
PART I I I . 

Spherically-Symmetric Motions in Stellar Atmospheres. 
C . - Non-Catastrophic Mass-loss from Stars. 

I . 

D i s c u s s i o n . 

Chairman: C. D E JAGER 

(Ed. Note: This discussion spread over one and a half days , mainly 
s t e m m i n g from Deutsch 's emphasis on possible stellar mass-loss a t a s teady 
flow less t h a n the escape velocity, Pa rker ' s emphasis on the «solar w ind» 
as t he very high speed mass-ejection mechanism for the sun, and the feeling 
of t h e aerodynamieists t h a t t h e problems could be combined a n d generalized 
a s a simulation of the diverging-converging nozzle-flow problem. So in editing, 
p a r t s of t he discussion have bee re-ordered, for greater cont inui ty . Following 
t h e Chairman 's original schedule, stellar problems come first, then solar. Two 
summar iz ing presentat ions from the nozzle-flow s tandpoin t were presented— 
one b y CLATJSER, one by GERMAIN . Germain 's presenta t ion is used as t h e ini
t i a t i ng point of re-discussion of several aspects in this t ranscr ip t ion ; CLATJSER 
has expanded his remarks and publ ished t hem as a contr ibut ion from the 
J o h n s Hopkins Universi ty D e p a r t m e n t of Mechanics—AFOSR T N 60-1386 
^Towember 1960, so they are no t included here.) 

— A. U N D E R H I L L : 

I would like to point ou t some inconsistencies in Deutsch ' s tab le . F o r the 
M- type giants , D E U T S C H has repor ted some very beautiful and detai led obser
va t ions from which one can deduce t h a t the flow a t large distances is larger 
t h a n t h e escape velocity a t t h e same place. Very sensitive and in t r ica te inter
p re ta t ions allow one to infer somewhat similar facts for the sun. I n t he case 
of t h e s tars , r a the r crude a n d general a rguments are g iven; and if one examines 
Deu t sch ' s figures for the Wol f -Eaye t and Be- type stars , one sees t h a t the 
flow velocity listed is in mos t cases somewhat smaller t h a n the escape velocity. 
W e h a v e heard t h a t a rguments based on evolut ionary considerations favor 
va lues for mass-losses of t h e order of 10 t imes larger t h a n those derived from 
these observations. I believe t h a t th is factor of 10 can be m a d e u p quite 
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easily, simply b y al ter ing t h e distance from the stellar surface a t which t h e 
mater ia l has mot ions , a n d t h e size of t he mot ions themselves. 

Take the case of t h e Wolf -Eayet s tar H D 192103, spectral class WC 7. 
As fas as I can tell from spectroscopic observat ions, th is s tar appears to h a v e 
a single spectrum, a n d t h e H e I I lines X 4686, X 3203 (from level 3), X 5411. 
X 4541 (from level 4), a n d X 6527 (from level 5) all have t he same to ta l half-
wid th , which in t h e case of th i s s tar is of the order of 1000 k m / s : this implies 
a root-mean-square velocity of roughly (500-^600) km/s . These are all emis
sion lines. I n this s ta r one observes strongly displaced H e I absorption in 
t h e lines A 3888 a n d A3186, which originate from t h e metas tab le 2 z8 level ; 
these are the only s t rong absorpt ion lines in t he spectrum. Under conditions 
of high t empera tu re and modera te geometric dilution (i.e. a t a distance of 
t h e order of 5 stellar radii) this level becomes strongly popula ted . A simple 
uniformly expanding sphere cannot be used to explain t h e H e I I profiles, 
one of the difficulties with the in terpre ta t ion of Wolf -Eayet spectra being t h a t 
t h e pa r t of a s trong line projected on the disk should be self-reversed, upon 
this theory, thus causing absorpt ion on the violet side of t he line, b u t in fact 
no such absorption is observed. The significance of this was recognized 30 years 
ago. Thus, i t is significant t h a t s trong absorption only occurs for spectral lines 
which are s t rengthened when the mater ia l is far from the stellar surface, a n d 
t h a t these lines show velocities of expansion of the order of 1200 km/s . I t h ink 
t h e intrinsically s t rong line X 4686 does have some self-absorption (as i t should 
have , since i t ' s formed in a modera te ly dense region), b u t th is self-absorption 
is such t h a t i t is all over t he profile. 

So the pic ture is t h a t the Wolf -Eayet stars are composed of an inner a tmos
phere , which forms the emission spectrum chiefly, and an outer region 
a t qui te a distance from the s tar , which usually doesn ' t possess enough mater ia l 
t o produce emission features, a l though i t does produce certain absorption lines. 
This outer shell gives observat ional evidence for a definite expansion. 

I repeat t h a t mos t of the emission features in a Wolf -Eayet spect rum come 
from par t s of t he a tmosphere where t he mot ion is no t uniformly directed. 
F o r example, t he line X 5696 of C I I I has t h e only flat-topped profile which I 
h a v e observed in a Wol f -Eaye t spec t rum to da te , and there is no doubt t h a t 
in H D 192103 this profile has a width of close to 2 000 km/s , whereas t h e 
s t rong H e I lines in th is s ta r have widths of no more t h a n abou t 1000 km/s . 
So I a m saying t h a t an expanding envelope exists outside t h e regular Wolf-
E a y e t a tmosphere . I t h ink t h a t you can also infer th is from some of t h e 
binaries. 

— G . E L S T E : 

May there be a s t rong self-absorption a t the C I I I X 5696 producing t h e 
flat-top? 
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— A. U N D E R H I L L : 

I do no t th ink so. This line is intrinsically a modera te ly weak line. I t h ink 
t h a t if there was going to be self-absorption, you would see i t first of all in 
C I I I 4650 - you do not . 

— E . S P I E G E L : 

Could you jus t r emind us of t h e evidence from the Wol f -Eaye t stars 
t h a t are members of binaries, whe ther i t is the case t h a t the shell would be 
near t h e critical zero velocity surface, and can one therefore get an idea of the 
consistency of these ideas of t h e shell sizes? 

— A. U N D E R H I L L : 

I do no t remember offhand the sizes of the orbit a n d stars . W h a t I re
member abou t 7444 Cygni is t h a t t h e major pa r t of the emission lines mus t 
be formed reasonably close to t he stellar surface. You see you have a l ight 
curve and you have an eclipse; to in te rpre t the details, you m u s t pos tu la te 
a fairly small nucleus which gives your continuous spec t rum—another region 
t h a t is reasonably dense—and then an extremely large region in which electron 
scat ter ing dominates . Now I t h ink th is outer region probably produces these 
special features I have been describing. 

— Mrs. B U R B I D G E : 

I would like to make a qui te different a rgument for t h e existence of mass-
loss in W E stars and in par t icu lar th is s tar V444 Cygni. If t he W E stars are 
massive stars , one might argue from t h e appearance of the i r spect rum t h a t 
t h e y appear to be a t a la te evolut ionary stage. Some W E stars have strong 
carbon a n d some strong ni t rogen in thei r spectra. Al though i t is difficult to 
say any th ing about real abundances in the a tmospheres , because obviously 
depar tures from L T E are very i m p o r t a n t in a tmospheres like this , ye t the 
existence of carbon and ni t rogen fit in well with our ideas of nucleogenesis in 
t h e inter ior of stars and stellar evolution. If a massive s ta r has rad ia ted long 
enough for the hydrogen in i ts inter ior to be converted to hel ium, a n d the 
hel ium core has reached qui te a size, we can then get high enough t empera tu re 
a n d densi ty in t he center for t he 3a reaction to be triggered. 3 4 H e 1 2 C, 
3 hel ium nuclei go to carbon 12 so one would get some carbon in t h e interior. 
Now if there has been some mixing to t h e surface, we h a v e two possibilities. 
If t he carbon came s t ra ight out to t h e surface, one would have evidence of 
excess carbon on the surface of t h e star . Alternat ively, if t he carbon went 
th rough a hydrogen-burning shell, t h a t is, a region where hydrogen is being 
conver ted to hel ium b y t h e carbon-nitrogen-oxygen cycle, t hen t h e carbon 
would largely be converted to ni t rogen and one would h a v e a high abundance 
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of ni trogen on the surface. Now in V444 Cygni, t h e mass t h a t was determined 
from the orbit was I t h ink something like 10 solar masses for t h e W B com
ponen t , whereas i ts companion, t he O-type star, has a somewhat greater m a s s — 
I do not r emember t h e figures b u t something on the order of 25 solar masses, 
I believe. Now if t h e W E s tar has reached a la te evolut ionary stage, while 
t h e O-type s tar is still on t h e Main sequence, how does i t come about t h a t 
t h e W E s tar has a low^r mass t h a n the O star? Because as D E U T S C H pointed 
ou t , t he ra te of consuming available fuel goes wi th t he 2.5 power of the mass. 
So, I would jus t like to p u t this as a suggestion t h a t a t least one member of 
th is b inary s tar has lost a large amoun t of mass , abou t 15 solar masses or 
more in this case. 

— C. D E J A G E R : 

There is really l i t t le direct evidence t h a t W E s tars are surely very old. 

— J.-C. P E C K E R : 

There is a good a rgumen t in favor of the mass loss of t h e W E s t a r : t h e 
Lagrangian point falls r ight in the double system V444 Cygni a t the outer 
l imit of the shell of the W E component . 

— B . E . J . P A G E L : 

I do no t th ink t h a t i t has been ment ioned t o d a y t h a t essentially there 
a re two kinds of W E s t a r s—at least there are two kinds of s tars t h a t show this 
character is t ic spec t rum wi th very broad emission lines. There are t he ones 
t h a t have been discussed this morning, and others which are t he cores of cer
t a in p lanetary nebulae a n d which have a somewhat similar spectrum to 
t h e W E s tars b u t p robab ly have a considerably smaller radius , perhaps less 
t h a n one solar rad ius . So I should like to ask whether t h e two groups migh t 
be considered to fit in any evolut ionary scheme? 

— A . U N D E R B I L L : 

I t h ink t h a t t h e W E s tars are considered to be Popu la t ion I , certainly a 
good m a n y of t h e m are associated wi th O and B stars , which everybody con
siders to be Popula t ion I , t h a t is young stars formed in spiral a rms. Perhaps 
D E U T S C H could correct me , b u t are no t the p lane ta ry nebulae a n d therefore 
t h e central s tars considered to be Popula t ion I I , an entirely different t y p e 
of star? 

— A . J . D E U T S C H : 

I t h ink t h e answer is yes. I n pu t t i ng this mater ia l on t h e board, I felt 
i t was necessary to m a k e some comments abou t t he present ideas relat ing t o 

https://doi.org/10.1017/S0074180900104486 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104486


264 PART I I I - C : DISCUSSION 

stellar evolution. B u t I t h ink some of this mater ia l m a y be a b i t i r re levant 
t o t h e subject m a t t e r of pr incipal in teres t here, a n d to t h e e x t e n t t h a t evolu
t ionary questions do not bear directly upon the hydrodynamica l problems 
perhaps you would see fit t o dismiss t h e m for the t ime being and concen t ra te 
on t h e o thers . 

— M. J . S E A T O N : 

I would like t o raise some questions concerning where t h e p l ane ta ry nuclei 
fit in to this scheme. My first comment is t h a t D E U T S C H referred to the super-
novae a n d the p lane ta ry nebulae as bo th catas t rophic cases, a n d drew a l ine 
before going on t o W E stars . There I t h ink some dist inctions should be m a d e . 
The super-novae are catas t rophic in t h e most l i teral sense; p resumably t h e 
s ta r is completely destroyed. On t h e other hand , i t m a y be t h a t only one 
t e n t h of t h e mass of a s tar fo ims a p lane ta ry nebula a n d t h a t is riot ca tas t rophic 
in t h e sense of complete dest ruct ion of t h e star . Then one migh t a sk : Is the 
formation of the p lane tary nebulae ca tas t rophic in the sense t h a t i t is some
th ing t h a t takes place suddenly, in t h e same way t h a t a nova ejects a shell 
in a more or less violent ou tburs t? Now there are good reasons for bel ieving 
t h a t t h e p lane tary nebulae are no t jus t r emnan ts of novae , b u t i t is often 
t h o u g h t t h a t planetar ies originate in a sudden outburs t . Na tu ra l ly t h e ques t ion 
arises as whether such an event has ever been observed. H a v e we ever seen 
something ra the r like a nova t h a t is subsequently identified as a p l ane t a ry 
nebula? Of course, one migh t t r y t o answer this jus t b y t ak ing stat ist ics. W e 
do no t observe very m a n y p lane ta ry nebulae and we could ask if i t is 
likely t h a t we would have observed one in t h e stage of sudden formation? 
I t h i n k on t h e other hand , we h a v e t o question whether in fact one m u s t t h i n k 
of t he p lane ta ry nebulae as being catas t rophic events in this sense. I t h a s 
a l ready jus t been ment ioned t h a t t he nuclei of some of t h e p lane ta ry nebu lae 
a re ve ry similar t o W E stars a n d these appear t o have cer ta in fairly s t eady 
ra tes of ejection. I must , therefore, ask whether perhaps t h e p lane ta ry nebulae 
migh t no t result from some s teady ejection process. 

l 4 i e second question t h a t I would l ike t o raise is where t h e p l ane ta ry nuclei 
fit in t h e scheme of classification. Now, of course, p lane ta ry nebulae are b y 
n o means all t he same, t hey cover qui te a range of degrees of exci tat ion. 
Centra l s ta r tempera tures m a y be de termined b y a va r i e ty of me thods all 
essentially due to Z A N S T R A . F o r low exci tat ion nebulae one obta ins T 8 ~ 5 - 1 0 4 

degrees a n d this is the sort of va lue t h a t one would expect for an O star . On 
t h e o ther hand , if one takes really h igh exci tat ion planetaries wi th ve ry s t rong 
H e l l lines, then there is no doub t t h a t s tar t empera tures come a t least a s 
high as 25 • 10 4 and now, of course, we are r ight outside of t h e no rma l range 
of spectral classification. F o r these qui te ex t raord inary s tars , I migh t j u s t 
say i t appears t h a t their radi i are fairly small, perhaps one t e n t h of t h e solar 
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radius . I would like to pose two questions. F i rs t , are the re such stars t h a t 
do no t have p lane ta ry nebulae? One can observe t h e m a n d tel l something 
abou t their propert ies when they have a nebula associated wi th them, b u t 
t h e central s tars themselves are very faint and insignificant objects . Possibly 
t h e y only exist in association with nebulae. This brings m e to m y second 
quest ion: Does a s ta r which is as ho t as 25 -10 4 degrees necessarily eject m a t t e r 
a n d form a nebula? * 

— C. D E J A G E R : 

I agree wi th D E U T S C H t h a t we should no t go too far in to t h e problem of 
evolution, b u t on t he other h a n d the problem of mass-loss is i n t ima te ly con
nected with the evolution, so we do have sometimes t o t r e a t t h e evolution 
problems. I th ink i t was VORONTSHOV-VELIAMINOV who for t h e first t ime sug
gested t h a t p lane ta ry nebulae would go over in to a novae a n d then finally t o 
a white dwarf. This suggestion was based on their place in the Her tzprung-
Russell d iagram a n d on the fact t h a t these types of s t a r s lose mass and so 
finally can arrive a t a mass so low t h a t they can go in to a whi te dwarf. Does 
anybody know w h a t t he lifetime of a p lane tary nebula is? 

— A. J . D E U T S C H : 

Ten thousand years . I t is m y unders tanding t h a t a p l a n e t a r y nebula is 
a one-shot affair. A s tar reaches a certain stage in i ts evolut ion when i t 
releases one t e n t h of i ts mass , which then goes out in to t h e interstel lar me
dium. I don ' t know how long i t takes the one t e n t h of a solar mass to flow 
ou t through a sphere d rawn a round the s tar jus t before th is ou tburs t t akes 
place. I t m a y t a k e a yea r ; I suspect i t takes some tens of years as SEATON 
has suggested, m a y b e even qui te a b i t longer t h a n this . B u t i t happens only 
once; i t gets r id of a t en th of a solar mass and then I believe i t stops. I t doesn ' t 
go on. 

— R. K THOMAS: 

Would you tell us how you know? Are t h e t en thousand year life and t h e 
one t en th solar mass pure ly theoret ical figures? 

— A. J . D E U T S C H : 

I believe t h a t these numbers come from the following a rguments . One 
measures the surface br ightness of a p lane ta ry nebula , one knows its l inear 
dimensions; one can, therefore, compute t h e to t a l a m o u n t of mass in i t . 
Resu l t : One t e n t h of a solar mass. One also knows t h a t r a t e a t which t h e 
nebula is expanding, one t hen asks how long will i t i t t a k e before this will n o 
longer be observable. Resu l t : 10000 years , roughly. I would also like to r e -
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m a r k on the point t h a t was a l ready m a d e ; viz., there are good and sufficient 
as t ronomical reasons for dist inguishing between the nuclei of t h e p lane ta ry 
nebulae and the classical Wolf -Eaye t stars. The la t te r objects have luminos
ities of t h e order of a few thousand t imes t h a t of t he sun. The centra l s tars 
of t h e p lane ta ry nebulae h a v e luminosit ies which are comparable wi th t h e 
luminosi ty of the sun. I n addi t ion thei r kinematics and dis t r ibut ion in t he 
ga laxy are tota l ly different. So, I t h ink one cannot admi t t h e possibility t h a t 
t h e classical W E stars are abou t t o become the nuclei of typica l p lane ta ry 
nebulae . I t is indeed a fact t h a t a t least two W E stars are known to h a v e 
nebulae a round them. The nebulae can actual ly be photographed against 
t h e sky. Bu t , in nei ther case is t he nebula a t all typical p lane tary . 

— M . J . SEATON: 

I was no t suggesting a t all t h a t one should bracket together t he W E stars 
a n d p lane ta ry nuclei and th ink of t h e m as being the same sort of object, b u t 
I do th ink t h a t we should consider whe the r the type of s teady ejection process 
in the W E stars is also the t y p e of process t ak ing place in t h e p lane ta ry nuclei. 

I only comment on t h e numbers . If we t ake l O _ 6 J f 0 / y e a r as t h e ejection 
ra te for a W E star, and a t ime of 10* years , we have 1 0 ~ 2 J f 0 ejected, which 
is no t m u c h less t h a n t he figure of 1 0 _ 1 i l f Q given for p lane ta ry nebulae. 

— E . BT. P A R K E R : 

To w h a t ex tent is the m a t t e r in a p lane ta ry nebula composed of inter
stellar mater ia l swept u p b y the 15 km/s expansion velocity? If a large frac
t ion is interstel lar ma t t e r , t hen t h e present expansion velocity m a y be very 
m u c h lower t h a n the init ial expansion velocity. 

— M . J . SEATON: 

The mater ia l could originate from interstel lar m a t t e r only for nebulae 
which are th in shells; this could no t be the case when t h e densi ty is high 
th roughou t a large volume. Le t m e raise another point . This morning D E U T S C H 
presented us wi th the resul t t h a t t he electron t empera tu re would h a v e to be 
high to get ejection of m a t t e r ; and if I under s t and correctly this is essentially 
a quest ion of having enough velocity to exceed the escape velocity. On the 
o ther hand , we are very accus tomed to thinking, for shells of s t a r s a n d gaseous 
nebulae , t h a t t he kinetic t e m p e r a t u r e is about 10 4 °K. This is a problem 
t o which U N S O L D referred t h e o ther d a y in his remarks on t h e microscopic 
t r e a t m e n t of equil ibr ium phenomena . The t empera tu re of 1 0 4 °K is deter
mined b y t h e 0 2 + ion. Also, t h e O a + ion b y i ts forbidden line emission pro
vides a means of measur ing t h e t e m p e r a t u r e ; and the measured value is indeed 
j u s t w h a t one predicts from t h e theory of t h e thermal balance. B u t t he problem 
m a y be more complicated. 
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Consider a nebula containing hydrogen, hel ium, a n d oxygen. W e have 
t h e three regions shown in t h e figure. The b o u n d a r y be tween 0 2 + and O s + 

coincides with t he b o u n d a r y between He+ and H e 2 + because 0 2 + and H e + 

happen to have ident ical ionization potent ials of 54.4 eV. The usual theory 
— a n d the (O I I I ) measurements—apply only to t h e region containing 0 2 + 
I n the inner region, t h a t conta ining H e 2 + , t he t empera tu re m a y be much higher. 
This is no t only because there is no cooling b y 0 2 + . The mechan i sm m a y be 
summarized as follows: I n t h e inner region we are sk imming off the really 
high-energy q u a n t a of t h e centra l star , those wi th energies above 54.4 eV. 
E a c h of these q u a n t a produce one q u a n t u m in t h e H e I I L y m a n a line, and 
th is in t u rn ionizes a hydrogen a tom and gives an electron wi th a kinet ic 
energy of 27.2 eV; t h u s , for each q u a n t u m absorbed one gains a t least 27.2 eV 
of kinetic energy. 

F r o m this i t m a y be shown t h a t t he kinet ic t e m p e r a t u r e will be of t he 
order 10 5 °K. The size of this inner region depends on t h e t empera tu re of 
t h e star, b u t its high kinet ic t empera tu re is qui te insensi t ive to the s ta r 
t empera tu re . I would like to m a k e one further r e m a r k which I a m sure is 
no t relevant b u t which concerns a problem discussed a t previous symposia. 
A t the meet ing in Cambridge, England , Z A N S T R A suggested t h a t condensations 
in nebulae might resul t from t h e r a the r curious equa t ion of s t a t e which one 
has with the 0 2 + cooling mechanism. The idea was t h a t dense regions would 
be cooler since there would be an increased a m o u n t of 0 2 + due to recombi
na t ion of 0 3 + . F o r th ick nebulae one m a y expect t h e p ic ture drawn above 
to be correct. The O s+ and 0 3 + will then be sharply sepa ra t ed in space and 
Zans t ra ' s condensation mechanism will no t work. 

H+ 
S ta r H e 2 + 

0 3 + , 0 4 + , 

T e ~ 1 0 5 

— C. D E J A G E R : 

I wonder if Mrs. B Q R M - V I T E N S E could come back to a poin t raised by her 
a t t he end of t he discussion on pulsa t ing var iab le s t a r s . T h a t is t h i s : A t a 
cer ta in s ta te dur ing t h e pulsat ion or evolut ion of a s t a r the re m a y occur a 
local region where t h e effective grav i ty becomes nega t ive . My question is 
whether this local region migh t become so ex tended in cer ta in stars t h a t i t 
could be of impor tance for t h e mass-loss of a s tar . 

E . BOHM-VlTENSE: 

I really do no t t h ink i t could, because this u n s t a b l e region will always 
first occur in t he layer wi th a t empera tu re a round t en t h o u s a n d degrees. Now 

https://doi.org/10.1017/S0074180900104486 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104486


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

if t he higher layers should become uns t ab l e—tha t means gas could flow out 
of t he s ta r—one could expec t a t least also t he deeper layers to be uns tab le 
a t t he same t ime . T h a t m e a n s t h a t if t h e gas should be able to flow out a t 
all, th is should require an ex t ended region t h a t would flow out , a n d t h e s ta r 
cer tainly could no t exist ve ry long in this s ta te . I guess i t would no t even 
be formed. The question t h e n is whe ther dur ing the evolution of t h e s tar , 
t he s tar could pass th rough a region where this whole layer could become 
uns table . This could h a p p e n if t h e p roduc t of t he absorpt ion coefficient, xf 

t imes t he radia t ion flux, Fy wh ich is propor t ional to the radia t ive acceleration, 
would be increased dur ing evolu t ion . E i t he r x or F could be raised, x could 
be increased b y increasing t h e pressure, b u t then the rad ia t ive acceleration 
would become impor t an t first in t h e deeper layers, and the only result would 
be t h a t t h e a tmosphere would be blown u p slightly and t h e pressure would 
decrease again unt i l there would be equil ibrium restored. The same would 
happen if t h e flux would inc rease—tha t means if t he effective t empera tu res 
would increase during evo lu t ion—then again the radia t ion would first m a k e 
t h e layers a round 10 000° uns tab le , and would blow u p this p a r t of the a tmos
phere , a n d the reby lower t h e pressure a n d t h e x in this region unt i l the a tmos
phere is s table again. The ou te r layers of t he a tmosphere would remain stable 
dur ing this process. 

— E . SCHATZMAN: 

The question is re la ted t o t h e problem of generation of p lane ta ry nebulae 
a n d W E stars following t h e l ine suggested b y SHKLOVSKY . W h e n in the course 
of evolution a s tar of large m a s s — I do not know precisely which mass—has 
developed an isothermal core of largest possible value, which is abou t 1 5 % 
of t he mass of t he star , t hen t h e core s ta r t s contract ing. B u t for such s ta rs 
of such mass the contract ion of t h e core is very fast, and t h e radia t ion which 
is generated in t h a t central region of t he s tar s tar ts pushing away the mass 
of t h e outer layers. So we h a v e t h e equivalent of a p i s ton ; a shock develops 
and this problem can be s tud ied from t h e point of view of hydrodynamics . 
I t should be possible to find how this shock-wave develops, and how a n y mass 
outflow is ini t ia ted. I n such a case we migh t expect t h a t t h e difference in 
t h e W E stars and t h e p l a n e t a r y nebulae is a difference 1) in chemical com
position a n d 2) in mass. Especia l ly in t h e W E stars t he a m o u n t of energy 
avai lable suffices to push a w a y a large mass . I compute t h e a m o u n t of g rav
i ta t ional energy available in t h e grav i ta t iona l core as being abou t 10 5 0 erg. 
Thus , th is could push a w a y , a t 10 8 cm/s , abou t 10 solar masses. 

— G . B U R B I D G E : 

Perhaps you can answer a quest ion on the hypothesis of SHKLOVSKY. 
I have never been able to u n d e r s t a n d w h a t physical process s ta r t s this th ing 

I 
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going. One s tar ts wi th t he s tar in an equil ibrium configuration and then sud
denly all t he radia t ion is absorbed and generates m o m e n t u m in t h e outer 
shell. I n the ext reme case this would suggest t h a t t h e outer shell would hea t 
u p a n d expand, while moving outward , b u t t h e charac ter of t he radia t ion 
t h a t we see would change. 

— E . B O H M - V I T E N S E : < 

I t seems t h a t this hypothesis uses the same mechanism discussed before— 
radia t ion pressure. I do no t th ink it would resul t in s t rong mass ejection, 
because i t would jus t expand t h e s tar a l i t t le b i t un t i l t he s ta r would be in 
equil ibrium again, and noth ing more would happen . 

— W. H . M C C R E A ; 

Whenever you see in physics any th ing be ing t h r o w n away from a system, 
i t results from energy becoming concentra ted in to small localities, as in spray 
from a breaking wave. H o w can this apply to stars'? Is there no way of con
cent ra t ing energy into small bi ts of the a tmosphere of a s tar , so t h a t we get 
mater ia l « spraying off » r a the r t h a n « flowing » off? 

— A . U N D E R H I L L : 

General considerations suggest t h a t Be s tars lose mass a t a r a t e of 10~ 7 

solar maiss per year. Many people would get ex t r eme ly h a p p y if you make 
t h e Be stars live any more t h a n 10 7 years. So 10 7 t imes 10~ 7 means a loss of 
one solar mass in the lifetime of the star. F o r an average Be s tar the mass 
is 5 J f 0 . Thus, a larger r a t e of mass-loss t h a n es t imated is required if these 
s tars are to be able to evolve to white dwarfs. 

— C. D E J A G E R : 

If t he sun was as far from us as a star, we would no t infer a n y mass-loss a t 
all . Still, i t looses mass—and apparen t ly a t 500 km/s . W h o knows wha t 
happens in B and Be s tars? 

— A . U N D E R H I L L : 

This is m y p o i n t — I th ink all numbers h a v e been probably great ly under
es t imated . ' One more point . I n t ry ing to u n d e r s t a n d t h e p lane ta ry nebulae 
a n d the shells a round t h e W E stars and Be s tars , I sometimes wonder how 
m u c h magnet ic fields have to do wi th t h e observed phenomena . I unders tand 
t h a t a magnet ic field can keep mater ia l t r apped near a s tar . I t can also do 
something to th row mate r ia l ou t . I would like t o no t e t h e perhaps significant 
fact t h a t t he ho t s tars , t h e O's a n d B 's and W E stars are supposed to be 
formed in fairly recent as t ronomical t imes in spiral a rms where there are sup
posed to be magnet ic fields. H o w can you lose t h e magnet ic field? If you bring 
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gas t h a t was in an interstel lar field together to make a star , don ' t you have 
t o br ing a magnet ic field wi th i t ? Then you will have stars wi th magnet ic fields. 
Now, there is no possibil i ty of observing these fields directly and in this way 
proving t h a t the re is a magne t ic field. There is noth ing t h a t you can observe 
to show the field, b u t if i t is there , won ' t i t affect our ideas of mass-loss or 
ejection seriously? 

— S. S. H U A N G : 

I would like to ment ion some work (cf. Ann. d'Ap., 1959, 22, 527) which 
I did recent ly which has some bear ing on the present topic of mass-loss b y 
a star . I t is an observat ional result t h a t in a Virginis and in other B- type 
spectroscopic binaries hav ing two sets of spectral lines, t he secondaries, i.e. t he 
less massive and less luminous components , are always overluminous wi th 
respect to thei r masses. W h y should they be overluminous? W e can have 
four possible exap lana t ions : 1) A resul t of evolution. Since a more massive 
s tar evolves faster t h a n a less massive star, one would expect t h a t the p r imary 
component should first depar t from the main sequence and become abnormal ly 
luminous . Actual ly i t is t he secondary component t h a t is overluminous. There
fore evolut ion is no t an explanat ion. 2) A result of hyd rodynamic flow of 
m a t t e r a n d consequent t r anspor t of energy from the p r imary to t he secondary 
component . B u t the two components in these binaries are on t h e average 
of 10 stellar radii apar t . They are no t in physical contact . Indeed bo th stars 
are m u c h smaller t h a n the two lobes of the critical surface which l imits the 
sizes of bo th components . 3) A result of energy transfer from the p r imary to 
t h e secondary th rough electromagnet ic radiat ion. You can rule this out 
immedia te ly because the a m o u n t of added energy is s imply no t large enough 
to account for t he excess energy t h a t the secondary components of these bi
naries rad ia te . 4) A result of energy transfer b y corpuscular radia t ion . This 
is m y final conclusion. I assume t h a t t he excess energy rad ia ted away is t rans
por ted from the p r imary to t h e secondary component th rough an exchange 
of high-energy corpuscles. I t is proposed t h a t there exists a common envelope, 
which m a y be regarded as a common corona, a round the two components of 
a b ina ry system. If t h e dens i ty of t h e common corona is higher t h a n t h a t 
found in t h e solar corona, a plausible assumpt ion in view of the larger masses 
of t he component s t a r s—the over luminous na tu re of the secondary component 
can be satisfactorily explained. 

I t is in teres t ing to recall t h a t after this work was completed, a group of 
physicis ts including K U P P E E I A N and others , t hen in t he Nava l Eesearch La
bora to ry and now in Goddard Space F l igh t Center, NASA, found in rocket 
flights ul t raviolet radiat ion coming from a nebula near to a Virginis. The 
nebula is m u c h larger t h a n t h e common corona proposed in m y papers . How
ever, S H K L O V S K Y has since proposed t h a t the energy rad ia ted in t he ul t ra-
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violet b y the nebula comes from t h e corpuscular radia t ion emi t t ed by a Vir
ginis. 

I would like also t o m a k e a comment on the problem of hydrodynamic 
flow from stars . According t o D E U T S C H , t h e h y d r o d y n a m i c flow velocity ob
served in m a n y s tars is of t he order of 10 km/s , which is less t h a n one t e n t h 
of t he escape velocity. H o w could we derive from this empirical result t h e 
conclusion t h a t these s tars are losing mass b y hyd rodynamic flow? Thus, i t 
appears to me t h a t except for novae, novalike objects, a n d perhaps p lane ta ry 
nebulae the observations are no t s t rong enough to d raw a n y conclusion con
cerning mass-loss t h rough hydrodynamic flow. 

— K. H . P R E N D E R G A S T : 

I have been asked to give an account of a theoret ical invest igat ion of gas 
flow in the neighborhood of a close b inary system. I ' l l t r y to sketch this very 
quickly, and also indicate w h y I th ink i t is exceedingly difficult to say any th ing 
abou t mass-loss from such considerations. Suppose we have two stars which 
move around one ano ther in circular orbits a t cons tant angular veloci ty—and 
also suppose t h a t t h e radius of one of the stars (or possibly both) is comparable 
t o the separat ion of the centers of t he s ta r s : th is is w h a t I mean by a close 
b ina ry system. There exist systems in which there is gas no t only in t he 
a tmospheres of t he two stars , b u t also a t a considerable distance above t h e 
a tmospheres . Can we say any th ing abou t the mot ion of th is gas? We have 
to ask two questions a t t h e ou t se t . F i r s t of all, how does t he gas get out of 
t h e stars in to the sys tem (this I a m not going to t r y to answer), and second 
w h a t forces ac t on t h e gas once i t has been removed from the a tmosphere 
of one or the other of t he s tars . If we assume t h a t the velocity field does 
n o t depend on t ime, t he equat ions of mot ion contain t he iner t ia l t e rm F - g r a d V, 
t h e Coriolis force, 2to x V, t he centrifugal force to x (to x r ) , t he gravi ta t ional 
a t t rac t ion of the two stars , a n d the pressure gradient . B u t w h a t is t h e effective 
pressure? There is, of course, t h e gas-kinetic pressure, b u t the re m a y also 
be impor t an t effects due to rad ia t ion pressure, or magne t ic pressure, and there 
could very easily be significant Reynold stresses. I t is impossible t o consider 
all of these, and I have chosen to discuss t he equat ions neglecting the pres
sure te rms entirely. W e can offer t h e following excuse for this procedure : 
The contr ibut ion of t he pressure t e rms to t h e equat ions of mot ion is of t h e 
order V2IR, where V is a small-scale velocity (whether t he rma l or « t u r b u l e n t » 
does no t ma t t e r ) , a n d R is t he dis tance from an e lement of gas t o the center 
of mass of the system. If th is t e r m is to be comparable to t he gravi ta t ional 
forces, V m u s t be of t h e order of a few hundred ki lometer/second, and there is 
no observational evidence for t he existence of such small-scale, high velocities. 

I now construct t h e « gradient -wind » approx imat ion to t h e solution of t h e 
equat ions of mot ion wi th t h e pressure t e rm neglected. The velocities com-
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pu ted in this approximat ion are of t he same order of magn i tude as those 
indica ted b y t h e observations, and the flow pa t t e rn looks like the pictures 
t h a t t h e observers have been drawing for a number of years . (Such pictures 
can be found in St ruve 's « Stellar Evolu t ion », and a n u m b e r of original papers 
as well.) I t should be clear t h a t these considerations have no bear ing on the 
problem of mass-loss from close b inary systems. I n order to discuss mass-loss 
we would have to be able t o follow the his tory of elements of gas ejected a t 
a rb i t r a ry speeds, in a rb i t ra ry directions from various points on t he surfaces 
of t h e stars . This is current ly impossible for two reasons. I n the first place, 
we do no t h a v e a physical theory which enables us to compute t he effective 
pressure, a n d therefore we cannot wri te down the correct system of equat ions 
for t he flow. Secondly, even if we knew the equat ions, i t would be very 
difficult to i n t eg ra t e them, even on a big computer . An account of this work 
has appeared in the Ap. J . , 132, 162 (1960). 

— E . N . T H O M A S : 

Let m e r e tu rn to the Ha profiles D E U T S C H had on the board for the Be 
s t a r s—the profiles consisting of a b road emission on which, not necessarily 
symmetr ica l ly located, is apparen t ly a self-reversal. If I unders t and correctly 
t h e a rgument s , t hey are t h a t the self-reversal represents t he emission from t h a t 
por t ion of t h e shell lying between the observer and the main stellar disk, the 
shell being large in ex ten t compared with the radius of the main disk, and 
there being some kind of radial expansion of the shell. Thus , the geometrical 
effect gives an emission which can be regarded as ei ther absorpt ion in a cooler 
shell ; or if the shell is no t cooler, as coming anyway from only a relatively 
few a toms emi t t ing a t the m a x i m u m velocity of expansion (or even contract ion) , 
so t he appa ren t self-reversal occurs. B u t consider t he similar appearance of 
other types of lines, showing a central emission core, wi th a self-reversal super
posed on this core. Fo r example , Olin Wilson's observations of t he la ter t ype 
giants , where C a + H and K lines show this behavior. Or, L y m a n a of H and 
t h e Mg+ and Ca+ lines in t h e sun. I n these solar cases, where we know there 
is no question of a large shell, our suggested in terpre ta t ion has been based 
on a simple solution of t h e transfer problem for a non -LTE source-function 
in an optically-thick, ho t chromosphere. W e can predict t he essential observed 
features, wi th t h e separat ion of t h e emission peaks being a combined function 
of t h e details of t h e t empera tu re gradient in t he a tmosphere a n d the Doppler 
wid th of t he absorpt ion coefficient. I n the case of Wilson's observations of 
t h e H and K lines, t he several suggested in terpre ta t ions again do no t involve 
an ex tended a tmosphere . The quest ion of t h e detai led profile is presently 
controversial ; some make an in te rpre ta t ion only in t e rms of t he effect of tur 
bulence on the absorpt ion coefficient profile; J E F F E R I E S and I in t roduce also 
t he effect of var ia t ion of a n o n - L T E source-function. However , in the case 
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of t he Be stars, i t seems to be assumed t h a t one m u s t h a v e a great ly extended 
a tmosphere , in expansion, wi th t h e details of l ine format ion essentially irrel
e v a n t . So I w a n t simply t o raise t he quest ion—how cer ta in is i t , t h a t one 
really only needs such an ex tended a tmosphere . Are you sure t h a t such models 
.as used for t h e sun, a n d t h e Ca+ lines observed b y W I L S O N in t he giants , need 
n o t be invoked? 

— G. B U R B I D G E : 

I have no immedia te answer, except t o say t r y i t a n d see if you can get 
t h e correct profile 

— A. U N D E R H I L L : 

A general r emark on observat ional problems in astrophysics is t h a t obser
vat ions of one feature only permits several in terpre ta t ions . F o r these stars , 
m y preference for t he present model—and the self-reversal as absorption b y 
t h e narrow region in front of the disk—is based on its br inging together qui te 
-a few pieces of observat ion 

— Mrs. B U R B I D G E . 

We used to wonder whether the emission lines in the Be stars could be 
produced in some way other t h a n in a r ing a round the s tar . B u t when one 
c o m p u t e s the n u m b e r of emi t t ing atoms—e.g. consider t h e great s t rength of 
t h e Ha emission—the level of t he emission line is way above t h e cont inuum—it 
«eems to us t h a t i t is t h e great number of emi t t ing a toms t h a t makes an 
e x t e n d e d a tmosphere seem necessary. 

— R . ST. T H O M A S : 

There is no problem abou t t he absolute emission in a line relat ive to the 
cont inuum—once there are enough a toms to provide an opaque chromosphere, 
t h e intensi ty is a function of the size and posit ion of t h e t empera tu re rise in 
t h e outer a tmosphere . And, once I get an emission line in such an a tmosphere , 
I get a self-reversed core, except for very unusua l c i rcumstance of t empera tu re 
gradient . 

— A. U N D E I R H E L L : 

Be stars do no t h a v e a t empera tu re increasing outward . 

— A. J . D E U T S C H : 

I wan t to endorse the comment of A. U N D E R B I L L . One has to look 
a t the spect rum of a Be s tar as an ent i ty , and he then sees t h a t , in addit ion 
t o Ha, there often exist o ther absorpt ion features, in m a n y of these stars , which 
obviously are produced in an extended shell. There are absorpt ion lines which 

18 - Supplemento al Nuovo Cimento. 
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arise from metas table levels only, a n d are therefore character is t ic of a d i lu te 
rad ia t ion field; so t h a t one knows t h e s tar in this case to b e in fact sur rounded 
b y an extended envelope. Now i t m u s t be added t h a t for some Be s tars , 
no tab ly among the giants , one does no t have this k ind of evidence, and there 
is reason to believe t h a t an explana t ion in t e rms of a t empera tu re reversal, 
w i thou t an extended chromosphere, m a y be qui te possible. B u t for some 
typica l Be stars, one has t h e addi t ional evidence of the absorpt ion shells; one 
also knows t h a t these stars h a v e ro ta t iona l velocities which are near t he sta
bi l i ty l imi t , so t h a t he migh t expect t h e m to be ejecting m a t t e r ; one has also 
evidence indicating t h a t t h e m a t t e r producing the emission lines is concen
t r a t e d towards t he equator ia l p lane , e tc . I th ink all this adds u p to a p r e t t y 
s t rong case in favor of a really ex tended a tmosphere r a the r t h a n the k ind of 
model t h a t you h a v e spoken of. 

Now, wi th regard to Olin Wilson's observations. Some of you m a y have 
not iced this morning, when I was concentra t ing m y a t t en t ion upon the profile 
of t h e circumstellar absorpt ion lines in t he M giants , t h a t characterist ically 
we get a profile like this a t t he X-line. We have the b road damping wings 
t h a t are produced in the reversing layer of the star, and in addi t ion we have 
a chromospheric emission line which is centrally reversed. O L I N W I L S O N has 
measured the width of this emission feature, and he finds the ext remely re
markab le result t h a t i t is propor t ional to the visual luminosi ty of the s tar to 
t h e one-sixth power, independent of t h e spectral type , over a range of 15 mag
n i tudes—tha t is, over a million-fold range in visual luminosi ty. Quest ion: 
Does this indicate some k ind of t u rbu l en t velocity fields in stellar chromo
spheres, fields which are correlated closely wi th the visual luminosi ty? If so, 
w h a t are these velocity fields like? I t is necessary to suppose t h a t t h e wid th 
of the line is the same as the width of the absorpt ion coefficient; or m a y i t 
be appreciably smaller? One does no t know the answers a t t he present t ime. 
However , the existence of emission features of this k ind in all la te t y p e giants , 
including the M's, indicates to us t he existence of chromospheres for these 
s tars . I n these stars, therefore, as in t h e sun, the t empera tu re falls as we 
proceed outwards through t h e photosphere , where t h e con t inuum is p roduced ; 
and then the tempera ture never gets u p to the level of a million-degree corona; 
or i t does get there, passes i ts m a x i m u m , and quickly s ta r t s down again so* 
t h a t in our observations we see main ly the cool outer envelope. 

— M. J . S E A T O N : 

W h a t is the excitation t empera ture? 

— A. J . D E U T S C H : 

Very low; in t he outer pa r t s of t h e envelope, indistinguishable from zero; 
also the kinetic t empera tu re mus t be relatively low in the envelope. I would 
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not like to rule ou t t h e possibility t h a t the t empera tu re rises somewhere to 
heights comparable wi th w h a t we observe in t he solar corona. The par t s t h a t 
we observe, however, are t he cooler par t s . Final ly, I only wan t to ment ion 
t h a t in the X-line of normal giants t he self-reversal normal ly gets shallower 
with advancing spectral t ype , unt i l a t M0 i t jus t abou t disappears. At abou t 
t h a t point there appears a very sharp, very deep absorpt ion feature, which 
represents the onset of the circumstellar absorpt ion spect rum. As we go t o 
still later spectral types , t he violet edge of t h a t feature appears to s tay fixed, 
and the red edge moves longwards. I n the more luminous M giants th is 
feature becomes very s t rong; in the most luminous M supergiants , i t m a y 
actually absorb away the whole emission line, a n d we see only a strong deep 
absorption core a t the b o t t o m of the profile of the reversing-layer X-line. 

— R . B . L E I G H T O N : 

I would like to offer jus t a very brief comment abou t Thomas ' idea of t h e 
s t ructure of the X- l ine . One gathers from most of t he things we have heard 
t h a t the chromosphere in which the emission pa r t of t h a t line is formed (and 
the X 3 absorption) is a uniform th in shell over t h e outer pa r t s of the surface 
of the sun a n d perhaps other stars. Actually we have growing evidence t h a t 
the emission in t h e X-line on the sun comes from extremely well-defined 
patches dis t r ibuted qui te irregularly over the surface of the sun, and I for 
one would question very strongly the advisabil i ty of t ry ing to in terpre t a line-
profile, which was obta ined by some kind of an averaging process over a large 
area of the sun, in t e rms of a « source-function ». I do no t really see how such 
a «source-function » can be connected with t he very spo t ty na tu re of t h e 
emission in actual i ty . 

— R . N . T H O M A S : 

The « source-function » is no t something you can insert or ignore as you 
choose—it is the ra t io of emissivity to absorpt iv i ty and enters in any k ind of 
discussion you make, which involves transfer of radia t ion. Our point is simply 
t h a t if you t ake a spherical ly-symmetric chromosphere—but please note t h e 
chromosphere. is not optically th in in these l ines—you predict t he observed 
k ind of self-reversed emission core. I agree completely t h a t ve ry probably t h e 
real chromosphere has depar tu re from spherical-symmetry, and velocity fields, 
and a complete theory m u s t include these. B u t no te t h a t careful observation 
of t he variat ion in Ca+ emission over the solar surface (e.g. E .v .p . S M I T H , Ap. J.f 

132, 202 (I960)) shows only a change in detailed s t ruc ture of t he self-reversed 
emission core, no « absence » of these features. Second, how sure is D E U T S C H 

t h a t there is really a t empera tu re drop in the outer layers of t h e M g i an t s— 
t h e self-reversed core cannot be in terpre ted as evidence for this , as has been 
sometimes done. 

CO 
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— A . J . D E U T S C H : 

The t empera tu re drop to which I referred is demanded b y the observat ions 
of t h e circumstellar lines which appea r in t he M giants . I a m unable t o say 
whe the r there mus t be a t e m p e r a t u r e drop in chromospheres of K giants . 
I a m perfectly prepared to a d m i t t h a t you can reproduce thei r self-reversed 
X-l ines wi thou t a t empera tu re drop . B u t in t he M giants i t is certainly there . 

— S. S. H U A N G : 

I would like to answer Thomas ' original question abou t whether we can 
u s e one a n d the same mechanism to explain t he profile of hydrogen lines ob
served in Be stars and the similar profile of Ca I I , H and K observed in t h e 
s u n a n d in la te- type stars . I t appears t o me t h a t we m u s t invoke two dif
ferent mechanisms, because in t h e case of B e s t a r s : 1 ) t h e separat ion of t h e 
t w o emission components is generally of t he order of a few h u n d r e d k m per s, 
wrhich is too large to be regarded as arising from radia t ive t ransfer ; 2 ) their 
spec t ra also show the broadened lines arising in t he reversing layer of t h e s tar 
a n d characterist ic of rapid ro ta t ion , indicat ing t h a t t he deep core of t h e 
hydrogen lines is due to a de tached ring, and 3 ) as Miss U N D E R H I L L a n d 
D E U T S C H a l ready pointed out , na r row shell lines which can only be produced 
i n a low-pressure region appear also in their spectra, indicat ing again the 
exis tence of a detached ring. These observed facts led S T R U V E to propose 
t h a t t h e B e stars are rapidly ro t a t ing stars . Their ro ta t ional velocities are 
so large t h a t the equatorial region becomes uns table a n d mass is ejected from 
t h e region. The ejected mass forms a ro ta t ing r ing in t h e equator ia l plane 
a round t h e star. Such a r ing suffices t o produce t he profile of t h e hydrogen 
l ines. Thus , t he profile of t h e hydrogen lines in Be stars is due purely t o a 
geometr ic effect. This is no t so in t h e case of C a l l , H a n d K lines or t he 
L y m a n a line found in t he sun, because everywhere on t h e solar disk we find 
s imilar profiles, indicat ing t h a t t h e profile can only be explained b y radia t ive 
t ransfer . Thus , using t h e te rminology which I presented a few days ago, t h e 
profiles of hydrogen lines in Be s tars a re a result of geometric broadening while 
t h e profile of t he L y m a n a line found in t h e sun dur ing rocket flight a n d 
p e r h a p s t h a t of the H and K lines in t h e la te - type stars are t he result of phys
ica l broadening. 

— C. D E J A G E R : 

The problem of mass-loss of s tars in connection wi th evolut ion was raised 
for t h e first t ime some 1 5 years ago b y FESSENKOV and Mrs. MASSEVICH in 
t h e Soviet Union. A t t h a t t ime t h e y r a n in to a heavy discussion wi th t h e 
g r o u p of H O Y L E , MCCREA, LYTTLETON, GOLD , on t h e quest ion of whe ther 
mass-loss or accretion of mass would b e t h e most i m p o r t a n t for t h e evolut ion, 
a n d I have a feeling t h a t this ba t t l e ended in a draw, resul t ing in nobody be-
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lieving either in accret ion or in mass-loss. The problem of mass-loss in con
nect ion wi th t h e evolut ion came u p again only a few years ago, and this t i m e 
i t came to more general a t t en t ion of as t ronomers . D E U T S C H was t h e first t o 
give a systematical review of d a t a on stellar mass-loss, a n d I th ink we al l 
should be thankful t o h i m for t h a t . I t is, of course, a first review a n d we 
hope t h a t further invest iagt ions will soon increase bo th t h e accuracy and t h e 
n u m b e r of t he d a t a given here . 

W e t u r n now to a discussion of the solar observat ions. There is var ious 
evidence for solar mass-loss. F i rs t , let me call a t t en t ion to a r a the r indirect 
one, t h a t might otherwise no t be ment ioned in th is symposium. The occul-
ta t ions of t he Grab nebula b y t h e solar corona t a k e place every year in t h e 
m o n t h of J u n e . The different observat ions m a d e since 1950 have shown t h a t 
these can only be explained if t he coronal elements , scat ter ing the radio ra
diat ion of the Grab nebulae, have elongated forms. The mos t recent obser
vat ions by H E W I S H , publ ished qui te recent ly show t h a t these elements h a v e 
shapes as shown in t h e drawing (furnished b y courtesy of A. H E W I S H , Cam
bridge, Eng land ) : 

Direction of solar filaments 

1958 

1959 

60 10 20 20 1960 y 

- / / 

A 

Fig. 1. 

I t is most ly assumed t h a t m a t t e r flying out from the sun follows more o r 
less the magnet ic field lines. If th is is t rue t h e field lines do no t indicate a> 
dipole field a t grea t distances from t h e sun, a l though t h e measurements of 
t h e polar p lumes, near t o t h e sun, suggest a field close to t h a t of a dipole. 
So we see here an example of m a t t e r s t reaming ou t and t ak ing the magnet ic 
field with i t . I only wan ted t o ment ion this observat ion; I t h ink noth ing h a s 
been done theoretical ly on t h e interact ion of ou t s t reaming m a t t e r and t h e 
field, so i t is ha rd ly worth-while t o have a discussion on th is problem. 
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— E . L t J S T : 

I will summarize the work b y B I E R M A N N on comet tails jus t to give some 
numbers to indicate wha t has been found thereby on the mass-loss from the 
sun. Now, according to B I E R M A N N , t he comet tails of t ype one, which are 
of gas and are ionized, can be explained by the interact ion of t he corpuscular 
s t r eam coming out from the sun and h i t t ing the comet. The main process 
which is responsible for t he ionization is charge exchange between the protons 
in t he corpuscular s t ream a n d the CO molecules in the comet ta i l s ; from the 
observed da t a on the comet tai ls , one can get some es t imate for the necessary 
corpuscular flux. The most recent number for the flow is somewhat lower 
t h a n t h e values given two years ago. This revision is mainly due to t he faot 
t h a t one has now be t te r exper imenta l observations for t h e charge exchange 
cross-section. The cross-section in this energy range is somewhat higher t h a n 
expected—on the order of 3 • 10~ 1 5 cm 2 . Using this cross-section, t he corpus
cular s t ream at one astronomic uni t is found to be of the order of 10 9 ions /cm 2 - s 
a t t h e lower level of solar act iv i ty . If one assumes an average velocity of about 
500 km/s—this would lead to a densi ty somewhat less t h a n abou t 10 2 ions/cm 3 . 
This is a rough average value, and the flux might be qui te higher on days of 
higher act ivi ty. For instance, t he value given by U N S O L D and C H A P M A N in 
1949 for the case of high act ivi ty was about 1 0 1 3 ions /cm 2 - s . 

The above value of some 1 0 9 ions /cm 2 - s gives a part icle flux a t the solar 
surface of 1 0 1 4 ions /cm 2 - s . Fu r the rmore , assuming a velocity of abou t 10 km 
per second a t the solar surface, th is would lead to a densi ty of 10 8 / cm 3 in
volved in the outflow. Also note t h a t the figure on part icle flux leads to a 
year ly solar mass-loss of abou t lO"" 1 3 i f 0 . 

— A. B . S E V E R N Y : 

BlackwelPs well-known recent investigations of the corona a t great dis
tances from the sun lead to a conclusion t h a t the density of the in terp lanetary 
p lasma can hardly exceed 10 2 part icles per c m 3 a t distances ~ 1 a.u. If it 
were greater, we would be able to find appreciable widening of spectral lines 
in t he spectrum of zodiacal l ight. 

I t is also interesting to note t h e recent Par iysky a t t e m p t (USSE Solar 
Commission session, J u n e 1960) to evaluate the densi ty of solar corpuscular 
s t reams b y considering t he counterglow as formed b y these s t reams. H e found 
t h a t a particle density ~ 1 0 3 c m - 3 is sufficient to explain the observed bright
ness of counterglow. 

I n connection with this problem of the density of in te rp lane ta ry space I 
would like to ment ion the recent results of measurements of this densi ty with 
the aid of three Luniks , carried out by G R I N G A U S and considered by 
S H K L O V S K Y ( K . G R I N G A U S , V . K U R T , V . M O R O S , S. S H K L O V S K Y : Astron. Journal 
USSR, No. 4, 1960). 
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The electrostat ic cap ture devices permi t ted one to record the current pro
d u c e d b y charged part icles a t energies > 200 V. Near t he ear th , t he densi ty 
of positive ions falls from 1 0 3 c m - 3 a t t he distances 2 000 k m to ~ 10 2 c m 8 

a t distances (28-f-30) thousand k m and this run , probably, corresponds to the 
ionized component of t he geo-corona. For in te rp lane ta ry space between ear th 
a n d moon, there are no indications of a s ta t ionary p lasma with particle den
si ty exceeding (50-^80) c m - 3 (the usual noise level corresponds to ~ 5 0 c m - 3 ) . 
Sometimes comparat ive ly s t rong currents were recorded in in terp lanetary space 
corresponding to a part icle flux 2 • 10 8 c m - 2 s _ 1 . 

Therefore, we t h i n k t h a t there is a t the present t ime s t rong evidence t h a t 
t h e in terp lanetary part ic le densi ty n < 1 0 2 c m ~ 3 a t distances ~ l a . u . 

— C. D E J A G E R : 

Let me summarize. W e distinguish between the quiet sun, the sun with 
an act ivi ty center, and the sun with a flare. Assume t h a t all the particles 
t h a t are found a t 1 a.u. are moving out from the sun; then we see t h a t B I E R -

M A N N , S E V E R N Y , and B L A C K W E L L find consistently values smaller t han 10 2 . 
F u r t h e r U N S O L D a n d C H A P M A N found t h a t a strong flare emits some 10 5 par
t i c l e s - c m - 3 a t ea r th ' s distance. Values for the sun with an act ivi ty center are 
more uncer ta in , so we p u t 10 3 to 10 4 . F r o m the foregoing discussion, i t is 
a l ready clear t h a t flares m a y give rise to significant increase in the loss of 
ma t t e r , and this need no t only apply to the sun b u t also to t h e stars. 

— J . - C . P E C K E R : 

When one looks a t the table given by D E U T S C H , he can see two types of 
flow: catastrophic and regular. I t seems to me t h a t in t h e solar case, w h a t 
appears as a regular flow is indeed more or less an in tegrat ion over t ime of 
a lot of processes which are «locally » catas t rophic (such as flares). This could 
be well the case for m a n y « regu la r» flows. Bu t , in some cases, one sees di
rect ly (without in tegra t ion) t he whole catas t rophic process. Then I wan t to 
ask w h a t happens in t h e case of t h e « flare» s tars , UV Geti, T Tauri, e tc . 
They are similar to the sun in one way because of t he surface act ivi ty not 
ment ioned b y D E U T S C H , b u t t he amoun t of energy t h a t is involved is much 
bigger. . 

M . M l N N A E R T : 

I should only like to a d d t h a t the number of M dwarfs is so considerable 
t h a t the contr ibut ion of these stars—if a great propor t ion of t hem emits 
flares—could be perhaps one of the most impor t an t contr ibut ions of stars t o 
producing interstel lar ma t t e r . This would mean t h a t ins tead of considering 
o n l y the giants there ought to be also a category of dwarfs—the more impor-

https://doi.org/10.1017/S0074180900104486 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104486


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

t a n t since we have not ye t found processes enough to cont r ibute t he necessary 
a m o u n t of m a t t e r to the interstel lar gas. I t migh t be t h a t Mr. or Mrs. B U R 

B I D G E could give an es t imate abou t t he contr ibut ion of t h e M dwarfs. 

— G. B U R B I D G E : 

I do no t th ink t h a t we h a v e the slightest idea abou t how much m a t t e r is-
ejected b y these types of s tars . W e do know, however, t h a t t hey do increase 
in luminosi ty to a considerable ex ten t , and so we have speculated on t h e 
possibility t h a t in the flares which presumably occur a t these t imes, some 
form of nuclear act ivi ty goes on. If i t does occur, we shall get large fluxes 
of comparat ively high-energy par t ic les—mainly protons, a n d these will escape. 
However , as far as I a m aware, one has no idea about t h e r a t e a t which th is 
will occur. To say t h a t t he corpuscular radiat ion increases in some way pro
por t ional to luminosi ty would, I th ink , be qui te false. There is no observat ional 
evidence as far as I know for ou tward flowing velocity—for expansion veloc
ities in flare stars. So al though, as M I N N A E R T says, this m a y be an impor
t a n t mechanism of mass-loss from stars , I should point out t h a t these star& 
are probably in a s ta te of contract ion when this process occurs. Consequently 
this is no t qui te where we would like i t to occur in t e rms of stellar evolution. 

— A. J . D E U T S C H : 

J u s t to reinforce Burbidge 's last point . While on t h e scale of t he mass 
balance of the interstellar med ium t h e contr ibutions of t h e M dwarfs m a y 
be no t un impor tan t , I th ink t h a t they cannot resolve the difficulty to which 
I referred, when I pointed ou t t h a t we are faced with the requi rement of getting: 
r id of large quanti t ies of mass from the massive stars. 

— N . MELFORD: 

Is i t impor t an t for this conference t h a t we know t h e mass-loss from stars,, 
since this depends on gravi ta t ional pa ramete r s which are r a the r independen t 
of t he velocity fields? Secondly, is i t ve ry impor t an t from the poin t of v iew 
of aerodynamicists whether t he flow is 10 2 or 10 4 or 10 6 cm 2 / s in a n y of 
theses cases? 

— E . N . P A R K E R : 

Yes, i t is impor tan t whether t he densi ty is 10 2 or 1 0 3 / c m 3 a t t he orb i t 
of t he ear th . One can obta in 1 0 2 / c m 2 from the hydrodynamic equat ions of 
s teady winds with the observed coronal t empera tu re , b u t he can ' t b y a n y 
s t re tch of the imaginat ion justify 1 0 8 / c m 8 a t t h e orbit of the ea r th u n d e r 
s teady conditions wi thout assuming coronal densities a t t he sun abou t 10 t imes 
higher t h a n observed. 
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— ST. M I L F O R D : 

This seems to me an astrophysical answer. 

— E . N . P A R K E R : 

I t seems to me an aerodynamic answer. If one solves t h e h y d r o d y n a m i e 
equat ions, then he finds one possible range of density, b u t wi th definite limi
ta t ions . <• 

— K . H . B O H M : 

With regard to t he quest ion b y M I N N A E R T one should a d d t h a t according 
t o the observations b y H E R B I G , there is an apparen t outflow of gas from 
T Tauri s tars in so far as emission lines in T Tauri s tars are shifted by abou t 
5 0 km/s wi th regard to the absorption lines. Of course, one cannot say 
whether this is larger t h a n t h e escape velocity, because one does not know 
in which region a n d how far from the s tar t he emission lines are formed; b u t 
I th ink there is some sort of observational evidence in this respect . I t should 
perhaps be noted t h a t H O Y L E has claimed t h a t m a t t e r is falling in, bu t this h a s 
always been a controversy between theoreticians a n d observers a n d so far as-
I know from H E R B I G there has been no evidence of in-falling mat t e r . 

— A . U N S O L D : 

J u s t a t t h e t rans i t ion point going from observat ion to theory one more 
remark about the s u n . I n t he solar corona m a t t e r seems to flow out chiefly 
in the so-called coronal rays . Now in recent t imes i t has become more a n d 
more evident t h a t a t distances of several solar radi i from t h e sun, ma t t e r is 
qui te strongly concentra ted in these rays . If you would d raw a sphere of say 
5 solar radii a round the sun, only a small percent of the surface of this sphere 
would actual ly be pierced b y coronal rays . T h a t means t h a t in considering 
a n y problems of flow of ma t t e r , or of hea t conduction in t he corona, we mus t 
be aware t h a t t he problem is far from spherically symmetr ica l ; ins tead of t he 
usual factor 1/B2 in t he spherical problem we should have a factor more like 1/R. 
T h a t means to t he theoret ic ian t h a t instead of a spherical problem we are 
dealing with something like t h e cylindrical problem and t h a t of course m a y 
effect the solution qui te considerably. 

— E . N. P A R K E R : 

You are r ight t h a t when you look a t the solar corona you do in fact see 
s t reamers. However , from hydrodynamics i t is no t obvious t h a t a few solar 
radi i from the sun the mater ia l actual ly flows in t h e same direction as t he 
s t reamers. If you work out t he equations you find t h a t there is very l i t t le 
difference in t he final velocity t h a t you predict , whe the r you see s t reamers 
from the sun or whether you do not . 
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— E . L U S T : 

F r o m comets one has also an indicat ion of some corpuscular s t reaming a t 
higher la t i tudes. You see comets a t high la t i tudes and one sees also some 
ac t iv i ty in these comets. If t h e theory of corpuscular s t ream and comet tails 
of t y p e one is r ight , you would expect this indeed. Of course, t he densi ty drops 
somewhat if one goes away from the ecliptic, b u t I do no t know the exact factor. 

— L . D A V I S : 

I t is widely accepted t h a t t h e densi ty of the solar wind is on t he order 
of 1 0 0 particles per cm 3 , a n d t h a t t he velocity is of the order of 5 0 0 t o 
1 0 0 0 km/s . Any reasonable theory of wha t happens when this solar wind 
in terac ts with the ear th ' s geomagnet ic field would indicate t h a t t he dis turb
ances go down much closer to t h e ea r th t h a t one would th ink , from the satel
lite observations made b y S E N E T T a n d his collaborators a t Space Technology 
Labora to ry of the geomagnet ic field. There seems to be two possible ways 
o u t : One, to say t h a t t h e solar wind is considerably weaker t h a n all other 
d a t a indica te—the other is to say t h a t there is something of an aerodynamic 
n a t u r e going on which allows the ear th ' s magnet ic field to stick out much 
fur ther t h a n i t has any business to (I do no t th ink this last aspect is some
th ing completely unders tood as yet . ) I do no t th ink t h a t you can say t h a t 
t h e satellite observations of t h e magnet ic field can be a t fault in this point . 

— A. U N S O L D : 

As far as the observations go, one can jus t say t h a t out to 2 0 solar radi i 
cer ta inly t he concentrat ion of m a t t e r in par t icular places is very high. The 
occul tat ions of the Crab Nebula, which D E J A G E R ment ioned, a l ready are most 
easily in terpre ted if one assumes t h a t ou t there the local densi ty is something 
like 1 0 t imes t h e average densi ty for t h e same distance. 

— A. J . D E U T S C H : 

I t is my unders tanding t h a t C H A M B E R L A I N has objected to t he very high 
velocities t h a t D A V I S has said now find general acceptance. Can somebody 
expla in t he s i tua t ion; are the re indeed observational reasons for supposing 
t h a t t h e velocity will be of t h e order of 2 0 km/s . 

— E . N. P A R K E R : 

No observational reasons. 

— M . K R O O K : 

I would point out t h a t the radi i p u t in the various tables m a y no t have 
a n y direct significance for t h e s t ruc tu re or t he dynamics of t h e stellar a tmos
phere. These radii are wholly based on observations a n d theories de-
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signed to explain observat ions in a very nar row s p e c t r a l range—the visual 
range—and the stellar radius is established from obse rva t ions in this visual 
range. I t is ins t ruct ive to consider wha t would have h a p p e n e d had we been 
able to observe only in t he radio-frequency r ange ; we would perceive only 
t h e outer par t s of t h e corona. Would we have been a b l e to produce a model 
of the sun? Where the s tar ends, and where the in t e r s t e l l a r medium begins, 
is a vague idea; and one mus t be careful in d iscuss ing radii and distances. 

— A . J . D E U T S C H : 

I would object. Certainly t he « edge » of t h e s tar is no t well-defined; b u t 
i t would be unfair to imply t h a t i t has no physical significance. I t is t he place 
where the mean-free-path of the average pho ton s u d d e n l y increases enough 
to permit escape in to space. I t is no accident t h a t we observe stars no t m a n y 
octaves from the region where the continuous s p e c t r u m reaches its peak in
tensi ty . 

— M . K R O O K : 

I th ink you are implying t h a t the s t ructure of t h e outer layers of the star 
is completely de termined by wha t you see in the o p t i c a l region. Once this 
is clear, everyth ing else is. The idea is t h a t there is no react ion back on the 
atmospheric s t ruc ture by wha t lies outside its edge. 

— E . N . P A R K E R : 

I would like to pursue the proposal made two y e a r s ago t h a t the solar 
corona is in a s ta te of cont inual hydrodynamic expans ion . Let me s tar t by 
comment ing on the question raised by U N S O L D , t he e x t e n t to which one can 
apply spherical symmet r ic calculations. We have inves t iga ted this problem 
because it is obvious, looking a t eclipse pho tographs of t h e sun, t h a t the sun 
is not spherically symmetr ic . W e find t h a t whe the r t h e gas moves out along 
a radius or along some sort of a flat fan, we do no t ob t a in even a 15 percent 
difference in the velocity for a given input, of corona l heat ing . The velocities 
are remarkably insensitive to the k ind of geometry , s ince after all the s ta t ionary 
flow equations are no th ing more t h a n conservat ion of energy. So I will go 
ahead wi th the spherical case. Let me cite some of t h e evidence for an out
flow of gas th rough in te rp lane ta ry s p a c e — L U S T f o r tuna te ly has gone over 
most of the observat ions a l ready so t h a t I do no t need t o t r e a t t h e m a t length. 
I wan t to distinguish t h e quiet sun from w h a t I call t h e act ive sun, i.e., t he 
sun immediate ly following a large flare. The best ev idence b y far, I th ink , 
is from Biermann 's comet analysis, which you r e m e m b e r gives densities on 
t h e order of 100 part icles per c m 3 a t t h e orbit of e a r t h a n d flow velocities on 
t h e order of a few hundred km/s , for the quiet sun . This is apparen t ly a 
perpetual s ta te for t he sun, not only in the plane of t h e ecliptic, bu t far from 
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t h e p lane of t h e ecliptic. There is o ther evidence t h a t there is cont inuous 
corpuscular radiat ion f rom t h e sun, a n d t h a t is t he quiet d a y aurora . E v e r y 
clear n igh t in t he aurora l zone one sees t he aurora . If we believe t h a t t h e 
aurora is due to corpuscles from t h e sun, i t would imply t h a t every d a y there 
is corpuscular radia t ion f rom t h e sun. I n the same way one observes cont inual 
polar magnet ic agi ta t ion , wh ich presumably is also due to corpuscular radia t ion 
from the sun. Since t h e ag i ta t ion is a cont inued s ta te in the polar regions, 
one again comes to t h e conclusion t h a t there m u s t be cont inual corpuscular 
rad ia t ion from the sun. There are a number of other a rguments t h a t one can 
give here, b u t I t h ink these a re typical , and perhaps t h e best of t h e lot. I n 
cont ras t to the quiet sun , we h a v e t h e act ive sun, for which t h e es t imates of 
par t ic le densi ty due to ag i t a t i on a t t h e orbit of the ea r th run as high as 10 5 . 
The one or two day t r a n s i t t imes be tween the observed flare a n d arr ival of 
something a t the ear th , g ive velocities somewhere between one and two thou
sand km/s , so let me wr i t e down 1500 km/s as a typical figure. The densi ty 
of 1 0 5 / c m 3 and the veloci ty 1500 km/s are entirely consistent wi th the low 
la t i tude aurora and wi th t h e magne t ic s torms which one sees to follow 
t h e flare. 

Now the question is, w h a t is t h e origin of this solar corpuscular radiat ion. 
I w a n t to pursue t h e suggest ion m a d e two years ago t h a t t h e « solar corpuscular 
rad ia t ion » is noth ing more t h a n hydrodynamic expansion of t h e solar corona. 
The solar corona is very h o t , a n d i t is s imply a m a t t e r of solving t h e h y d r o -
dynamic equat ions to see if t h e corona is hot enough to expand wi th t he veloc
ities a n d densities jus t g iven . W e ask under w h a t circumstances t h e corona 
of a s ta r such as the sun will expand , and under w h a t other c i rcumstances 
migh t i t be s tat ic . Suppose t h a t I can observe t he t empera tu re of t h e corona 
of a s ta r ou t to some d i s t ance r, a n d beyond t h a t I cannot observe t hem. I 
m u s t therefore speculate a s t o w h a t happens beyond r. Le t me t ake t he bes t 
case t h a t I can for a s t a t i c corona. Suppose t h a t t he t empera tu re ou t t o r i s 
T(r) = 2 - 1 0 6 °K. How m i g h t I bes t ma in ta in th is corona in s ta t ic equil ibrium? 
You begin exact ly a t t h e l i m i t of observat ion and p u t an ad iaba t ic a tmosphere 
on top . You cannot h a v e t h e t empe ra tu r e drop more rapidly t h a t t h e adia
ba t i c gradient beyond r, because you would then get convective ove r tu rn ing 
— b u t you can pos tu la te t h a t i t drops adiabatical ly. A s ta t ic a tmosphere r e 
quires t h a t X = GMgMjrkT(r)>\, where M3 is t he mass of t h e s tar , M 
t h e m e a n mass of an a t o m in t h e corona, and G t he gravi ta t iona l cons tant , 
i.e., t h e gravi ta t ional energy m u s t be larger t h a n some fraction of t h e t he rma l 
energy, or i t cannot hold a n ad iaba t ic a tmosphere . Unless t h e inequal i ty i s 
satisfied, t h e pressure does n o t fall t o zero a t infinity; you would h a v e t o 
enclose t h e s tar in a b o x t o m a i n t a i n i ts a tmosphere s ta t ic . So look a t t h e sun 
a n d ask w h a t t he cr i ter ion tells us there . POTTASCH a n d CHAPMAN have re
cent ly independent ly inves t iga ted t h e t empera tu re of t h e corona a t sunspo t 
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m i n i m u m using Blackwell 's densi ty observations ou t t o abou t 22 solar radi i . 
F r o m the densi ty observat ions, one can compute t h e grad ien t of t he density. 
T h e densi ty gradient a n d t empera tu re can be re la ted if we are ta lking abou t 
a s tat ic corona, so we assume t h a t t h e corona is s ta t ic , as did P O T T A S C H and 
C H A P M A N . This will give us a lower l imit on t h e t empera tu re . One finds t h a t 
t h e number A in close to t h e sun is very large. The grav i ta t iona l forces are 
large enough to satisfy t h e inequal i ty . B u t A decreases ou tward from t h e 
sun . W e find t h a t A reaches f a t t he 22 B0 l imit of observat ions. I t is h a rd 
t o make a definite s t a t emen t of accuracy he re ; for B L A C K W E L L gives 
no definite s t a t emen t on t h e accuracy of his observat ions in this region. P O T 

T A S C H and C H A P M A N differ b y abou t 7 percent , so I use t h a t as some kind of 
e s t imate of error, which makes t he value of A ve ry close to f. So either the 
corona mus t become exact ly adiabat ic , or I cannot have a s ta t ic corona. 

— S. P O T T A S C H : 

Beginning a t abou t 10 solar radii , Blackwell 's values of densi ty depend 
somewhat on unavai lable knowledge of the brightness much further out. So 
t h e densities are uncer ta in b y about a factor 2. 

— E . K P A R K E R : 

Since the densi ty is changing b y factors of ten , you do no t need much 
accuracy to tell t h e difference between, e.g. t he i so thermal a n d adiabat ic cases. 
So i t seems to m e necessary to abandon a s ta t ic corona. Then, we t u r n to 
invest igate the possibil i ty of expansion. 

I n t he same nota t ion , t he hydrodynamic equat ions of mot ion are, for spher
ical s y m m e t r y : 

<1) dynamic : NM dv/dr = — d(2NkT)/dr — GMQNM/r2 

<2) cont inui ty : Nvr2 = N0vQrl 

ive assume t h a t T a n d N are re la ted b y t h e polyt ropic l aw: 

<3) T = T^IN,)*-1. 

W e can in tegra te t h e equat ions completely for a general va lue of a. Let y> 
l)e t he kinetic energy of t h e average ion in uni t s of t h e ini t ial the rmal energy 
a t t he base of t h e corona, which I t ake to be r = a. Le t A be t he gravi ta
t ional pa ramete r as defined above. This is essentially t h e gravi ta t ional poten
t i a l energy per a t o m a t t h e base of t h e corona in uni t s of t h e thermal energy 
a t t h a t same point . Le t £ = r/a. The solutions can t h e n be wri t ten in this 

https://doi.org/10.1017/S0074180900104486 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104486


286 P A R T I I I - C : DISCUSSION 

fo rm: 

(4) 
Mv2 

2kT0

 9 

(5) ip = ip0 — A 1 

(6) ^ — In yj = l n y 0 + 4 1 n f - A ( l - l / f ) . 

W e denote by t h e va lue of ip a t r = a. W e arbi t rar i ly choose a = 1 6 k m 
to be t he base of the co rona a t which we specify the densi ty N0, t empera tu re 
T0, and velocity v0. W e a^k w h a t solutions are appropr ia te to t he sun. I t 
is no t interest ing to s t a r t above the speed of sound a t r = a because t h a t begs 
t he question. Let m e s t a r t wi th some exceedingly low velocity, 1 km/s . I find 

Consider such a so lu t ion for which ^ 0<^1> so t h a t t h e pressure does not 
go to zero a t infinity. Obviously I need a box, enclosing the sun a t infinity, 
t o ma in t a in the p res su re a n d t h e s ta t ionary character of the flow. Suppose 
t h a t I slowly dissolve t h e box. W i t h the decreasing back pressure a t infinity, 
t he flow will accelerate . \p0 will slowly increase. This does no t cause t he pres
sure a t infinity to go t o zero un t i l finally I come to the critical solution, shown 
in t he figure, which s t a r t s a t relat ively low velocity on t h e sun, wi th ip0 cor
responding to 50 k m / s a t r = a. A t th is point the solution changes i ts jasymp-
to t ic form a t large f. The veloci ty ceases to go to zero, and the den
sity and pressure s u d d e n l y do go t o zero. There are no physically meaningful 
solutions for y 0 g rea te r t h a n the critical value. Thus, we have the critical so-

Fig. 2. 

t h a t m y solution has 
t h e p rope r ty : i t rises 
and then soon falls 
again. I find t h a t in 
fact it falls so rapidly 
t h a t the densi ty a n d 
pressure do not go to 
zero a t infinity, where 
we have only the very 
small interstel lar gas 
pressure of perhaps 
1 0 - 1 4 dyne /cm 2 . I n fact 
t h e pressure a t infinity 
for this solution is a 
few percent of t h a t a t 
t h e base of t he corona 
—enormous ! 
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lut ion, which you see breaks away from the solutions on bo th sides of i t a n d 
goes u p to a finite veloci ty a t infinity. The only except ion to th is arises 
when you insist upon an isothermal corona all t h e way to infinity, in which 
case it goes u p logari thmically. F o r all o ther cases i t levels off, giving you 
constant velocity, and therefore a densi ty which goes to zero like 1/r2, wi th 
zero pressure a t infinity. This is, in fact, t he required bounda ry condition. 
Such are t he characterist ics of these general solutions. W e have plot ted t h e m 
for l < a < f and for m a n y values of X. One can compu te t h e m a n y asympto t ic 
relations, b u t t h a t is no t te r r ib ly in teres t ing for a qual i ta t ive discussion such 
as this . The point is t h a t if we believe t h e pressure to vanish a t infinity, i.e. n o 
box enclosing the sun, t hen the corona mus t follow this critical solution. The 
velocity a t t he base of t he corona is of t he order of tens of km/s . 

(Note t h a t « base of the corona » refers to a rad ia l d is tance 3 -10 5 k m above 
the photosphere—10 6 k m from the center of t he sun—where the particle den
si ty is about 3 -10 7 / cm 3 , p robably a b i t lower a t sunspot min imum, and a b i t 
higher a t max imum. ) 

— P . L E D O U X : 

W h a t is the to t a l mass of t he expanding a tmosphere ? 

— E . ST. P A R K E R : 

The same as t h e exist ing corona, because the mass of t he corona is essen
tially contained in the first scale-height. 

— P . L E D O U X : 

B u t you have a densi ty decreasing as Br2 which, in tegra ted to infinity, gives 
an infinite mass , If you assume t h a t you consider a t rans ien t stage, you will 
have some kind of front a t t he most ex te rna l poin t reached, and boundary 
conditions there should fix t he mot ion—you will not need to go to infinity. 
B u t the solution you have discussed is selected on t h e basis of a boundary 
condition a t infini ty—not t o have a finite pressure there . 

— E . N . P A R K E R : 

The £oint on t h e in tegra t ion would be t r u e if you really took the solution 
extending to infinity, b u t sooner or la ter t h e interstel lar med ium mus t s top 
t h e flow. And, on specifying t h e pressure, all I need to do is replace zero b y 
10" 1 * dyne - c m - 2 , t h e pressure of t h e in ters te l lar medium, a n d I will reach 
t h e same conclusion on the results . The crit ical aspect of t he solution is t o 
end u p wi th a very low pressure, r a the r t h a n wi th a factor only 10 or 10 2 less 
t h a n t h a t a t t he base of t h e corona, which is some 10~ 2 dyne • cm" 2 corre
sponding to t he values assumed. 
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— F . K A H N : 

A m I r ight in th ink ing t h a t these equat ions are the same as Bondi ' s equa
t ions for t h e case of spherically symmetr ical accretion? 

— E . N". P A R K E R : 

I a m sure t h a t they mus t be. Only the sign of t h e velocity would be 
changed. 

— F . K A H N : 

I n t h a t case, would t h e s table solution be t h e one which is subsonic a t oo 
a.nd supersonic near the s tar? 

— E . K P A R K E R : 

H e would probably have used an effective a < f wi th small velocity and 
pressure a t infinity. I t is ha rd to compare two such unlike si tuations. 

— F . K A H N : 

There mus t be some reason w h y one flow is stable for ou tward motions 
a n d uns tab le for inward motion. 

— A. J . D E U T S C H : 

I believe t h a t this solution is p robably the one appropr ia te to describe the 
solar corona, b u t I canno t agree wi th t he r emark t h a t one recovers t he same 
resul t if he requires ei ther t he solution which goes to 1 0 - 1 4 d y n e / c m 2 a t infi
n i ty , or t h a t which goes to zero. One can obta in adiabat ic solutions which 
go exact ly to 10~ 1 4 dyne /cm 2 , or t o a n y other prescribed value, a n d they get 
there wi th zero velocity. Pa rke r ' s solutions do no t h a v e t h a t character . If 
t h i s is of any physical relevance (and I a m no t persuaded t h a t i t is or is not) , 
i t m a y well be qui te an i m p o r t a n t dist inction. The nex t point , which is related 
t o t h i s : i t is no t immedia te ly clear t o m e why , if one is uncomfortable wi th 
a solution which yields a pressure m a n y orders of magn i tude too high a t in
finity t o be balanced b y t h e interstel lar med ium—and incidental ly a non-zero 
Teloci ty—he is nevertheless p repa red t o accept a solution which yields a pres
su re m a n y orders of magn i tude too low, and a finite velocity. 

— F . K A H N : 

I wonder whether there is a n y use in having a solution which is subsonic 
a t infinity. You have a n inters tel lar med ium moving relat ively to t h e stars 
a t a speed t h a t is m u c h higher t h a n t h e sonic velocity a t infinity. The usual 
speeds are t o 10 to 20 km/s , sonic speeds are of the order of 1 km/s . So you 
could no t possibily fit a subsonic solution a t all. 
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— W . M . M C C R E A : 

These are indeed exact ly the same questions as for symmetr ical inflow 
which were solved first b y B O N D I . and about t he same t ime b y E B E R T , and they 
obtained the complete set of solutions as Pa rke r has d rawn it . Now for inflow 
—as I showed afterwards, t h e likely th ing is for the mot ion to follow one 
solution curve a certain distance and then to get a shock a n d then to follow 
a different solution cdrve. I do no t know whether the aerodynamieists agree 
b u t I th ink t h a t this is w h a t happens . Now I spent a lot of t ime , myself and 
a pupil , t ry ing to get outflow, and I could no t get any th ing plausible. I got 
th is solution t h a t P a r k e r has ta lked about . B u t you h a v e got to give t h e 
mater ia l the velocity a t some level. And t h a t is t he whole problem—you can 
always get the solution if you get the exact init ial condition, b u t we could no t 
see how this could come abou t in reali ty. The only hope t h a t I could see is 
if you have a solution t h a t is essentially non-steady, a n d car ry t h e solution 
r ight down to the center of the star, and have a s tar which ins tead of being 
in s tat ic equil ibrium is somehow an expanding system, where t he velocity 
of expansion deep down is small b u t no t zero and is appreciable in the region 
of interest . B u t t h a t was too difficult a problem for me. I th ink t h a t aero
dynamieists ought to say w h a t t hey think. 

— A. J . D E U T S C H : 

I would keep open t he possibility t h a t the conditions of some appropr ia te 
fit onto the interstel lar med ium m a y indeed produce a dis turbance t h a t will 
p ropagate into a distance of not m a n y stellar radii . I would agree t h a t t he 
fitting requirements on the interstellar medium m a y m a k e no difference a t 
the surface of the star , b u t I a m not prepared to admi t t h a t t he corona even 
as close as 2-3 radi i is equally insensitive. My principal reason for this insist
ence is t h a t if we admi t the relevance of these bounda ry conditions, we can 
reproduce within an order of magn i tude both t he t empera tu re a n d density of 
the solar corona. This impresses me as being too much for chance coincidence. 

— E . N. P A R K E R : 

If you feel t h a t there is something to this point , i t should be calculated. 
I th ink you are r ight t h a t t he t empera tu re and densi ty are due to the inter
stellar medium ra the r t h a n to the convective zone of t h e sun. 

— L . D A V I S : 

If one is concerned abou t boundary conditions be tween expanding medium 
and interstellar space, he should include the pressure of t h e interstel lar mag
net ic fields, which are probably 100 t imes the gas pressure and are anisotropic. 
So long as you are no t worried abou t these bounda ry conditions, you do no t 
have to worry abou t t he interstel lar magnet ic field. 

19 - Supplemento al Nuovo Cimento. 
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— L . B I E R M A N N : 

I would suggest this magnet ic pressure might be as large as 1 0 - 1 1 dyne /cm 2 . 

— E . N . P A R K E R : 

W h a t would happen is t h a t the solar wind would rush ou tward unt i l i ts 
m o m e n t u m densi ty equals whatever pressures there are, and a t t h a t point 
you get some sort of disordered interface. 

— C. D E J A G E R : 

I n t he case of the sun, we are dealing with ra ther special bounda ry con
ditions because the sun is sur rounded b y the p lane tary system, a n d I have 
the feeling t h a t in the region of t he planetoids there is an addi t ional source 
of tu rbu len t magnet ic fields. The sys tem of the planetoids surrounding the 
sun is known to consist of a n u m b e r of large planetoids, a greater n u m b e r of 
smaller particles, an enormous n u m b e r of l i t t le stones a n d dus t a n d so on, 
and t h e m a n y collisions between these particles m a y produce, b y evaporat ion, 
t u rbu len t gas, t h a t will be ionized b y the sun. The tu rbu len t masses of gas 
could produce turbulen t magnet ic fields. Evidence for these tu rbu len t magnet ic 
fields is found by cosmic r ay observations. As S I M P S O N showed, these obser
vat ions of scattering of solar cosmic rays m a y be explained by assuming t h a t 
the in terp lanetary magnet ic fields are great ly turbulent , say, a t distances beyond 
the dis tance of the ear th . So, I have t he feeling t h a t t he magnet ic pressure 
a t th is distance m a y be considerably higher t h a n the magnet ic pressure in 
the interstel lar med ium. So, if we w a n t to discuss the problem of the outflow 
of m a t t e r from the sun, we m u s t t a k e in to account t h a t a l ready a t distances 
of abou t one or two a.u. i t collides against this tu rbu len t field, which will act 
as a filter to the outgoing ma t t e r , which still will go out finally, b u t much more 
slowly. 

— A. B . S E V E R N Y : 

I would appreciate a comment on the applicabili ty of a hydrodynamica l 
t r e a t m e n t of the problem, because t he mean-free-path m a y be something like 
t he sun-ear th distance. 

— E. N . P A R K E R : 

The mean-free-path is comparat ively shor t—about 1/10-th t he character
istic dynamical length. 

— E. S C H A T Z M A N : 

You m a y have a t least two kinds of discont inui ty: You m a y have an 
ord inary shock and you also can have a change from an H I I to an H I region 
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and then in the | , \p p lane I th ink t h a t you shift from one point on one of your 
curves to some other point . I th ink t h a t a t least in some cases t h a t is pa r t 
of the difficulty. 

— E . N . P A R K E R : 

Let me p u t some dimensions on here. The critical point occurs within 2 
or 3 solar radii of the sun, and once you are well pas t t he critical point you 
can completely neglect t he internal s ta te of gas—it is on its way a t 500 km/s . 
I t is t rue t h a t if I were t ry ing to compute the t empera tu re of the gas a t the 
orbit of the ear th I would have to pay very close a t ten t ion to these things. B u t 
as a ma t t e r of fact the velocity and density of the mass flow depend upon 
t hem hardly a t all. The expanding gas has climbed out of a 600 km/s poten
tial well, which is equivalent to about one kilovolt per hydrogen a tom. 

Let me make one comment about McCrea's question as to wha t I do about 
the initial velocity of the order of 20 or 30 km/s in the corona. The initial 
velocity a t the a rb i t ra ry radius r = a goes to zero if I chose to decrease a. 
If I arbitrari ly s tar t a t one million k m from the center of t he sun—of course 
the velocity is not zero, 

— W. M. M C C R E A : 

Tha t is the point I was drawing a t tent ion to on the other board—it is not 
a s teady problem essentially. You can ' t go r ight to the center. You would 
have point sources. 

— E . N . P A R K E R : 

I would like now to comment upon the extension of the solar magnet ic 
field into in terp lanetary space. If there is, in fact, hydrodynamic radial ex
pansion of the solar corona, then it is obvious t h a t the expansion mus t pull 
out the general solar field in to a radial configuration. I don ' t know whether 
the general field is a dipole—but whatever i t is, any lines leaving t he surface 
of the sun which are no t stronger t h a n about one gauss are pulled out in to 
some more or less radial configuration; I a m sure t h a t t he fields p lay a role 
in the formation of t he coronal s t reamers, as U N S O L D has ment ioned, b u t none 
the less they are s t re tched out in wha t I would call a roughly radial con
figuration. Because t he sun ro ta tes , they spiral slightly. To give an est imate 
of the spiraling, a 400 km/s wind a t the orbit of t he ear th results in a spiral 
which just reaches 45°. Hence inside the orbit of t h e ear th t he field is prin
cipally radial, and outside the orbit of the ear th i t is principally azimuthal . 
I m a k e this point because I shall need it when speaking briefly on the active sun. 

Some t imes on the sun in ah active region there is an enormous flare, and 
one observes t h a t t he solar corona over a large region above t he flare rises 
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very quickly to sometimes 4 million degrees. As soon as the flare is over you 
see t h a t t he t empera tu re is roughly doubled, and it remains high for a day 
or two or three—sometimes even a week—thereafter. The point I would like 
to m a k e is t h a t this suggests t h a t a hydrodynamic explosion mus t t ake place. 
So I have invest igated t h e hydrodynamics of blast waves from the sun. Again 
I assume spherical symmet ry , and this t ime I agree t h a t i t is no t a very good 
approximat ion . B u t let m e m a k e this one point—if I assume spherical sym
m e t r y about the center of t he sun, I will get a lower l imit on the velocity, 
for t h e same t empera tu re profile. So I a m not overes t imat ing the velocities 
wi th t h e spherical symmet ry approximat ion . One uses t he s t anda rd techni
ques rj = xjrx—the similari ty variables for progressive waves—it is all in Cou-
R A N T a n d F R I E D R I C H S , a n d I will no t bother you with it. 

The density ahead of these waves falls off like 1/r2, from the quiet day 
solar wind model where t he velocity is roughly constant a t large radial distance. 
One assumes t h a t the t he rma l velocities are small compared to the shock 
velocities, so the Mach n u m b e r is large—so you get a factor of 4 increase in 
t h e densi ty across the shock a t t he head of the blast wave. Now, if a flare, 
and the corona over the flare, were merely a single explosion, so t h a t the 
energy were all added in an hour a n d no energy added thereafter, t hen you 
h a v e a t r ue blast wave—the densi ty would rise b y a factor of 4 a n d fall again 
beh ind t h e shock, with t h e pa rame te r % = f. B O G E R S worked out this solu
t ion several years ago. Now i t is observed t h a t t he solar corona remains a t 
i t s e levated t empera tu re of four million degrees for a d a y or so thereafter. 
So there is the possibility t h a t i t will expand and continue to push on the 
back of the blast wave. T h a t is w h a t the cases represent , 1 < # < § . If I t ake 
an ex t reme case where I assume t h a t the corona pushes on the blast wave so 
h a r d t h a t the kinetic energy of t h e blast wave increases l inearly wi th t ime, 
t h e n I get the s tep wave for # = 1 , which is qui te th in . On the sunward 
side of the rear of the blast wave there is nothing b u t ho t coronal gas pushing 
ou twards . I th ink t h a t % = 1 is an ext reme case, of course. Now if the co
rona pushes so t h a t the energy goes u p like t\ one obtains another curve, etc . 
So I offer you a sequence of blast wave profiles—one will have to decide from 
t h e observations which is appropr ia te . 

The question is, do these blast waves have the r ight velocities a n d densities 
t o agree with w h a t rough observat ions we have? A t 4 - 1 0 6 °K we go to our 
s t a t i ona ry solutions for t he ho t coronal gas dr iving t h e blas t wave, and ask 
a re there any solutions flowing ou tward with a thousand or 1500 km/s ve
locities? The answer is yes, 1200 k m per s is a rough es t imate of the ra te 
a t which the rear of the blas t wave might be driven ou tward b y a 4 • 10* °K 
corona. The front of t h e b las t wave automat ical ly goes faster, a t 1500 k m 
pe r s or higher. The most ex t reme figure quoted for t h e densi ty is 10 5 / cm 3 

a t ear th , and all I can say is t h a t the blast wave densities can m a t c h t h a t . 
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If t he corona is several million degrees all t he way to t he back of the blast 
wave, then the pressures are so high in back of t he blas t wave t h a t the den
si ty can in fact be t h a t high. I do no t wish to argue t he point one way or 
another . The blast wave from a 4*10 6 °K corona can duplicate the 1500 km/s 
a n d 10 5 / cm s suggested from observation. Our hyd rodynamic model of bo th 
t h e quiet and the act ive sun accounts for the observed solar corpuscular 
radiat ion. < 

Now consider t he cosmic r ay intensi ty in in te rp lane ta ry space, which is 
how I got s tar ted on this whole calculation. I a m immedia te ly concerned with 
t h e magnet ic field configuration in in terp lanetary space. I n the quiet-day 
solar wind, the lines of force of the general one gauss solar field are drawn 
ou t in Archimedes spirals, reaching 45° from t h e radia l direction a t ear th , as 
I have already ment ioned. The blast wave energy, increasing like tv, distorts 
t h e quiet day field. And now wha t effect does this have on the cosmic r ay 
intensi ty? I t is very easy to compute the ex ten t to which cosmic rays are 
swept out of the inner solar system by outward sweeping magnet ic fields. 
You find t h a t you get u p t o 40 percent cosmic r a y decreases wi th an energy 
dependence which is something like reciprocal magnet ic rigidity, which is in 
rough agreement wi th the crude observation t h a t current ly exists. Such a 
decrease is immediate ly recognizable as the Forbush t y p e cosmic r ay decrease, 
observed following a given flare on the S U D , s imultaneously with a magnetic 
s torm on ear th . 

— W. H . M C C R E A : 

Is this the dipole field t h a t you are distorting? 

— E. N . P A R K E R : 

I do no t wish to commit myself as to whether the general solar field is a 
dipole. Any Knes of force ( I ?<one gauss) will be drawn out as I have shown 
them, regardless of how the field density varies over t he surface of the sun. 

— L. D A V I S : 

We have seen some figures showing magnet ic fields in the solar system 
a n d heard some discussion of this . I n the last few months Pioneer V has re
por ted back observations on one component of t he magnet ic field in the solar 
system over a period of some 50 days, and following a round the orbit of the 
ear th , b u t with t he satellite going somewhat towards the orbit of Venus during 
th is t ime. The magnet ic field during this t ime as repor ted b y S E N E T T and 
his collaborators a t Space Technology Laboratories is very ha rd to fit to a n y 
ideas t h a t one has . I t is jus t possible t h a t the appa ra tu s is inhabi ted by a 
gremlin t h a t is t ry ing to upset i t—but there is nothing in t h e experiment t h a t 
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would indicate this except t h a t t h e results are so surprising. Something like 
a s ixth to a quar ter of t h e t ime t h e field is surprisingly uniform a n d s teady 
a t abou t 2.5 t imes 1 0 - 5 gauss. More t h a n half of the t ime the fields show quite 
a b i t of irregularity. I t m a y run u p to 4 - 1 0 - 4 gauss on some occasions. These 
dis turbances seem to be correlated with geomagnetic dis turbances which would 
indicate t h a t i t really was not due to gremlins. I n any case they seem to 
indicate t h a t more t h a n half the t i m e there is a much more irregular magnet ic 
field t h a n Parker ' s figures would seem to indicate, and the direction seems 
completely wrong. 

— A . U N S O L D : 

A word on the problem of the t empera ture and density gradients in the 
corona. The coronal densi ty gradient leads to tempera tures of abou t 1 . 6 - 1 0 6 

while the line-profiles consistently give 2.5 - 1 0 6 . I have wondered a t the reason 
for this discrepancy, and I th ink i t is t he ray-s t ruc ture of the corona. The 
corona essentially follows systems of lines of force, and V A N D E H U L S T showed 
long, ago t h a t a t ube of magnet ic lines of force is filled up from below like 
an isothermal a tmosphere wi thou t regard to sideward l imitat ion. If one wants 
t o br ing into agreement t he stratification measured b y B L A C K W E L L for the 
average corona, on the one hand , and the higher t empera tu re of 2.5 - 1 0 6 on 
t he other hand, one m u s t m a k e suitable assumptions as to how the coronal 
rays th in away further away from the sun. One finds e.g. t h a t a t 5 solar radii , 
roughly £ of the sphere is crossed b y such rays. Such a degree of inhomoge-
ne i ty agrees well wi th wha t A L L E N deduced several years ago from the 
waviness of the observed isophotes. This picture seems to have various impli
cations. For instance, t he more or less explosive way described by P A R K E R of 
producing t ransient phenomena is certainly no t t he only possibility. Badio 
observers know since a long t ime t h a t the so-called slowly variable radio 
frequency radiat ion in t he decimeter range is due to « coronal condensations » 
which often pass into coronal rays . These are often produced by the following 
mechanism. The amoun t of m a t t e r in each tube of force is simply proport ional 
to t he density a t which the coronal region begins, and t h a t critical density 
is higher if t he mechanical flux is higher. So one would explain these ra ther 
quie t columns of gas essentially b y jus t assuming t h a t t hey have t he same 
densi ty gradient as their less dense surroundings, b u t t h a t the densi ty is every
where multiplied b y a certain factor which observations show to be about 
5 or 1 0 . I t m a y of course be t h a t there are other possibilities of get t ing ma t t e r 
in to higher layers. 

— E . N . P A R K E R : 

This is an interest ing idea. Do you have in mind the corpuscular radiat ion 
following a flare, when you discuss this more or less quiet s t reaming? 
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— A. U N S O L D : 

No. My opinion is t h a t we h a v e two different possibilities which apply 
to two different phenomena . Also, our opinions seem to differ somewhat as 
t o t he coronal t e m p e r a t u r e — I p u t the average value a b i t higher. Then, I 
would emphasize t h a t the curves fitted to Blackwell 's d a t a largely reflect how 
the magnet ic tubes of force th in out. 

<. 
— A. U N D E R H I L L : 

The flow velocities from stars do not seem to exceed a value of 10 3 km/s 
by more t h a n a factor of 2 except in the supernovae. I s there any hydro
dynamical reason why we do not observe velocities as high as 1 0 4 k m / s ? I t 
does not m a t t e r w h a t k ind of s tar you t ake—the outflow velocities apparent ly 
lie between 10 and abou t 1000 km/s . 

— E . N . P A R K E R : 

I will a t t e m p t an answer. Simply remember t h a t the velocity goes up 
only as the square-root of t he energy; and even if you t ake 10 or 20 million 
degrees, it is ha rd to bea t 1000 km/s . 

— W. H . M C C R E A : 

I make one simple observation, which is no t mean t to be cynical, a l though 
i t sounds like it . Fifteen years ago, H O Y L E , B O N D I , a n d L Y T T L E T O N explained 
t h e solar corona b y infailing mater ia l and got a suitable densi ty gradient . 
Here , you reverse all t he velocities; na tura l ly you get t he same density gradient . 
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