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i) This arc ( £ m ) lies below the arc which goes th rough A. The cor
responding (COD) curve goes th rough t he origin a n d checks t h e assumpt ion b). 
Thus, i t is a solution. No other solution is possible because according to (15), 
such an arc (£«>) would be t h e image of a flow lying downwards of a shock, 
if t he image of t he upward flow were a (f) curve lying above the two branches 
of t he critical curve (£*) and thus condition b) would no t be satisfied, 
(ii) Or this arc ( C ^ ) Mes above ( C * ) S - A shock mus t be present . F o r the reason 
given in i), t he only possibility to check assumpt ion b) is to have as image 
of t h e upward p a r t of t he flow an arc of curve (£#) s which corresponds to a 
flow s tar t ing as a subsonic flow for x = 0 and which is accelerated smoothly 
through the trans-sonic regime (saddle point A). 

The position of the shock is defined as the intersect ion of the curve 
with curve (f), which represents the locus of flows lying jus t behind a shock 
when the above s ta te lies on the (C^)s b ranch. I t m a y be checked t h a t these 
two curves have one and only one point of intersection. 

The special case y == is a l imit ing case whose discussion is left to the 
reader. W e wan t to emphasize t h a t assumption b) is necessary to guarantee 
the uniqueness proper ty . 

6. - Signification of the results. 

The values of T F F L , T ^ , 5 are given b y the d a t a of t h e interstel lar medium. 
B u t the value of m depends on da t a on the s ta te observed on the surface of 
t h e star. Le t us no te wi th a subscript t he corresponding values of various 
quant i t ies (r 0 , T 0 , T0...) 

I n order to compute m, u0 and T 0 (or T0 and r 0 according to the Bernoulli 
equat ion) mus t be known. To compare the theory with exper imenta l da ta , one 
mus t check t h a t t h e flow on the star is subsonic and t h a t t he flow a t r 0 m a y 
be compatible wi th the d a t a a t infinity thanks to t he uniquely defined flow in 5. 

Another way t o tes t t h e val idi ty of such a theory is t o notice t h a t d a t a 
for various s tars m u s t be fitted as explained above wi th t h e same interstel lar 
medium. 

Discussion: 

— A. J . D E U T S C H : 

I should like t o clarify several points . F i rs t , I t h ink i t is no t quite correct 
t o say t h a t there is a controversy between P A R K E R and myself. As I under
s tand t he si tuat ion, there is no t necessarily any controversy. W e depar t from 
different sets of observations, wi th different physical problems in view, and 

o 

https://doi.org/10.1017/S0074180900104504 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104504


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

a t t e m p t , each of us, to find t he solution appropr ia te to his par t icular problem. 
I t would be nice, of course, if we could relate these two. As I unders tand i t , 
Pa rke r ' s problem is th i s ; he believes there is good observational evidence for 
a high t empera tu re solar wind of the order of 200 particles per cubic centi
meter , a t one astronomical un i t from the sun, moving with speeds of the order 
of 500 km/s . My observational evidence, on the spectra of t he M-giants, re
lates t o a si tuation in which I observe gas flowing outwards with speeds of 
the order of 10 k m / s ; I do no t know wha t the densi ty i s ; I do have some 
indicat ion of wha t the t empera tu re is, and it appears to be very low. So, 
there are major differences in t he point of depar ture . 

Consider again Fig. 8 from m y paper , which summarizes the regimes t h a t 
are possible so long as I restr ict myself to the case of continuous adiabat ic 
flows. The abscissa is the value a t t he base of the flow of the ra t io of the 
escape velocity to the the rmal velocity, and the ordinate is t he initial Mach 
number . F r o m this Figure I see t h a t I have the option of going to flows which 
a t t he base are characterized ei ther by very large flow veloci t ies—that means 
large f}0, or by very high t empera tu re s—tha t means large ( T t h ) 0 ; or both. 
If, for example, I go in the direction of low initial the rmal velocities, so t ha t 
the gas is cool near the surface of the star, then I mus t move to the r ight in 
this d iagram. B u t I find t h a t I cannot go very far in t h a t direction in the 
subsonic regime before I run into t he region where no continuous flow is pos
sible, a n d I am therefore forced up into the supersonic regime, where the initial 
flow velocities are a t least comparable with the escape veloci ty; and I say 
t h a t the observations of the M-giants do not admi t this possibility. For if I 
have a cool gas, which is expanding from the star with flow velocities com
parable with the escape velocities, I mus t expect to observe this, and I do 
no t observe it. And therefore I t ake the only option which is left to me within 
this framework, which is to say ; there m a y be a high t empera tu re region around 
the star , sufficiently high in t empera tu re t h a t I cannot observe it . Le t ' s see 
how well I can get along, b y moving off more to the left in this d iagram, and 
simultaneously a t t empt ing to keep the flow velocities as low as I possibly can. 

Be tu rn to Fig. 10, (page 254), which il lustrates the characterist ics of a typical 
supersonic adiabat ic flow. Notice here t h a t the initial flow velocity is almost 
equal to the escape veloci ty; b u t the init ial t empera ture is r a the r high, so t h a t I 
need not to be too dis turbed t h a t I fail to observe flow velocities t h a t are 
comparable with the escape velocity. However, I find t h a t by t he t ime I get 
out to 10 stellar radii , t he flow velocity has risen to abou t 150 km/s . The 
t empera tu re is till too high here for me to observe the gas. B u t the flow veloc
i ty s tays high; it has a l ready essentially reached its asympto t ic l imit , and 
beyond x = 10, I mus t expect the velocities to remain high, r ight in to the 
observable cool region. This clearly is inadmissible from the point of view 
of the observations. To the best of m y knowledge, all of the supersonic adia-
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bat ic flows will have this characterist ic, and are therefore inadmissible in 
a t t empt ing to explain the observations of the M-giants. y is £ here. 

Now, in endeavour ing to discuss t he subsonic ad iaba t ic flows, I asked myself 
whether one can l imit the possibilities to flows which will merge smoothly 
wi th the interstel lar m e d i u m — t h a t is to say, in which the velocity goes to 
zero, as indeed it does in all of these subsonic adiabat ic flows, and where simul
taneously t he t empera tu re and densi ty go to the values appropr ia te for the 
interstellar medium. And I find t h a t I can do this , if I l imit the possible range 
of values of the initial Mach number and the rat io (VJVih)Q. Fig. 11 (page 255), 
again reminds us of w h a t those l imitat ions are. I find t h a t , corresponding to a 
given escape velocity, t h e init ial flow velocity m a y have a n y value which lies 
below the line labeled F 0 . The initial t empera tu re , however, is very closely 
prescribed; i t m u s t lie on the dashed line if the initial Mach number is zero, 
and it mus t lie on the full line if the initial Mach number is 1. Moreover, it 
mus t lie between these two lines regardless of the value which is assigned to 
the tempera ture of the interstel lar medium, whether this t empera tu re be 100° 
or somewhat more t h a n 10 000°. Similarly the initial densi ty is closely pre
scribed by the outer boundary condition. At this point , for the first t ime, 
I noticed t h a t a t t he abscissa 2.5, which corresponds to the escape velocity 
a t four solar radi i from the center of the sun, the d iagram predicts a tem
pera ture of 3 million degrees, and a density of 3 -10 5 p ro tons /cm 3 . Since these 
numbers correctly represent the solar corona within a factor of 2 or 3, I na tu
rally wondered whether the same notions, which I was developing in the 
context of the M-giants, also have an application to the case of the solar 
corona. I throw this out as a question. Certainly, if we go to this kind of 
an interpreta t ion, then we cannot reproduce the high velocities for which 
P A R K E R believes there is good observational evidence in the neighborhood of 
the ear th . 

Now, I have considered in most detail a case where the initial velocity 
is 44 km/s . However, since the initial t empera tu re is 270 000°, I probably 
will not be able to observe t he gas a t the point where i t moves with this velo
city. I find t h a t in i ts subsequent motion the gas quickly decelerates, unt i l 
by the t ime I 've reached 100 stellar radii , t he velocity is down to 2 or 3 km/s . 
I notice t h a t the gas always moves with a velocity less t h a n the local escape 
velocity, F e 8 , which is given by the s t raight line. To find whether a flow of 
th is k ind is consistent wi th t h e observations, I compute t he projected densi ty 
of Ca I I in the line of sight, t ak ing rough account of the ionization gradient 
in the flow; and I also compute the mean expansion velocity along the line 
of sight. The computed surface density tu rns out to be less t h a n 1 percent 
of the value observed in the red g ian t s ; and the computed expansion velocity 
is also small, b y a factor of nearly 10. I t mus t be noted here, however, t h a t 
there is a grave quest ion as to whether one can give any physical justification 
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for assuming t h a t the flow approximates adiabasy. The one invest igat ion of 
this question t h a t has been made , b y E . W E Y M A N N in his thesis a t Pr ince ton 
indicates t h a t radiat ion causes gross depar tures from adiabasy, a t least for 
the case of flows which are somewhat more dense t h a n the one which I con
sidered here. I n any case, i t looks as though most of the M-giant stars are 
losing mass a t a ra te which violates t h e l imit set by t h e nozzle t h a t we were 
ta lk ing about earlier. I t looks ve ry much as though we have ra tes of mass-
loss which exceed by several t housand t imes wha t this k ind of flow can give. 

— E . S C H A T Z M A N : 

I t h ink t h a t the adiabat ic condition is too correct t o obta in t h e r ight de
pendence of t empera tu re , densi ty, and pressure in these layers, and t h a t the 
difficulties you have wi th the la te giants can come from tha t . 

— A. J . D E U T S C H : 

I have the impression from W e y n m a n n ' s work t h a t the difficulties become 
more severe as the densi ty goes u p . The difficulties are ap t to be much less 
in t he case of the early M-giants. I ' m not sure t h a t the adiabat ic approxima
tion is too bad there, b u t when the densi ty goes u p and the radia t ive processes 
t ake over, then they remove the basis for this whole picture. 

— E . L U S T : 

I w a n t to pu t a question. Would it not be possible t h a t these kinds of 
stars would be surrounded by a ho t corona? I n this case there migh t be no 
such difficulties with the mass-loss; and the same pic ture which P A R K E R has 
applied to the sun, would then be applicable for these k ind of stars. 

— A. J . D E U T S C H : 

Yes, I th ink it is. I th ink t h a t a t the base of flow which I jus t described 
there is something t h a t approximates a corona. The t empera tu re m a y be 
something like 300 000°; one does no t need a t empera tu re as high as 1 million 
degrees. I should like to know whether , s tar t ing wi th a very m u c h higher 
t empera tu re—say a t empera tu re t en t imes higher—one can contr ive t o keep 
the velocities in the observable region down in t he range which I observe. 
I ' m unable myself to see how to do this , part icularly if I have to go to super
sonic flows a t large distances. 

— P . G E R M A I N : 

May I ask D E U T S C H if he can show us which pa r t of t h e integral curve he 
has considered, especially where he locates t he initial va lue of R in t h e dia
gram. I t is the subsonic pa r t which is after all t he critical va lue of R. 
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— A . J . D E U T S C H : 

The difficulty is t h a t Germain ' s discussion breaks down for t h e part icular 
•case I have discussed, where y equals \ . I said t h a t t h e critical point moves 
off to infinity. I t does not , i t moves off to zero. I t h ink the curves can always 
1*e divided in to two classes, can they not? I n one class, t h e velocity always 
decreases monotonical ly a n d goes to zero; in t h e other class, t h e velocity in
creases monotonical ly. I ' m no t sure of the la t ter . I t h ink i t goes logarithmic
ally t o infinity. 

— W . V . E . M A L K U S : 

The process of accret ion has been touched on occasionally in the sympo
s ium. Could D E U T S C H comment on any evidence t h a t s tars in the denser 
regions of t h e interstel lar gas have spectra which m a y indicate inflow? Pos
sibly C L A U S E R or P A R K E R could comment on t h e inflow case? 

— A . J . D E U T S C H : 

I th ink a fair s t a t emen t of t he case would be t h a t we are p r e t t y much 
guided in t he choice of t he theoretical problems we invest igate b y the obser
vat ional problems wi th which we are confronted. There are sound theoretical 
T e a s o n s for believing t h a t s tars mus t indeed be condensed out of t h e interstellar 
m e d i u m ; and we know some places where we th ink we can see th is happening. 
The details of this process, however, are extremely small. B u t in recent years 
we have been confronted wi th a lot of evidence t h a t indicates t h a t we can see 
before our eyes a wide var ie ty of stars spraying m a t t e r ou t in to t h e inter
stellar medium. Therefore t he emphasis has been laid, I t h ink reasonably, 
upon these problems. I t h ink the s ta tement m a d e earlier, abou t our having 
l i t t l e or no evidence for seeing m a t t e r fall into stars, is correct. This mus t 
happe n ; b u t i t ' s awfully h a r d to observe it . 

— N . M I L F O R D : 

I would like to address a simple question to t he aerodynamicis ts . Would 
i t make any significant difference if t he boundary conditions a t infinity change, 
as they do, because of t h e var ia t ions in densi ty and velocity of t h e interstellar 
m a t t e r ? . If these changes occur in a t ime of order 1000 years , would there 
be any significant feedback in to the inner regions? 

— H . L I E P M A N N : 

I th ink t h a t we should actual ly ask t he question a l i t t le broader . W e have 
-discussed so far only s ta t ionary solutions; and the problem cannot be sta
t ionary , I th ink , since probably you have explosive formations on the surface 
of the stars, and you have changes a t infinity. So, if you like, we should m a y b e 
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t a k e a few minutes and discuss t h e possibilities of non-s ta t ionary outflow, o r 
influence of non-s ta t ionary conditions a t infinity on t h e outflow. 

— E . B . L E I G H T O N : 

Also, will i t really be t rue t h a t the flow can ever be isotropic, because t h e 
s ta r is moving through the interstel lar medium? 

— A. J . D E U T S C H : 

Certainly these complications require consideration. However , t he obser
vat ions suggest t h a t t hey p robab ly represent second order effects. T h a t is , 
there is observational evidence, suppor ted b y theoret ical a rguments , t h a t the 
processes we are considering here are quasi-stat ionary. I t h ink we should expect 
to be able to give a fairly good account of t he observations in t e rms of a sta
t ionary theory. B u t there m a y be some very interest ing spectroscopic problems 
re la t ing to non-s ta t ionary problems. 

— H . P E T S C H E K : 

Could one give a criterion for when he can t r ea t t he flow as quasi-statio
nary? I th ink this would be when t h e t ime i t takes t he particles to go th rough 
the flow field is shorter t h a n the t ime in which the bounda ry conditions change. 

— A. J . D E U T S C H : 

T h a t condition is satisfied. You see, a t 10 km/s , m a t t e r moves 10 parsec 
in one million years. The average distance between t h e s tars is of the order 
of 1 parsec. 

— N . M I L F O R D : 

I don ' t th ink t h a t there is general agreement t h a t t h e fluctuations in density 
of t h e interstellar medium are necessarily of t he same order as t he distances 
between the s ta rs ; we don ' t actual ly know wha t t h e scale of t he densi ty 
fluctuations is. I n previous meet ings of this series we have h a d several dif
ferent scales given for these fluctuations. 

— F . K A H N : 

I would have though t t h a t t h e scale of fluctuations was ve ry much larger 
t h a n the distance between t h e s ta rs , wi th clouds possibly 5 parsec across a n d 
m a y b e 100 parsec apar t , so, in fact, if you make the scale of fluctuations 
abou t 1 parsec you are m a k i n g a gross underes t imate . 

— F . H . C L A U S E R : 

I t h ink t h a t I can give a s t a t emen t as t o wha t t o look for in this n o n -
s ta t ionary case. You can see this in your own washtub , if you allow the w a t e r 
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from the faucet t o str ike a flat p la te t he r e . You will find i t goes down a 
column, and spreads out , a n d reaches a supersonic wa te r velocity. You find 
t h a t the flow spreads in to a very th in , high speed layer ; a n d then out a t a 
certain distance, i t goes th rough a shock-wave, in which t h e height of the layer 
increases manyfold, and t h e velocities become very low. This is m y p ic ture 
of wha t happens in the s tars , t h a t you get this supersonic outflow, and t h a t 
out a t a great dis tance there is a shock-wave, t h a t converts the flow back t o 
a higher density, higher pressure, lower velocity flow. Now you ask w h a t 
happens if I begin to d is turb something in the interstel lar med ium; and in 
part icular , wha t would happen , if one gave a flow to t h e interstel lar medium. 
All t h a t happens in t he b a t h t u b analogy is t h a t the circular r ing t h a t forms 
will be dis tor ted; if you br ing water in from this side, t he r ing will move over. 
The supersonic por t ion will be absolutely unaffected, and have no knowledge 
t h a t any of this has happened ; so t h a t the ent ire set of bounda ry conditions 
given by movemen t of t he shock-waves and all of t he interstel lar disconti
nuities, non-s ta t ionary effects, etc. , will be reflected b y a movement of t h e 
shock-wave. So any th ing t h a t you do out in t h e interstel lar medium will 
have no influence on the supersonic flow—it is effectively isolated by the super
sonic flow, and there is no way t h a t things can move ups t ream. The ent i re 
change, due to t h e presence of the non-s ta t ionary effects and fiddling in t h e 
interstellar medium, will appear to be a movemen t in a n d out of the shock-
wave boundary . 

— A. J . D E U T S C H : 

Let me ask two ques t ions : Firs t , whether in t he as t ronomical context i t ' s 
possible to give now some es t imate of the order of magn i tude of the rad ius 
of the s tanding shock-wave; and second, would you expect t h a t this shock 
would lead to a n y observat ional consequences? 

— E . N . P A R K E R : 

You can es t imate t he shock position by the following argument . Coming 
out from the sun is a flow t h a t has essentially cons tant velocity after a b o u t 
(20-^-30) solar radi i . Thus , densi ty falls off as 1/r 2 and can be computed from 
its es t imated va lue a t t he ear th . The condition giving t h e shock ment ioned 
b y C L A U S E R is s imply t h a t t he pressure of t h e solar wind after passing th rough 
the shock m u s t ba lance t he interstel lar pressure. The pressure across t he shock 
is essentially QV2. Take a velocity of a few hundred km/s a n d a densi ty of 
s o m e l O 2 par t ic les /cm 2 a t t h e ear th . If t he interstel lar pressure is 1 0 " 1 4 dyne/cm 2 , , 
t h e radius of t h e shock is 5 000 a.u. If we in t roduce a magnet ic pressure 
—which B I E R M A N N suggested migh t be a factor of 1 0 3 higher t h a n the gas 
pressure—the rad ius is reduced roughly b y 10 s , or t o a b o u t 160 a.u. 

The observable consequences of such a shock are p robab ly no t visual, be -
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cause t h e t empera tu re is ve ry high beyond the shock. I t h ink t h a t t h e most 
i m p o r t a n t consequence of t h e shock is its cosmic r a y effects. The cosmic r a y 
in tens i ty in t h e inner solar sys tem, dur ing t h e years of solar ac t iv i ty a t least , 
is r a the r low compared to t h e in tens i ty in interstel lar space. A n d this is ap 
p a r e n t l y due to ou tward convection of cosmic rays in disordered magnet ic 
fields, which occurs probably on t h e near side of t h e shock b o u n d a r y as well 
a s beyond. Thus, the 11-year cosmic r a y in tensi ty var ia t ion observed a t ea r th 
p robab ly originates in p a r t a t t h e shock t ransi t ion a n d beyond. 

— A. J . D E U T S C H : 

I n t h e case of s tanding shocks a round stars , is there a n y hope t h a t one 
m i g h t a t t e m p t to re la te these to t h e generat ion of non- the rma l radio noise? 

— B . N . P A R K E R : 

I a m sure one would find a relat ion, because you would generate a lot of 
high-energy particles as a resul t of such a shock. The poin t is, t h a t a t sunspot 
m i n i m a , one observes a cosmic r a y intensi ty which is high relat ive to when 
t h e sun is active. Cosmic rays come from outside t he solar sys tem except for 
brief intervals when the sun generates a few. Moreover, wha tever is depressing 
t h e cosmic r ay intensi ty m u s t lie well beyond the orbi t of t he ea r th because 
t h e r e is no gradient a t t h e ear th . Final ly , t he only way one can exclude cosmic 
rad ia t ion is wi th a magnet ic field. So, we conclude t h a t t h e sun does something 
t o depress cosmic rays , a n d we no te t h a t the shock jus t discussed occurs well 
beyond the ear th orbit and will be t h e first th ing encountered b y t h e incoming 
cosmic radiat ion, b y way of disordered magnet ic fields. Any magnet ic field 
vrill h a v e some discontinuous configuration across t he shock. To settle the 
cosmic r a y problem completely, one m u s t re la te everyth ing t h a t goes on in 
t h e w a y of disordered magne t i c fields from outside t h e shock clear th rough 
i n t o t h e inner solar system. 

— L . D A V I S : 

There are actual ly two things t h a t I w a n t to say. F i rs t , of course, this 
ques t ion of wha t happens in t h e region a round the sun as t h e gas flows out 
t o w a r d s t he interstel lar magnet ic field is a complicated one which has been 
discussed b y cosmic r a y physicists for about five years . There are a var ie ty 
of m o d e l s — P A R K E R says p robably none of t h e m is r i gh t—bu t some of t h e m 
a r e more r ight t h a n others and one can combine features from them. There 
i s one th ing in the model t h a t he ment ioned t h a t I t h ink I wan t ed modified. 
A s t h e act iv i ty of t he sun changes, t h e position of t h a t shock front is going 
t o creep in and out , j u s t as Clauser's r ing moves in a n d out when you t u r n 
t h e t a p on and off in your b a t h t u b . This changing volume of t h e region in 
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which t h e cosmic r ays h a v e difficulty in pene t ra t ing will also produce effects. 
Another reason t h a t t h e cosmic rays have difficulty in ge t t ing in to t he region 
near t h e sun, in addi t ion t o t h e difficulty of diffusion th rough disordered 
fields, is jus t t h e fact t h a t t h e cosmic rays in t h e ga laxy are going along t h e 
galactic lines of force which don ' t come in to t h e region inside t he shock-wave 
a t the interface be tween t h e solar wind and the galactic field. They can easily 
get in to this region only a t t h e ends where t he galactic field splits or along ir
regularities. Well , I say t h a t this indicates t h a t t h e model is more compli
cated—which of course P A R K E R knew from t h e beginning as he told us. 

The other poin t concerns wha t one migh t th ink would happen when th i s 
solar wind comes out and strikes a magnet ic field. A n d here I come back t o 
t he point of view of which I seem to be t he sole representat ive—of looking 
a t the information t h a t one gets from satellite observat ions. Le t us consider 
no t a galactic magnet ic field against which a solar wind blows, b u t ra ther t h e 
ear th wi th i ts dipole field, and let us look to see w h a t happens in t he region 
where we th ink t h e solar wind is blowing on t h e ear th ' s dipole field. We find 
t h a t in 2 satelli tes—one which went out within 10° of t he ear th ' s sun line a n d 
one which went ou t wi thin abou t 45° of the sun l ine—there is evidence of t h e 
same th ing happening. Unfor tunate ly the evidence is no t clear enough so 
you say precisely wha t happened b u t you can give some idea of wha t i t is. 
F i rs t , t he solar wind did no t push the geomagnet ic field in as far as one 
would have expected from the simple m o m e n t u m balance t h a t P A R K E R gave. 
Correspondingly, one would th ink t h a t i t migh t no t push the bounda ry 

1.6-

Time ( s ) 

Fig. 5. - The component of the geomagnetic field normal to the spin axis of Pioneer I 
in the region of 80000 km from the center of the earth. 

between the solar wind and the galactic magnet ic field ou t as far as t he m o 
m e n t u m balance would lead one to expect . The second th ing is found in t h e 
ra the r th ick b o u n d a r y region between 80 000 k m from t h e ear th ' s center a n d 
120 000 k m , where t h e las t t race of t he dipole field is found. I n this region 
there were very irregular magnet ic field* ° shown in F ig . 5, which is t a k e n 
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from t h e work of Dr. C. P . S O N E T T a n d his collaborators a t Space Technology 
Labora tory . I t shows the magnet ic field plot ted against t ime , as observed 
b y the satellite. The expected dipole field t h a t one would get is abou t 30 gamma , 
t h a t is abou t 30 • 10~ 6 gauss. T h a t is abou t the average field, I th ink . W h a t 
one sees is a field t h a t has wriggles in it . The t ime scale is something like 10, 
20, 30 s between peaks. I t falls down to very much less t h a n 30 g a m m a s in 
some places. This could be a geometr ic effect since t he satelli te measures only 
t h e component of the field normal to i ts spin axis and, if t he field varies in 
direction, you could observe only a small component of a large field a t some 
points . These peaks though will go up—some of t h e m to 100, m a n y of t h e m 
to 60 or 80 gamma. Many of t h e m are qui te symmetr ical , m a n y others s ta r t 
ou t t o be fairly symmetr ical b u t show a filling in on the back side. These peaks 
do no t seem to be s ta t ionary s t ructures , existing in the outer a tmosphere of 
t h e ea r th as a constant high magnet ic field in a l i t t le region. This jus t seems 
impossible. They look more like waves, p robably propagat ing inward—if they 
are propagat ing inward they have slightly steeper fronts t h a n backs. They 
have more resemblance to a symmetr ica l solitary wave t h a n to t he classical 
shock, which I suppose one would th ink of as a steep front and fairly flat back. 
The t imes of sharp rise and fall are a few seconds. I t would appear t hen t h a t 
these waves transfer t he m o m e n t u m of t h e solar wind across weak fields r a the r 
t h a n blowing the field a w a y ; they p robab ly also carry subs tant ia l amoun t s 
of energy. Perhaps a l i t t le la ter on i t m a y be possible to say more abou t wha t 
t h e n a t u r e of these waves is. B u t I t h ink one can regard this as a k ind of a 
labora tory scale observation of some phenomena which p robab ly have impor
t ance in m a n y of these as t rophysical situations—if one only sees how to 
t ransfer it . 

— H . L I E P M A N N : 

I t looks to me as if th is is one case where you m a y infer t h a t t h e non-
s t a t iona ry problems are i m p o r t a n t in discussing the solar wind. 

— F . K A H N : 

I t h ink t h a t the quest ion has been raised whether one is justified in ta lking 
abou t a hydrodynamica l approach to the question of t h e outflow of mater ia l 
from the sun—whether a n ad iaba t ic approximat ion is good in t h a t case or 
no t . A n d I th ink one can find some numbers to show t h a t there is noth ing 
m u c h to worry about . L e t us first consider whether t h e mean-free-path is 
small compared with t h e scale of t h e motion. If we s t a r t wi th a completely 
ionized gas, we get a collision cross-section of this form 

G. collis is of t h e order 
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JV being the part icle density. Now in the case of the sun, s tar t ing from a place 
-where part icle densi ty is 10 7 , t empera tu re = one million degrees—we find a 
collision cross-section which is abou t tf = 3 1 0 - 1 6 c m 2 , a n d again pu t t ing a t 
JV = io7 we find t h a t t he mean free p a t h is by two orders of magni tude smaller 
t h a n the radius of t h e sun. Since we probably s ta r t considerably further ou t 
t h a n a t the surface of t h e sun, this seems to be entirely satisfactory. 

Now the nex t point is, how does this va ry in any reasonable flow? And 
we find t h a t the further away we go from the sun the more satisfactory our 
approximat ion gets, because we have t h a t , apa r t from a log factor which does 
no t change too much , t h e length of the mean-free-path varies as (NWT2)-1, 
which is proport ional to 1/Na4. I n t h e adiabat ic flow of a monotonic gas, 
JVa3 is constant . Thus , t he mean-free-path varies as a, and its ra t io to the typical 
length scale of the flow, B, varies as ajB. h = Bo l tzmann ' s constant , a = s o u n d 
speed, B = distance from sun. Now you see, as we go away from the star , 
t h a t we en te r the region of supersonic flow ahead of the shock, and here t he 
sonic speed drops all t he t i m e ; B increases all t he t ime. I n fact, t he approx
imat ion gets be t te r and be t te r , provided we are considering motion inside 
t h e s t ream. Of course, if t he s t ream runs in to another mass of gas, the mean-
free-path for the collision will be determined by the relat ive velocity of the 
encounter and our mean-free-path formula would be wrong. 

The nex t point is, can t h e gas s tay ionized? There is a very rough formula 
for t he r a t e of recombinat ion of electrons with hydrogen ions which is val id 
— m o r e or less—in a reasonable t empera tu re range. The r a t e of recombinat ion 
is 5 - 1 0 - 1 1 n/V T recombinat ions/s per ion, ^ h e r e n is t he electron density, 
T t he t empera tu re in °K. A t t h e surface of the sun, or a t least in the region 
where the s t ream sets out , t h e recombinat ion r a t e works out to be 5 • 1 0 - 7 s - 1 . 
You would therefore have to wai t abou t 2 • 10 8 s before a given particle re-
combines if i t s tays in t he corona. This is abou t a mon th , and, of course, much 
longer t h a n the t ime i t t akes for a part icle t o get away from t h e region. As 
t ime goes on the r a t e of recombinat ion goes as n/T*. Once again n varies 
as a 8 , T* varies as a, a n d njV'T varies as a 2 . The speed of sound keeps de
creasing and therefore t he recombinat ion r a t e goes down a n d down. We are 
in teres ted , in fact, in t h e recombina t ion r a t e compared wi th t he t ime a par
ticle spends in a given region. This t ime is given b y t h e distance from the 
sun divided b y t h e speed of t he s t ream. The ra t io t h a t we are after is t hus 
•a2B\u\ finally we h a v e from t h e condition of cont inui ty , or flux condition t h a t 
NuB2 is a cons tan t of t h e mot ion . J!V again is propor t ional to a a 3 , so t h a t 
a*uB2 = constant , a n d we find t h a t a2B]u varies as a*/w*. Now u increases t o 
a constant v a l u e ; a n d since a again keeps on decreasing, t h e recombinat ion 
r a t e multiplied b y t h e t ime scale typical of t h e mot ion also keeps on going down. 
Thus , if t he gas doesn ' t recombine while i t is near t he solar corona, i t is never 
going to recombine a t all. This also excludes the possibility t h a t t he sun raises 
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t h e t empera tu re of the gas b y photoelectric heat ing, t h e particles jus t don't-
recombine—so you can ' t hea t t h e m u p b y ionizing t h e m again. The on ly 
th ing t h a t one might have to consider is whether waves from t h e sun, such. 
as are supposed to hea t t h e corona, can t rave l out fur ther in to t he gas when, 
i t is moving away from t h e sun. B u t I don ' t wan t to comment on t h a t . 

— H . L E B P M A N N : 

A comment on one point which S E V E R N Y b rough t u p ; namely , t h e quest ion 
whether radial outflow of th is t y p e can be considered hydrodynamica l ly stable,. 
i.e. whe ther you expect rad ia l velocities only, or whether y o u expect in a-
problem like this to get velocity components in a non-radial direction. H a s any
body a s trong opinion on this? My own opinion would be t h a t i t is s t ab le—I 
th ink t h a t radial outflow is s table and radial velocities domina te except of 
course dur ing explosive processes like t h a t on the sun. 

— S . G O L D S T E I N : 

N o t only is a spherically symmetr ica l flow with a shock stable, b u t a flow-

which is non-symmetrical to begin wi th will, in a short t ime, approach s y m 
met ry . 
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