ideas tha t 
Deutsch has expressed — impulsive mot ions deeper in the s tar sending ripples 
of mater ia l which go out in to infinity — was the picture t h a t I got from 
Deutsch ' s observational description. I t is possible, using tempera tures which 
are no t in disagreement wi th w h a t one sees in the a tmospheres of these giants , 
t o wri te down a simple spherically symmetr ical s teady flow out of t he giant 
star . The hydrodynamic flow is similar to the hydrodynamic expansion of 
the solar corona (cf. Session I I I , C). The numbers would be qui te different, 
b u t the solutions are the same analyt ical character. 

— A. J . D E U T S C H : 

Apparen t ly I did not m a k e m y point clear. I have in mind a model for 
t he flow in the region where one loses sight of the init ial dis turbances which 
are responsible for the t ranspor t of energy, m o m e n t u m and mass a t the base 
of w h a t becomes, a t some number of stellar radii , essentially a smooth spher
ically symmetr ical flow. 

— E . K T H O M A S : 

Three points . Fi rs t , regarding your conjecture t h a t a t a sufficiently high 
level in the outer a tmosphere t he inhomogeneities associated with the hea t ing 
mechanism are essentially evened out , note t h a t in the sun, the one s tar we 
observe in detail , we have s trong inhomogeneities th roughout much of the 
region in which we observe spectral lines. Indeed, in t h e region where me
chanical effects enter, the lower pa r t s appear to be homogeneous from a mo
men tum- inpu t s tandpoin t ; from an energetic, one doesn ' t ye t know. 
B u t higher, t he spicules appear ; spike-like columns, moving ou tward a t 
(10- f l00) km/s , t ranspor t ing enough mass to replace t he corona every few 
hours . One might say t h a t these spicules are the «ini t ial s t a t e » postula ted 
b y D E U T S C H , r a ther t h a n a uniform, spherically-symmetric slab. So, m y 
second point is t h a t several years ago I did jus t wha t Deutsch asked — only 
in t e rms of a l imited (in area) block of gas ra ther t h a n a spherical ly-symmetric 
flow — assuming an initial velocity for a column of gas, and asked its con
figuration (1950, Ap. Journ., 112, 3 4 3 ; earlier rough model 1948, Ap. Journ., 
108, 130). I actually asked for a s teady s ta te , so t h a t the model was essentially 
t h a t of a supersonic jet in a gravi ta t ional field, with high Mach number . So 
the solution was Prand t l ' s old solution modified by a gravi ta t ional field. I did 
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not push the model further, because it seemed to me it neglected the basic 
physical features t h a t such a problem mus t include: viz., s t rong variat ion in 
internal energetic degrees of freedom of the gas (I used constant y), and 
coupling with radia t ion field (which I ignored). B u t if one wants to ask about 
the flow field in a chromosphere-corona, it seems to me t h a t & spicule field 
is an equally-likely s ta r t ing point to a spherically-symmetric one, based on 
our present knowledge. However , I would like to pass no judgmen t on whether 
this rough picture of mine, or the acoustic-wave sharpened b y magnetic field 
picture of Lust , is preferable. Third, relat ive to Biermann ' s comment on stars 
wi thout corona b u t wi th chromosphere, regions of 10 6 a n d 1 0 4 °K for the 
t empera ture , I would emphasize t h a t the radia t ive s tabi l i ty a rguments under
lying this picture would lead also to addit ional regions hav ing intermediate 
values of t empera ture . Fo r the sun, we have evidence for a smooth distri
but ion of Te u p to about 1-10 4 ; a j u m p to somewhere (2^ -5 ) -10 4 ; evidence 
for values of T e in the range (0.7 -i-1.5) -10 5 ; and i t is not clear t h a t there m a y 
no t be another region between this last and a value (0.5-M) -10 6 . So one doesn ' t 
wan t to look a t the outer a tmosphere as a rigorously 2-component affair. I t 
jus t so happens t h a t most of our observations have emphasized the 10 4 and 
10 6 °K regions of t he outer solar a tmosphere so far. I th ink the Wolf-Rayet 
stars are a good example to keep in mind, where other regions are emphasized; 
the solar rocket observations are doing the same for the sun. 

— M . K R O O K : 

I mus t admi t to some confusion as to the relative impor tance of sound 
waves and hydromagnet ic waves. I hope someone will clarify the position 
where are the sound waves ; to wha t ex ten t are they inadequa te for the heating, 
and to wha t ex ten t are hydromagnet ic waves needed for this? 

— E . S C H A T Z M A N : 

First , I would draw a conclusion from what has been said by B I E R M A N N , 

D E U T S C H , and P A R K E R re lat ive to the giant s tars . For t he sun, the temper
a ture rise in the outer a tmosphere comes only in regions which are optically 
very thin in the visual cont inuum. Bu t in the giant s tars , i t is likely t h a t 
the dissipation behaves much differently, and we m a y have a rise of tem
pera ture beginning already a t optical depth 0.2 in the con t inuum. This result 
has been obtained using a phenomenological theory of t he velocity of p ropa
gation, dynamic pressure of the waves, etc. B u t I t h ink we should add to 
t h a t result the observation t h a t if we have energy enough, pa r t of the energy 
is used to push away mater ia l , as in Parker ' s pic ture of the corona. So I th ink 
t h a t if in the region of optical depth 0.2 we would add the energy used to 
hea t up the mater ia l and t h a t to push it away, we could develop the theory 

© 
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to obta in the t empera tu re inversion, t he model of the s tar wi thout a corona, 
and t h e mass-loss. Second, on the question raised b y K R O O K , we have some 
information from the sun. F r o m Leighton 's pictures, for example , we know 
t h a t we m a y have certain regions on the solar surface where we observe an 
increased magnetic field, say 50 G. If we compare such pictures with those 
of calcium faculae, we find t h e faculae coinciding wi th t h e regions of enhanced 
field. And there is a sharp t rans i t ion between these facular regions having 
field, and non-facular regions showing no field. So, I th ink we could suggest 
t h a t outside the faculae, we have hea t ing wi thout effect of the magnet ic field; 
a n d in the faculae, we h a v e hea t ing including the effect of magnet ic field, a t 
heights about 1000 km above the solar photosphere. Tha t is, we have heat ing 
b y compression waves outside t he faculae; while in t he faculae, we have to 
include dissipation by t ransverse waves. Finally, note t h a t i t is only a t very 
great heights , some 2 solar radi i , t h a t we might expect to have dissipation 
possible only by t ransverse waves, because here the mean free p a t h is too 
large for dissipation by longi tudinal waves. 

— K . L U S T : 

I only emphasize t h a t to get this damping for t he Alfven wave, you have 
to be in a region where the m a t t e r is only par t ly ionized; for wi thout some 
neu t ra l gas, the conduct iv i ty is no t sufficient to make significant damping. 
The only mechanism t h a t can really contr ibute is the ambipolar diffusion 
between neutra l and ionized component . 

— E . N". P A R K E R : 

1 th ink you are overlooking a lot of possibilities, such as p lasma instabili t ies. 

— P . L U S T : 

Agreed, there are certainly other possibilities, not ye t completely under
stood, which would contr ibute to the damping . B u t I refer jus t to the Pid-
dington mechanism, on which this necessity of a neu t ra l component is a 
severe condition. 

— 0 . D E J A G E R : 

I t h ink it is clear t h a t the facular regions are hea ted in t he photosphere, 
above optical depth 1; b u t I wonder if we really can be sure t h e y are hea ted 
in the chromosphere 1? They are a b i t br ighter in and Ca I I , b u t this does 
not necessarily mean they are hea ted more t h a n is the surrouding region. 
Second, the point was made t h a t the hot tes t stars should not have coronas 
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because they do not have convection zones. This would follow if the corona 
in these stars arose from turbulence generated by convection. B u t according 
to Miss U N D E R H I L L , we observe turbulence in these stars . How it is gener
a ted , we do not know; b u t if it exists, I th ink i t should produce a certain 
mechanical flux, thus could give a corona. Third, agreed t h a t Alfven waves 
can only be generated in regions where magnet ic pressure exceeds gas pressure 
— thus probably only in sunspot regions — there is still a factor not yet men
tioned. Such waves can be reflected, in a region of decreasing density. If we 
compute to see wha t happens to these waves generated in sunspot regions, 
we find the greater p a r t reflected backwards . W h a t happens then? The only 
th ing I can imagine is t h a t they are t ransformed into acoustic turbulence, 
which leads to hea t ing of the lower par ts of the spot. I would pose this problem 
to the aerodynamicists . 

— A. A. B L A N K : 

There are three speeds of propagation of hydromagnet ic waves. W h y is 
the discussion confined to Alfven waves ; have you though t about the pos
sibility t h a t the propagat ion could be a more general var ie ty? Even if one 
begins with a compressionless wave, a pure Alfven wave generated in t h e 
incompressible core, as soon as the wave reaches a higher level where com
pression is possible, the energy will be propagated in all t he available modes. 
This is not a mere possibil i ty; there is a proof by Grad t ha t , in general, the 
three modes cannot propagate independent ly through a compressible medium. 

— M . K R O O K : 

I think one also wants to distinguish the case of a large ampl i tude dis
turbance where the resolution and propagation of individual small ampl i tude 
modes does not have any direct meaning. 

— W. B. T H O M P S O N : 

In part icular , these things m a y happen in the corona where the hydro-
dynamic picture is quest ionable because of the long mean-free-path. There 
are a number of processes, no t described by hydrodynamics , which might be 
impor tan t , especially non-collisional damping (Landau damping) which might 
be great enough to bea t any steepening edge. 

— A. U N S O L D : 

A remark from the observational viewpoint, relative to velocity fields a t 
the chromosphere-corona boundary . We ta lked a t various t imes about the 
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spicule s t ructure of t he chromosphere ; about these spikes extending some 
10 000 k m high and moving a t some 20 km/s . 

These spicules are sometimes qui te similar to small prominences ; and , in 
fact, long before one spoke abou t spicules, one ta lked abou t small prominences. 
I t happens quite frequently t h a t t h e y assume more complicated s t ructures 
and move off with higher velocities. F r o m the spicules there is qui te a con
t inuous t ransi t ion into so-called rising erupt ive prominences — large masses 
of gas apparen t ly of cooler t empera tu res u p in t he corona which move with 
very large velocities and sometimes qui te suddenly speed u p b y hundreds 
of km/s . I r emark t h a t in order to r emind also the aerodynamieis ts t h a t there 
exists in the outer p a r t of t h e solar a tmosphere a mechanism which is able 
to accelerate considerable masses of gas suddenly and to very high velocities. 
I t is generally assumed t h a t i t is connected with magnet ic fields. 

— M. K R O O K : 

Would someone sketch a quick pic ture of the characterist ics of convection 
zone, photosphere , chromosphere, corona, to give a quick picture of mechanisms 
of hea t ing and types of mot ion. 

— L . B I E R M A N N : 

Photosphere outside spot. - W e have turbulence of t he order 1 km/s . My 
own position has been t h a t this is much nearer to turbulence in the aero
dynamica l sense t han to some convection of the Benard type . Densities of 
the order 10 1 7 a toms/cm 3 . 

Photosphere near spot. - The radia t ive flow is suppressed to a considerable 
a m o u n t — only (20-^30)% remains . B u t pho tomet ry shows t h a t pract ical ly 
all t he radiat ion t h a t « disappears » in a spot comes u p in a r ing a round the 
spot. If you take a to ta l area of spot plus a ring, 1 5 % or so of the radius , 
a round it , then you get pract ical ly the same energy as in t he non-spot region. 
So you get the picture of energy being diver ted to the sides; i t ' s jus t a question 
of how the magnet ic field acts in diver t ing t he energy flow benea th the spot. 
Twen ty years ago, i t appeared t h a t the mater ia l in a spot was essentially 
quiescent ; b u t now i t appears t h a t there are mot ions of several km/s there . 
The observat ional indications suggest a different t y p e of mot ion inside and 
outside the spot, even though t h e velocities are t he same size. 

Chromosphere. - There is a t ransi t ion region of roughly 300 k m between 
photosphere and chromosphere; a n d the chromosphere ex tends u p to some 
10 000 k m . W e have velocities t h a t are observed, stat ist ically, t o increase 
upwards from a few to abou t 20 k m / s . There we have velocity fields of a 
certain scale, s t ructure , and energy, which are connected with t he super-
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position of sound waves developing into shock waves. On the other hand, 
T H O M A S and colleagues t r ied m a n y years ago to p u t forward a picture, s tar t ing 
with the observed propert ies of spicules a t higher levels, and assuming higher 
velocities of 5 0 km/s or so a t lower levels. To us there is a difficulty seeing 
how one gets these high velocities a t lower levels. L U S T has already described 
our a t t empt s to produce spicules as a consequence of the action of magnetic; 
fields on the acoustic waves. 

Corona. - The t ransi t ion from the upper chromosphere to corona, from a 
few t imes 1 0 4 ° K to a few t imes 1 0 6 , is fairly steep. The corona is essentially 
isothermal, beginning a t t he level of ( 1 0 0 0 0 - ^ 2 0 0 0 0 ) km. Thus, we have a 
t ransi t ion from abou t ( 2 0 0 0 0 ^ - 3 0 0 0 0 ) ° K to ( 1 ~ 2 ) - 1 0 6 in less t han 1 0 0 0 0 km. 
In the corona, there is one serious quest ion: up to now, one has no real evidence 
of mass motions of the order of the sound velocity there , some 2 0 0 km/s . 
These would be difficult to observe; and observations of line-profiles are not 
incompatible with their presence; bu t the question is still open. Theoretically, 
we would expect t hem, in order to get the necessary dissipation effects. Of 
course, in connection with work on plasma physics, we are jus t beginning to 
learn about a var ie ty of instabil i t ies; and one may indeed have the result 
t h a t he obtains much more dissipation t h a n expected on the basis of pure 
aerodynamics . 

(Ed. note: I t should be noted t h a t the Tc s t ruc ture of the chromosphere-
corona is presently violently controversial. In the regions called coronal by 
B I E R M A N N , values between ( 0 . 5 - ^ 3 ) - 1 0 6 ° K are variously given. Arguments 
for 1\ in the 1 0 5 ° K range, occurring as low as 4 0 0 0 km, between the spicules, 
have been given. For the coronal discussion, cf. discussion in Section IV, D 
( S E A T O N ' S remarks) of these proceedings and the Proceedings of the 1 9 6 0 Meudon 
Colloquium on Stellar Atmospheres (Ann. a^Ap., 23, 8 0 7 ( I 9 6 0 ) ) . For the chro
mosphere-corona t ransi t ion, cf. Physics of the Solar Chromosphere, T H O M A S 

and A T H A Y , 1 9 6 1 . ) 
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