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. . SOLAR 'WINDS 

The general problem that I a m  interested in is the one sometimes called so lar -  

t e r r e s t r i a l  relations. A lot of things happen on the sun -- I might add that we real ly  don't 

understand what they ar.e; we only know them superficially. There  a r e  so l a r  f la res  and va r i -  

ous so r t s  of explosibns and eruptions, but we see  these things only from a distance of a 

hundred million miles ,  so  it is real ly  pret ty  difficult t o  know exactly what is going on. Imme- 

diately following, and the-refore presumably caused by these various things on the sun, some 

things happen on the earth,  The cosmic ray  intensity may go up 'or it may go down. O r  there 

may be a fairly bright aurora  o r  a magnetic storm. There  is even fair ly  good evidence that 

so la r  activity has some subtle effect on over-all  weather patterns,  but that is another order  of 

magnitude more nebulous than the things I want t o  talk about today. 

The difficulty is that you cannot get to  the sun to  observe closely what is going on there,  

nor can.you observe what is going on between here  and the sun, nor can you observe what is 

going on in  the vicinity of the earth. While this  may be change'd in a few years ,  nonetheless 

right now it is the case. So, in a sense, it is theology instead of science I'll be talking about; 

that is, in the absence of observations, it is always possible to  theorize. Of course, while you 

can theorize and generate ideas and have lots  of fun, if you want to  get any place, what you 

must do is to  t r y  to  construct a working model of what yowthink happens a t  the sun and then 

see  to what extent you can explain the things that happen a t  the ea r th  without making additional 

assumptions. This  is what one does ideally. I a m  not going to be able to follow this  plan as 

closely a s  I might like. 

1'would like t o  begin with the dynamics of the sun, particularly the so la r  atmosphere and, 

af ter  making a minimum number of assumptions, s eewha t  t e r r e s t r i a l  effects we might be able 

to  explain - -  I a m  choosing m y  w o r d s  carefully here  -- without making additional assumptions. 

If the explanations outnumber the asumptions when we a r e  done, we wil l .mark up a success.  

On the other hand, if the assumptions and special  hypotheses outnumber the explanations, we 

will have tb  go back and s t a r t  over again. You see, then, the framework in which we a r e  work- 

,ing.. I think that in the next year  o r  s o  there will be some fair ly  direct  experimental tes ts ,  and 

I'll talk about these la ter .  



Fi r s t ,  let's consider the sun and what we know about it, o r  at  l eas t  those things which 

may  be relevant t o  our conversation. The pholosphere, which is what you see  when you look 

at the sun, is about 5600-5800°K. Let t s  s ay  6000°K -- a nice round number -- for  the surface 

of the sun. (It is a ra ther  fuzzy layer  with a temperature - gradient, s o  i t  isn't easy to  say  ex- 

actly what i t s  temperature i s . )  Outside the photosphere is the so la r  corona. The so l a r  corona 

has  a temperature of the o rde r  of 1,000,000°~, but it may sometimes be a s  high a s  4,000,000°K. 

It is a v e r y  nebulous bit of gas. At a distance of 300,000 kilometers above the surface of the 

sun - -  I a m  just giving you a standard number which I'll apply la te r  on - -  the density is 3 x 10' 

par t ic les  pe r  cubic centimeter, and the temperature is of the order  of millions of degrees. In 

the inter ior  of the sun the temperature is svrrle 15,000,000°~<; it drops to  6000 degrees at  the 

photosphere and t o  about 4300 degrees just above lhe photosphere, then it begins to clirnb again 

to  the corona. 

So f a r  as magnetic fields a r e  concerned, our only direct evidencc is from the photo- 

sphere.  These a r e  probably magnetic fields in the corona, but there is no optical emission by 

which t o  detect them. Information on magnetic fields comes from looking at the Zeeman 

effect - -  the Babcocks have been doing so for  some yea r s  now and there a r e  improved versions 

of the i r  apparatus. We find that within 40 degrees of the poles there is something like a dipole 

field, that is, there  is about +I gauss coming out of orle hemisphere -- I don't remcmbcr  which 

one --  and -1 gauss going back in the other hemisphere. In between, the fields a r e  generally 

about 1 gauss, but they a r e  a l l  mixed up and change day by day. Of course,  the fields a r e  

much more  concentrated at sun spots, bul I a m  not going to  concern mysclf with sun spots a t  

the moment. The sun, a s  you probably know, is composed pretty largely of hydrogen. In fact, 

I will not talk about other things, even though there may be a s  much a s  10 percent helium. 

This, then, is the animal  we a r e  working with; what sense can we make out of i t?  

Sidney Chapman was the f i r s t  one, I think, to t r y  t o  write down a consistent s e t  of con- 

ditions for  the so l a r  corona. If .the so la r  corona is in static equilibi-ium, a s  it may be, what 

temperature would you expect to  find as you go outwards f rom the sun? The thermal  con- 

ductivity of an  ionized gas  -- ionized because it is a t  a million degrees -: is proportional to  

temperature to the five halves power: K -- . T ' ~ .  Solving the steady-state heat flow 

equation -- Ve(KVT) = 0 - -  you find that the temperature drops off like the distance to the two- 

sevenths power.   hat I s ,  T = T ( a / ~ - ) ~ ,  where a is the radius of the base of the corona -- the 
9 .  

smallest  rad ia l  distance at which you would find this  million degfees -- and r is some general 

distance from the sun. The important thing about this formula is that it drops off ve ry  slowly. 

If the corona is a t  2 , 0 0 0 , 0 0 0 ~ ~ ,  chapman calculated that the temperature a t  the orbit  of ea r th  

is about 200,000-300,000°~, which i s  pretty hot. Of course., there  is very  little mater ia l  



there, so the temperature is of no importance in heating ships and things of that nature. , 

Chapman thought this might b e  important for  heating the ionosphere, which is .itself a fairly 

tenuous gas, and there has been a lot of discussion on that particular problem. I mentioned 

Chapman's investigation for several reasons; one is that his discussing this with me one time 

is what got me interested in the problem of the corona. 

One should go one step further. . Instead of just discussing the temperature and, in a 

vague way, how. the density drops off, one should t r y  to write down quantitatively how the 

density does drop off. If you have an equation of equilibrium, the pressure has to  drop off a s  

the density times the gravitational acceleration of the sun: 

where N is the number density of atoms, M their individual masses, and Ma the mass  of the 

sun. So you can write down an equation for the gravitational equilibrium of the sun's atmos- 

phere; and what's more, 'you can even solve it. You know thk temperature, so  you multiply ' , .. 
. .' 

. . 
top and bottom-of the right side of this equation by 2kT. Now 2kTN is the hydrostatic pressure, 

of an ionized gas, so you call  it P. That is, 

You know how T varies with the distance, s o  you put it in. Then you put the P on the other 

side, and you can integrate right away. You get a very simple little formula, 

[ 7 (  
P = Po exp -xA 1- (:r'j] 

Lambda is a constant, just a comparison of gravitational energy with thermal energy. . 

,The important thing about this formula is that it shows what happens when r goes to in- 

finity. In other words, what is the pressure infinitely far  from the sun? Well, you put your 

hand over the last te rm and you get: 



Lambda turns  out t o  be 4, 5, 6, o r  8, depending on how hot the corona i s  that day, and what 

this formula te l ls  you is that the p re s su re  infinitely l a r  f rom the sun i s  equal to the p re s su re  

a t  the sun t imes  e to  the ~ ~ l i r l u s  something of the o rde r  of 3 o r  4, s a y  g4. The embarrass ing  

thing about this  is that e-4is only about 1/50, so  the p re s su re  a t  infinity is awfully high. The 

formula says,  in other words, that i f  you wapt to keep the so la r  corona in hydrostatic equi l i l -  

r ium you have to  build a box around the sun to  hold the thing in because of the very  large 

p re s su re  -- a pressure  which i s  down by orlly about a factor of 50 o r  so  from what it i s  right 

a t  the sun. 

Physically this  i s  a l l  ve ry  simple. Le t t s  look a t  the sun this way:. It. has a gravitational 

field which pulls in on a l l  the stuff sitting around it, but the corona i s  s o  hot and the tempera-  

t u re  drops off so slowly that the gas density and pressure ,  which drops off a s  YoKgo out f rom 

the sun, is s t i l l  ra;her high when you get so, f a r  from the sun that you can neglect the gravi-  

tational field. F r o m  there on it doesnll: drop off any more, and s o  at  infinity you must have 

prr?ss11rr?: 

There  is at least one way around this. We made an assumption that the sun was in 

hydrostatic equilibrium, and we got into trouble. Let's go back and reinvestigate that 

assumption. Instead of assuming that the sun i s  in hydrostatic equilibrium, this high p re s su re  

suggests it might be expanding. So we write down a different s e t  of equations. The density 

t imes  the acceleration is equal to  minus the pressure  gradient (this is an ionized gas s o  the 

p re s su re  is BNkT), and we have to put in the gravitational attraction of the sun. We have: 

We can solve this  equation for a nu111ber of cases .  F o r  instance, i f  the temperature i s  constant, 

we get: 

where $is a measure of velocity, actually the rat io  of the kinetic energy of an  atom to the  

t he rma l  energy, and A is the same constant a s  before, the rat io  of the gravitational energy at 

the base of the corona to the thermal  energy. That is, 

M V ~  $ =  - MGM, 
2kT0 and A = - 

akT, 



This  i s  for  an  isothermal  corona, with the temperature assumed constant. Obviously 

this cannot be t rue  to infit~ity. The corona is heated by some mechanism out to  a distance . 

which we a r e  free to specify in an  a rb i t r a ry  way since we lack any observations. If, beyond 

that, there  is a relation such that the temperature var ies  according to  some power of the 

density, particularly adiabatically, then we can again solve the equation. ' ~ e t  me  just wri te  

the adiabatic formula down, although it is of no great importance: -. 

You get fsrmulas  like this, and you can plug in the numbers and see  what happens. Say you 

put in 2 , 5 0 0 , 0 0 0 ~ ~  for  the temperature of the corona, which is a fair ly  routine temperature 

during; the years  of so la r  activity, and a s s u u e  Lhat this  temperature extends out for  severa l  

so la r  radii. (It is observed to be that hot out to  3 so lar  radii, beyond which the corona is too 

faint to be seen ve ry  well, so you don't know the temperature.  ) Suppose that the corona were 

a t  2 , 5 0 0 , 0 0 0 ~ ~  and were maintained at that temperature by some mechanism out to  about 4 

so la r  radii, and that there were then just adiabatic expansion, that is, absolutely no heating. 

You would find that a t  infinity (which i s  any large distance from the sun) the outward velocity 

is 540 kilometers per  second and the density at  the orbit of ea r th  is a little bit over  200 part i -  

c les  per  cubic centimeter. In other words, you can get very  high velocities -- in excess  of 

thc speed 01 svurld in the gas, 1 might add - -  at large distances from the sun. , 

Now, before we go any further,  let's s ee  if there is any reason to believe that this ex-  . . 

pansion might take place. I think there a r e  three observations which a r e  relevant. The f i r s t  

and most important i s  comet tails.  You a l l  know that comet ta i ls  pretty largely point away 

from the sun. T h e r e a r e  a few exceptions, but we won't worry  about them a t  the moment; they 
I ' ' .. 

tu rn  out to  be a different kind of comet with a dusty tail. Now any elementary textbook will t e l l  

you that comet tails, point away from the sun because of radiation pressure.  Biermann and 
. . . . 

others have looked into this problem quantitatively. Comet ta i l s  a r e  composed of such things 

a s  ionized carbon monoxide, ionized nitrogen, and things of that nature. You can calculate the 
8 - . . . . . .  ' 

absorption c ros s  sections, and lo and behold radiation p re s su re  proves to  be disgustingly in- 

adequate to  accelerate  the ta i l  auiay'from the sun. ~ o t '  drily 'does the ta i l  poirit away from the 

sun;but if you watch. the motion 'of indiirid'ual bumps and h o t &  ir;' the tail ,  you will.find, a s  . ' ,  * 

~ i e r m k n n  did, 'that when they come out of the somet head they soon show tremendous a c c i l e r -  

atio'ni outwards,.from the sun. ~ a d i a t i o h  pressure  i s . g ros s ly  iina'dequite to explain i t ,  
.... . . .  . . .  '. . . . . . i" . . 

. Then there is another problem with comet tails;  namely, ionized carbon monoxide and . . .  : . -  . . . . . . .  . : .  . . . . . . 
nitrogen a r e  observed in excited states.   h he textbooks te l l  us 'that this  ionization and 



excitation is produced by X-rays f rom the hot solar  corona. After all, the sun is radiating a t  

a couple of million degrees and ought to  produce a lot of ultraviolet and soft X-rays. Unlortu- 

nately, recent  measurements  made directly from rockets show that the sun does not radiate 

nearly as much X-ray and ultraviolet a s  had been speculated. So you now have two problems 

on your hands. A s  is usually the case,  it is nice to have your problems come in even numbers 

because you can  then kill two birds  with one stone. 

In fishing around for  an explanation of the motion of the comet tail, Biermann hit upon 

the idea that there  a r e  corpuscular radiations from the sun, that is ,  protons coming outward 

from the sun. These would bang into the atoms from the comet ta i l s  and blow them out. He 

got v e r y  rn i~gh  numbers, and it is hard tu  gel ally inorc quantitative than t l l is, hilt he eatlmated 

that i f  you had a n  outward flow of gas of 500 kilometers pcr  second with densities of about iOO 

part ic les  per  cubic centimeter a t  the orbit  of earth, then you could account for  the outward 

blowing of comet ta i ls ,  They would be simply blown out in the wind, just like smoke coming 

out of a chimney. Then Bierrrlarlr~ looked at thc problem of th.e ionization of carbon monoxide 

in  comet tails.  A proton with a 500-kilometer per  second velocity has a little over a kilovo'lt 

of energy and a density of 100/cm3 proves to be adequate for  producing the ionization and ex-  

citation. I want to  emphasize again that the numbers a r e  ve ry  rough, but.nonetheless they 

s e e m  t o  be of the right o r d e r  of magnitude.. So Biermann, being apparently able to  kill two 

b i rds  with one stone, suggested that the sun produces corpuscular radiation of 500 km/sec and 

1CI2/cm3 and that this radiation explains the motion of comet tails. He was ablc to observe that 

when the sun i,s particularly active, the corpuscular velocity seems t o  increase, sorrletimes to  

as high a s  1500 kilometers pe r  second. The comet ta i ls  a r e  much more  active then, and the 

density may go as high a s  lo4  o r  even' 10'. Now comets a r e  not confined entirely to the plane 

of the ecliptic a s  planets a r e ;  they sometimes go nearly over  the poles of the sun. And 

wherever  the comet may go around the SUII ,  it s l~ows thc cffeul ;~ of this cn rpuscuhr  radiation. 

Pe rhaps  somewhat more corpuscular radiati6n conies u u l  near  thc plane of the eqiiatnr of the 

sun, but nonetheless there appears  to be some in a l l  directions and a t  a l l  t imes. We can say  
11 a t  a l l  times" because comets come in a randull1 way and the effects s eem t o  be always present.  

There  is evidence on the ea r th  which is very  suggestive. If you go up in the au ro ra l  zone, 

s a y  70 degrees north latitude, then sometime during every c l ea r  night you will see  an  aurora.  

Aurorae  a r e  generally ascr ibed to  particles f rom the sun, and the fact that a n  aurora  is seen 

eve ry  c l ea r  night implies that par t ic les  must be coming from the sun every day. Again this 

leads t o  the same sor t  of conclusion that Biermann reached. Furthermore,  a s  you go north of 

the au ro ra l  zones near the pole, you find that the magnetic field is constantly being agitated. 



It is never 'quiet a s  it sometimes is at low latitudes. The suggestion is again that corpuscular 

radiation is always flowing past the ear th  and producing au ro ra l  and magnetic agitation and 
' 

a lso  blowing out the ta i ls  of any comets present. 

Those a r e  the observations; what I would like t o  suggest a t  this  point is that this  c o r -  

puscular radiation is nothing more  than the hydrodynamic expansion of the so la r  corona. Since 

I a m  suggesting that it is a hydrodynamic expansion, I would like to use a hydrodynamic t e r m  

to  describe it; I would like t o  cal l  it -- so lar  wind instead of corpuscular radiation. Corpuscular 

radiation always suggests to me  Van de Graaff generators,  electromagnetic fields, and such 

fancy things, whereas so la r  wind is simple hydrodynamics. While I don't regard any of the 

arguments 101. the existence of the so la r  wind conclusive, I must say they a r e  very  attractive 

when you want to explain things which occur on the earth.  The real ly  acid tes t  for  this  idea 

will come any month now. Professor  Rossi a t  MIT is going to look for corpuscular radiation, 

o r  so la r  wind, o r  whatever you would like to  ca l l  it, directly from a space vehicle. He is 

going to  fly a Faraday cage, which is an  apparatus fairly simple in principle, although some-  

what complicated i f  you want to build it properly. You make a little cup (see Figure 1) and put 

a negative grid ac ros s  it to stop the electrons (A). Electrons moving at 500 kilometers pe r  

second don't have more than a volt of energy and will be stopped, 

but protons will come in. You put in  another grid (B) to  suppress  

photoelectric emission and then a couple more  grids t o  do sorrie 

/ other things. What you want to do is to  measure the electr ic  r . I  I A ;  

current  caused by a flux of protons. A thousand kilometers per  I 

I 
I 

second is 10' centimeters pe r  second; the density of 100 pe r  I 

I I 
I 

cubic centimeter means you a r e  going to pick up lo1' protons 

per  square centimeter per  second, and these will produce meas -  
Figure 1 

urable currents. This  will be a direct t es t  and should allow us 

t o  write down much bet ter  numbers than the vagaries  I-have put on the board. The experiment 

will  probably allow us to  correlate  more  directly variations in the coronal temperature of the 

sun with the wind that blows near  the earth.  

Speaking of variations, let me give you some reasonable extremes.  The so l a r  corona 

is not always .at 2 ; 5 0 0 , 0 0 0 ~ ~ .  . When the sun is quiet for  a year  o r  so, that is, during sun-spot 

minimim, the temperature drops to something of the o rde r  of 1 , 0 0 0 , 0 0 0 ~ ~ .  The corona is 

then observed to extend ra ther  far ther  into space, and i f  you use now 10' degrees out to  8 

so l a r  radii, the velocity that you get a t  the earth's orbit  tu rns  out to  be 313 kilometers per  

second. On the other hand, when the so l a r  corona is ve ry  hot, the temperature is sometimes 

observed to jump to 4 , 0 0 0 , 0 0 0 ~ ~ .  In that case  you get out here  an expansion velocity of 900 



kilometers per second. Incidentally, the photosphere is about 10' t imes denser than any of 

the coronal gases, and so  i t  is infinitely massive and its pressures a r e  infinitely large ;om- 

pared t o  the pressures  I have been talking about. The density in the photosphere is lo1=' and 

the temperature is of the order  of lo4. The pressures a r e  therefore much greater  than those 

of the corona. 

Qi~escion: - Do your numbers correspond to ,adiabatic o r  isothermal expansion? 

Both. The corona is taken to be isothermal out to some distance, say 4a. There I 

arbi trar i ly chop off my heating, and it expands adiabatically until finally a t  infinity you reach 

the supersonic velocities. You always get numbers of the order  of hundreds of kilometers per  

It seems, then, that one can fit the rather  crude observational data now available. So 

the next step in our  idealized attack on the problem of solar- terrestr ial  relations is to ask, 
11 All right, i f  this is what comes from the sun, can 1 account for the eflecls Lllat I abservc a t  

the earth?" This, you remember, was oneof the goals I set for myself earlier.  Letts see 

what happens if we assume a s  a working hypothesis that the sun cannot help expanding into 

space. Let's see where it leads us. 

In Figure 2a, we a r e  looking down on the north pole of the sun. Remember lhat tlle sun 

has a magnetic field which is roughly a dipole except for a mess  around the equatorial regions. 

. (Since this is a small-scale mess  which does not extend very f a r  into space, I suggest we for- 

get it. ) So for simplicity we have the sun without sun spots and with a dipole field. Lines of 

force come out of the north, make a circuit, and go back in the sou.l;h. But what happcns i f  

the gas thrni~eh which these lines thread should decide to expand outward into space? The gas 

is ionized; it  is a conductor; and therefore it must ca r ry  its magnetic field with it: So the 

line of force which originally, in some primordial time, we.may think of a s  having gone ,out 

and around back into the southern hemisphere, is now pulled outward. What we get a r c  lines 

extended radially in all  directions from the sun. Figure 2b shows this from the side. The 

original line of force is marked A, but the.gas 'moved outward, so  that the lines became radial, 

a s  shown. In a dipole field people expect lines of force to go out from one hemisphere and back 
. . 

in the other hemisphere. So they always say, "Well, where do they close?" I always give them 
11 the answer, " ~ a r  away. I don't know - -  I am talking about things out a s  far  a s  the orbit of the 

earth. If they close at a l l  someplace beyond the orbit of earth, it is probably beyond the orbit 
. . . , .  

of Jup,iter - -  but again I just don't know. I am, of course, aware that a line of force never 

ends any place, a n d  so  this is an interesting problem. 



Figure 2a Figure 2b 

We have a magnetic field sticking out from the sun. It is about 1 gauss at the sun, and 

for geometrical reasons it drops off a s  the distance squared. So a t  the orbit of earth, the 

interplanetary field is approximately radial and 2 x 10y5 gauss. To head off any coincidences, 

I would like to point out  that this happens to be about the same a s  the galactic magnetic field 

but that t h i s i s  purely coincidental and bears  no relation to theories living o r  dead. The reason 

I say this is  that some people have tri@d to make a great deal of the fact that the galactic field 

is just what you need to explain certain local cosmic ray  effects. 

So far  I have spoken a s  though the sun did not rotate, but of course the sun does rotate 

once every four weeks (more o r  less,  depending onwhat latitude you look at -- some parts  

rotate faster  than others). Consequently the. lines of force will not be straight. A particle of 

material  (A in Figure 3) leaving the .sun will always have the same line of force in it. The 

material  moves exactly radially -- Iet me emphasize that point. Once it leaves the sun, the 

rotational velocity is  completely negligible. By the time the material  is at B, the sun would 

have rotated, so  that the line of force which came out at A is now over a t  C. YO; can see  that 

the lines of force will then have a spiral. The lines . 

/ 

of force spiral, but the material flows exactly radi- 

ally out of the sun. The degree of spiraling is not 

very great; with a 500-kilometer per  second wind, 

the angle at the earth is about 40 degrees from the 

radial direction. For a 1000-kilometer per  second 

wind, it  is only about 20 degrees. I will often speak 

a s  though the fields were precisely radial, but I am 

perfectly aware that they a r e  not. The inclination 

does not se,em to  be serious for most of our prob- Figure 3 
lems. . So much, then, for the magnetic field of the 



sun which extends into space. There  is hope that i t  will soon be possible t o  measure this field 

with suitable magnetometers,  probably using optical pumping schemes, and so  forth. At least, 

people s a y  it can be done. 

Now for  the effects that we observe on the earth.  In what kind of position a r e  we to ex- 

plain the aurorae,  magnetic s torms ,  and things of that nature? Well, the picture that we have 

is an  ea r th  with a dipole field past which there is a wind blowing. (See Figure 4. ) F o r  the 

t ime being, let me  speak of it as a perfectly steady wind. I know it isn't perfectly steady, be- 
I 

cause the coronal tempe'rature jumps up and down pretty fast  sometimes -- in a mat te r  of an  

hour o r  s b  - -  s o  there  must  be gusts. But for the moment, let 's talk about a steady wind. The 

<- SOLAR WIND - 
EARTH 
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wind is an  ionized gas; it is a good conductor of electricity; it cannot move ac ros s  the lines of 

force of the geomagnetic field. It can push against them and it can push them t o  one side, but 

it cannot actually flow through them. So we can a sk  how fa r  this gas will penetrate. We have 

a wind of density N, velocity U, and made up of hydrogen of mass  M pe r  ion. We would expect 

that the wind p re s su re  would push apar t  the geomagnetic field down to the point where the wind 

p re s su re  becomes comparable to  the magnetic pres.sure, 

We know the geomagnetic field is a dipole, and we can calculate the field a t  any height. If we 

plug in  100 part ic les  per  cubic centimeter and 500 kilometers per  second, we find that the wind 

can push down t o  about 5 ear th  radi i  f rom the center of earth.  In other  words, a t  5 ea r th  radii, 

the ear th ' s  field might flutter a little, but it certainly would not be ser iously perturbed. Out- 

side 5 ea r th  radii, the field i s  messed  up in a way about which we a r e  totally unable to  specu- 

late. We would have to observe it to  s e e  what is happening. Beyond 5 ear th  radii, the wind 

p re s su re  is g rea t e r  than the magnetic pressure,  and the field is at the mercy  of the wind. It 

is easy  t o  show theoretically that i f  the interface between the field and the wind were smooth, 



i t  would be unstable to perturbation. So the field must flutter. If you follow the line of force 

which just barely goes through 5 ear th  radii, you reach something like 65  degrees (north mag- 

netic) latitude. This is ve ry  gratifying indeed, because that is the southern boundary of the 

au ro ra l  zone. We can say, therefore,  that the aurora l  zone is produced by those lines of force 

which have access  to the so la r  wind and can feed part ic les  down into that region. If the so la r  

wind blows a t  a l l  t imes, probably there is a n  aurora  a t  a l l  t imes  a t  approximately these 

latitudes. Obviously any line of force coming from nearer  the pole goes far ther  out than 

5 ea r th  radii, and so  it is constantly agitated by the so la r  wind. This  is something which has 

been observed. A magnetometer in the polar regions never real ly  quiets down; it always 

flutters a little bit. So in a t  le,ast a rough qualitative way, we find that we ' a re  on the right 

t r ack  in explaining some of the observations made a t  the earth.  

I think I will talk a little bit more  about the aurora  before going on to  cosmic-ray effects. 

You had Joe Chamberlain* out here to  talk to  you about aurorae,  so  let me just refresh your 

minds with some of the i r  salient features. I think that the most prominent feature of the 

aurora,  from a theoretical point of view, is that we haven't the faintest idea of what is going 

on. On the other hand, to give the experimentalists the i r  due, we do know some things that go 

on in  a n  aurora,  and those things a r e  ve ry  important when it comes t o  constructing theories. 

Consider a homogeneous au ro ra l  a rc ,  which occurs  particularly when the sun is active. 

Chamberlain and Meinel have looked at Ha, one of the hydrogen lines, and have found it to  be 

Doppler shifted due t o  i t s  incoming motion. Chamberlain has put quite a bit of effort into t ry -  

ing to fit the observed luminosity a s  a function of height with the observed velocity spectrum 

of the incoming protons. I think he has  had a measure of success;  at  least he has  put together 

a picture that appears  t o  be self-consistent. The striking thing is that you need a wide spec- 

t rum of p r imary  protons to  produce these homogeneous a r c s ;  it i s  not sufficient to put in a 

single energy. This, of course,  immediately rules  out S t a rmer l s  theories of the aurora,  

which require not only single energies  but the wrong energies  t o  give the altitudes that a r e  

observed. Chamberlain and Meinel find that you need part ic les  from about 500 kilometers p e r  

second up t o  about 10,000 kilometers per  second issuing from space on to the top of the atmos-  

phere i f  you want to  produce the observed aurora l  a rc .  

The re  a r e  a lot of other things in the a r c  besides these proton effects, and there a r e  a 

lot of au ro ra l  forms  besides a r c s .  That is why I s tar ted off by saying, " ~ e t ' s  face it, we don't 

know what an aurora  is. I '  

A couple of facts help us  on our way. We need a variety of protons. These homogeneous 

a r c s  occur about 30 hours a f te r  there has  been a big flare-up on the sun. As a resul t  of the 

*Joseph W. Chamberlain, " ~ h e o r i e s  of ~ u r o r a s ,  I' SCR-77(April 1959). md. note) 



flare-up, the solar  corona is suddenly heated to 4,000, OOO°K and practically explodes into 
' space; and when this blast wave reaches the earth, the homogeneous auroral  a r c s  a r e  pro- 

duced. It  is not sufficient merely to assume that the auroral  particles a r e  solar wind 

particles that  happen to g e t  caught in some so r t  of magnetic Imlnel so  that they ram down into 

the atmosphere; because i f  they were, you wouldn't find either the broad .spread of particles or  

the. high velocity end of the tail. Things come from the sun with maximum velocities of 2000 

kilometers per  second. So one does not account for 10,000-kilometer .per second particles in 

that way. Hence, a s  ChamSerlain has pointed out, local acceleration of particles is apparent- 

ly necessary. We don't know with any certainty how this acceleration is produced, but let me 

suggest a-possibility: the outer surface oi the geomagnetic field flutters in the solar wind. 

Any charged particle in this fluttering magnetic field gets kicked f i rs t  one way and then the 

other - -  like a tennis ball i f  you can imagine a handball court with about 50 people swatting at 

a ball with tennis rackets. This is called F e r ~ l i i  acceleration, and i t  is thc only hydro. 

magnetic acceleration mechanism available in  the presence.of an ionized .gas. So i f  you drop 

a particle into the fluttering medium, i t  is going to bounce around and then finally' pop out'of 

the fluttering layer. It turns out that we can fit the observed velocity spectrum with the 

observed solar wind velocity. So I offer this a s  a possible explanation for the protons in the 

auroral  a rcs .  The thing that is important here  - -  a t  least i t  seems important to the over-all .  

picture - -  is that we don't have to make any additional assumptions to get this velocity spec- 

trum. We, have the solar wind, and we have shown that the geomagnetic field is unstable to 

fluttering a t  the outer surface; then the spectrum falls out automatically. 

There is evidence that electrons a r e  the dominant particles in auroral  rays, that i s ,  

the diffused ray  structures which follow. arcs .  There a r e  plasma processes which seem able 

to produce the electrons, but I think that is a.much more nebulous state of affairs .  

Let's push on now and talk about Gome cosrpic-ray effects that have been'observed for 

some t ime and that seem to find an explanation in the solar wind model.' The f irs t  thing is 

that about every five years  there is a flare on the sun that luoks like other f lares except that 

for some reason i t  produces a great  many cosmic rays. By co'smic rays I mean protons with 

energies of 1-10 Bev. - The cosmic ray  intensity normally doesn't fluctuate by more than ten 

percent, but when there is a f lare of this kind on the sun; .within a few minutes the cosmic-ray 

intensity may go up by a factor of 1000 and stay up, and only over periods of 20 hours or  so' 

decay back to.norma1. - .  .Even 30, to 40, hours later  you can see  that things a r e  slightly above 

normal. (See Figure 5. ) This. is .the observation. , The cosmic rays must come straight from 

the sun; they can't come by a lengthy path because they ar r ive  so  promptly, . They can' tgo any 
. . .  . . 



fas te r  than light, and yet within a matter  of a few minutes they a r e  a t  the earth.  This  suggests 

that there is no hindrance. between the sun and the earth., and that you must have a radial  mag- 

netic field from the sun i f  you have any magnetic field a t  all. Fortunately, .our model h a s  come 

up with a radial  magnetic field and so  f i ts  with the f r e e  passage of cosmic r ays  from the sun to 

the earth. 

The question now i s ,  ''Why the long 

tail  on Figure 5?" The f la re  las t s  maybe 

half an  hour. It  is over by the time you 

reach the peak of the cosmic ray  intensity, 

and yet cosmic r ays  come in  for many, 

many hours afterwards. Of course you 

can always say  that the sun continues to 

produce cosmic r ays  even af ter  the vis-  

ible f la re  has  disappeared. Since we a r e  
Figure 5 

completely ignorant of what a f la re  i s ,  

this is not an untenable hypothesis. On the other hand, i t  is not very'  attractive. It  s eems  

more  appealing to assume that the cosmic r ays  were produced during the f lare ,  that when the 

f la re  went away the sun ceased ' to  produce part ic les ,  and that the particles were  stored some- 

how. But how a r e  they stored? Let me give you the analysis made before so la r  wind days. 

Any chilcl krlows that the decay curve ought to be exponential; that is the way things be- 

have. Unfortunately i t  is not exponential. The cosmic r ay  intensity falls off like t-3b2 . The 

curve gets  a little s teeper  near the end a s  though i t  were  trying to get to the exponential, but 

i t  is certainly not exponential over the b u c  of the decay. There  is only one kind of decay that 

anybody could think of that falls off like t-3'2 . ,Let m e  give you a thermal  analogy. If I take 

a very large block of some medium, produce a burst  of heat right in  i t s  center ,  and observe 

the temperature near the source of the heat, I find that i t  falls off like t-3'2 , and continues to 

do s o  until the heat begins to flow out the s ides  of the block sometime later.  The decay of the 

temperature then goes over to exponential. You s e e  tha t ' i s  s imi la r  to what we have here.  .So 

the model that was constructed was this: let  us  suppose that the particles a r e  indeed produced 

by the f l a r e  only while i t  is visible on the surface of the sun and that they a r e  stored. Look a t  

Figure 6. The re ' i s  f r e e  acces s  between the sun and earth. There  can't be any'absorber o r  , 
sca t te rer  between them, because the particles come straight f rom the sun - -  a s  you can s e e  

by their prompt arr ival .  Beyond the orbit  of ear th  is a shel l  that must extend fo'r a very large 

distance in  order  to get hours of t -3'2 decay. If i t  were a thin shell ,  we would get exponen- 

tial decay immediately, s o  i t  must  extend well beyond the orbi t  of earth. By looking at the t ime 



when the decay ceases  to be like t-* and 

t r i e s  t o  become exponential, you can guess 

that the outside of the shel l  is about five 

astronomical  units f rom the sun, that is ,  

i n  the vicinity of Jupiter.  In other words, 

what I have is a block. I re lease  a burst  of 

heat, o r  in this  case,  cosmic rays.  The 

r ays  diffuse out through the block, and when 

they begin t o  diffuse at  a significant r a t e  out 

of the outer surface you get a s teeper  decay. 

You can wri te  down more propert ies  of this 

block; you can  say  that this  diffusing medium 

must be a magn&tfc field, for that is the only 

thing that affects cosmic r a y s  in any intcrest-  

ing way. It must be a field of the o rde r  of 

gauss, and i t  must be disordered.  (If i t  
Figure 6 

were  a smooth rad ia l  field, the part ic les  would just go right out. ) The scale  of disordering 

must  be about a mill.inn kilometers. That is a short.distance, when you remember  we a r e  

thinking of hundreds of 111i1lions of kilometers for the thickness of the shell. The idea simply 

is that when these cosmic-ray part ic les  get out i r~ to  this  messed  up field, they random walk, 

and eventually diffuse .out the other side. 

This  was the picture constructed purely on the basis  of looking a t  cosmic-ray decay. 

The re  was a lot of discussion a s  t o  what might produce the shell. Uf course,'  yuu don't nccd 

the exact spherical  symmetry I have drawn, but I couldn't solve the prob1e111 i r l  auything but 

spherical  symmetry, s o  that is why I draw everything nice and round. 

Now let's go back and look at our  sulal. wind picture 

on a different scale  (see Figure 7). As  lines of force go 

outward from the sun, the gas density drops to  v e r y  low 

values (100 pe r  cubic centimeter),  collisions between . . 
atoms and electrons beculiie ra ther  infrequent, and in 

general the particles go freely on their  way - -  mainly 

moving radially outward. -The temperature is prob- 

ably quite low compared to  the equivalent temperature 
\ .  

of their  velocity. Notice though how the volume expands. 
Figure 7 

Suppose I enclose a bit of gas. near  the sun. When Lhis 



little enclosure gets fa r ther  out, a s  shown in the figure, it will have the same  dimensions in 

the radial  direction because everything is moving with coas1;ant velocity once you a r e  away 

from the sun. But it will have expanded perpendicular to  the radial  direction, because every-  

thing is moving out radially. This is an anisotropic expansion. Remember that you have very  

low densities, s o  the atoms don't make many collisions; they a r e  expanding one way but not 

the other. The thermal  motions perpendicular to  the radius, and hence perpendicular t o  the 

magnetic field, will be decreased by the expansion; there a r e  no collisions, so they never 

equalize with the motions in the radial direction. You soon find that you have a gas which, if 

you look in the radial  direction, is relatively hot and perpendicular to  the radial  direction is . 

. - 
cold. In other words, the pressure  perpendicular to  the magnetic field must  be rather  l e s s  

than the p re s su re  paral le l  t o  the'magnetic field. ' ' 

Question: Are  you assuming that the curvature of magnetic field is not significant? 

In this  particular problem, it is not a factor. Once I get beyond the orbit of earth,  of 

course,  the amount of inclination to the radius incrcases .  At the moment I want t o  argue the 

simplest case,  one with a rad ia l  field. 

So I get an anisotropic pressure.  Now one can show very  formally with a lot of fancy 

equations that this leads to  instability, but there is no need to  go through .them because the 

matter  is ve ry  simple. .We have a line of force in a conducting medium, and the medium and 

the line of force have t o  move together. What we a r e  saying i s  that most of the thermal  

motions a r e  along the lines of force and that there i s  very  little perpendicular motion. Think 
I 

of the lines of force a s  rubber bands. The part ic les  a r e  charged s o  they have t o  sp i ra l  along 

the li,ne of force. What happens i f  I per turb the field a s  shown in Figure 8? A particle comes 

along and zooms around the curve. But a s  you a l l  know there  i s  a n  animal  called centrifugal 

force, and a s  the particle goes around the curve, the centrifugal force pushes outwards and 

tends to pull out the curve further.  You can imagine 

yourself driving on a rubber road and a s  you go 

around the curve the road actually pulls out into a 

bigger 'curve - -  that is exactly what I a m  suggestL 
1, 

ing happens here.  You can show that if the differ- 

ence between these two p re s su res  exceeds twice .~ 
. . . . 

the.magnetic pressure ,  that is, PI ,  - PI> 2 ~ ~ / 8 r r ,  ' . 

then the rubber road has l e s s  strength in it than the 

centrifugal force of the c a r s  running around the 

curve and the road gets more  and more  curvy. 

The field becomes unstable whenever the pressure  
Figure 8 



along the field becomes sufficiently grea te r  than the pressure  perpendicular t o  the field. That 

is a n  instability which we must  watch out for. - .  

Taking the v e r y  crude values we have for density, you can guess that the anisotropy in 

the p re s su re  might begin out somewhere in  the vicinity of the orbit  of earth.  I wouldn't argue 

whether i t  is Venus o r  Mars,  but this  instability should begin to occur somewhere in that 

general  region. You can also calculate the scale  of the instability. It is of the order  of a 

million ki lometers  - -  maybe a half a million kilometers,  maybe a million ltilumeters. I have 

a l ready  written down the field strength: At ear th  it is 2 x 10-'gauss; a t  Mars  i t  is just 

lo6 gauss, s o  you get the cor rec t  o rde r s  of magnitude. Somebody may ask, "what happens 

when the lines of force sp i r a l  closely?" Then, of course,  the r eve r se  is true because the 

directions a r e  interchanged --  PI becomes bigger than-P  1 1 .  In that case,  if you perturb the 

field in the same way -- if you make ' a  weak spot -- the part ic les  tend to,.congregate in it and 

inflate the weak spot, further weakening the field there.  So we have anothcr kind of instability. 

The point is that i t  s t a r t s  off a t  a. scale of lo6  km and in a field of 10-'gauss. 'r'kis ia a theo- 

ret ical ly  predicted instability. If you look back to s ee  what we needed to  explain the trapping 

of cosmic r ays  from solar  f lares ,  you see  it is about this scale  (106km) and field ( l ~ ' - ~ ~ a u s s ) .  

And s o  I suggest that the rad ia l  field from the sun accounts for the f ree  t ransi t  of par t ic les  

f rom the sun to  the ear th  a r~d  for their  trapping in the inner so la r  system once they have gotten 

out into interplanetary space. I suggest this. I can dream up iriterplanetary temperatures  . 

which would not allow the instability and the trapping. If you put too low a temperature in the 

gas, then the coulomb c r o s s  section is too large, and you don't get large enough anisotropies. 

Rut since nobody knows the temperature anyway, I assume a reasonable value,' namely, some- 

thing a little l e s s  than ~ @ O K ,  but perhaps grea te r  than i 0 4 0 ~ .  So it looks as tl~bugh we inay 

have an  explanation for cosmic-ray containment in the solar .system. 

Question:. What do you think the sun's magnetic field is like beyond five astronomical units? 

Does i t  become smooth again? 

After five astronomical units, I don't know. All I am saying is that the observations show 

that something happens s o  that i t s  trapping ability falls off. You suggested as goc,)d a possibility 

a s  any. I can  give you a couple more  possibilities, but I certainly wouldn't feel  they were any 

more  likely than yours. The field intensity is s t i l l  dropping off, you see, as you go out. Even 

though the thing may be tightly spiralled out here, the intensity drops off lilcc l/r, and maybe 

the field just becomes too weak af ter  five astronomical units -- I real ly  don't .know. 



Question: You say  the so la r  wind continues af ter  five astronomical units on the spiralling 

so lar  magr~e tic field? 

I think it may continue because I can't think of any way of stopping it; but on the other 

hand, if somebody were to  observe that it stops, I wouldn't argue with him. You see  I a m  

arguing from pure observational ignorance and theoretical arrogance, and I don't want t o  

commit myself to anything beyond what produces some benefit. In other words, I commit my- 

self on this  .disordered field because it seems to explain an observation; but we don't have an$ 

observations on what goes on beyond five astronomical units, and I just don't know. People 

have t r ied  to guess how far  out the so la r  wind blows; you can get anything from the orbit  of 

Jupiter t o  1/10 of a light year.  You can think of a l l  kinds of things which might happen. F o r  

instance, you know how at a drinking fountain water squir ts  up and forms a little cap of water  

on top that squashes the s t r eam down. Well, you might have a big m a s s  of stationary gas 

sitting out beyond Jupiter and being pulled in by the so la r  gravitational field, for it takes only 

l o 5  par t ic les  per  cubic centimeter t o  do this. That might stop the. solar  wind, but I don't 

know . - -  there a r e  just too many possibilities. 

I have put down this instability in the field because I couldn't s ee  any r e a l  convincing way 

of avoiding it, and forturxitely it seemed to  explain an  observation. But there is one more  

thing I have lo worry  about. The gas in which these magnetic i r regular i t ies  a r e  embedded is 

moving outward from the sun. Now consider what happens when cosmic-ray part ic les  wish to 

come in - -  remember that we believe that cosmic r ays  a r e  produced somewhere outside the 

so la r  system except when there  is a so la r  flare.  They have to get in  past the outward sweep- 

ing fjelds. Well, the particle comes in and begins to random walk, and a t  the same time it is 

random walking it is being car r ied  back out. As you can see,  this  will, a t  least  to some 

degree, impede the progress  of cosmic r ays  into the inner so la r  system. You can see  that 

an  equilibrium will be established in  which the intensity close t o  the sun must  be a little bit 

l e s s  than it i s  far ther  out, just because the particles coming in tend t o  be swept back out at  the 

same t ime they a r e  random walking. Having written down the character is t ic  scale for the ran-  

dom walk, and also the field strength s o  you can te l l  how i t  affects par t ic les  of different . - ,  
energies,  you could calculate what the cosmic-ray spectrum a t  the ear th 's  orbit  should look 

like if you knew i t  beyond Jupiter.  You suppose that during t imes  of so la r  minimum the effects 

should be at a minimum. The corona i s  not a s  hot, and there is not a s  much solar  wind. May- 

be part ic les  then come in fairly freely. If you make that assumption, the spectrum you s e e  a t  

that t ime becomes a representation of the galactic cosmic-ray spectrum (see Figure 9). Plot- 

ting the number of ;particles a t  a given energy against energy, you get a spectrum that is fair ly  
' # .  . . .. . .. 
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flat a t  the lower end; i t  doesn't show any 

signs of dropping off toward low energies. 

At higher energies, i t  drops off quite 

rapidly a t  something like E-"" and goes 

out to extraordinarily high energies. 

Obviously a t  the high-energy end you 

aren't  going to get any effects, because 

such particles a r e  so  rigid that they come 
I 2 3 

right through the field. Then when the sun ENERGY (I]) IN BEV 

is active, four or five years  later ,  you ob- Figure 9 
se rve  that the cosmic ray  intensity, a s  you 

expected, is not affected a t  high energies; but a s  you come to lower energies, i t  seems to be 

greatly depressed and definitely turns over and drops off. Evidently the spectrum comes d6w;ln 

to zcro in some cclntinilniis manner. 

If you make the assumption that the spectrum at  solar minimum is the true galactic 

spectrum and then multiply by the so r t  of. reduction factor given by the outward sweeping of 

the solar  wind, lo and behold, you find a curve with just the right so r t  of form to fit the ob- 

served depressed cosmic ray  spectrum at  solar maximum. So a second result of disordering 

the field is that i t  may account for the 11 year cycle in cosmic ray  intensity. 

What I have done then, to recapitulate for a moment, is to look a t  the dynamics of the 

solar  corona, which we found is probably expanding. From the expansion and resulting solar 

wind, we deduced the interplanetary and ter res t r ia l  magnetic field configurations. And we 

were able to explain, on a qualitative basis,  some of the observed ter res t r ia l  effects. 011 Ll~e 

other hand, I want to emphasize that none of the arguments I have given a r e  in any way con- 

clusive; a large number of problems a r e  s t i l l  unexplained. Why a r e  the aurorae observed 

principally on the night side, for instance? That is a beautiful little problem, and there a r e  

many other questions of Like nature. We a r e  better off with the solar  wind than with most 

other theories, but there a r e  stil l  a lot of outstanding problems. I hope within the next four 

nr f ive  years  there will be experimental tests  of these things. 

Questions 

How lone; will the sun last at this ra te  of emission? 

You mean how much mass  does i t  lose? About one percent i n  five billion years. It  does 

lose mass  very fast sometimes, but that is only for a day o r  s o  a t  a time. 



(Dealt with comets observed with tails going in the opposite o r  inward direction. ) 

There, is  no contradiction. There a r e  comets which, have tails, which instead of pointing 

away from the sun, just hang limply out of the comet. These tails seem to be composed large- 

ly of dust particles; that i s ,  small pieces of stone and so  forth, and you show that they would 

not be affecteh by the solar  wind. One should be very cautious about this commentary, of 

course. As Biermann has pointed out, there a r e  magnetic fields mixed up in i t  somehow., and 

we see  some strange things. For  example, a little L-shaped irregularity was seen on one side 

of a tail one day, and the next day i t  was pointing the other way but still had i t s  shape. This 

' might have been coincidence. But i t  means something strange is going on, and that is why I 

think we must wait until after Rossi gets through with his experiment to be absolutely sure  that 

there is a solar wind. I am willing to put my money on this horse, but i t  is still  a horse race,  

and we won't know until the race  is over how i t  is coming out. 

When vou talked about the 20 hour falloff, the perturbations all  seemed to be past the earth. I 

didn't understand the explanation. 
. . ..,:. . . .  :.- .. .2 
, . . * .' 

.I.. 

This is the sun, this is the earth, and all  the magnetic mess  is out beyond. You produce: \.. 
; ; .: ::..y 

particles a t  the sun and they move in perfectly straight lines with nearly the speed of light, and- :i. 
' they come to the earth and apparently fill up the cavity inside the disordered field. Now to get. 

out of the cavity, they must.random walk through the disordered field and that takes t ime.  So ... ,?<A 

what you have is a so r t  of barr ier  through which things can diffuse slowly. . , . . :. 3.. 
' ,: c,,., . ; ...i!? 

Does the solar wind theorv predict aurorae in north and south hemispheres at the same time? ,: . , :.......,A . .:%. 
. _  ._,  .' " 

That is correct.  And i t  is observed that i f  you see  a lot of auroral  activity in the north, ; 

you will s ee  i t  in  the south too. 

Wouldn't vou expect small-scale turbulence within the earth's orbit from such things a s  sun- 

spots, flares', inconsistency of the corona, etc. ? Wouldn't the wind be turbulent? 

That is a rea l  tough question. If you calci late  a Reynolds number by writing down a 

characteristic scale, velocity, and viscosity, you get a pretty big number. - - bigger ,than'2000. 

On the other hand, there is not much shear  involved unless you happen to have a rea l  hot spot 

on the sun which is poking stuff out faster in one than in neighboring directions. ' Then you ex- 

pect some sor t  of a fast expansion and a shear  along the boundary between the hot and cool 

corona. You might get turbulence there. The reason I didn't go into that is because this is 

about a s  far  a s  I can go. 



You used the word "gusts" of wind a t  one stage..  . .' 
What I meant there was something a little different. The 4,000, 000° temperature ap- 

parently is achieved very quickly, in a matter  of a few hours,  i n  what is for a l l  practical 

purposes an  explosion, s o  that you get a blast  wave from the sun. Among other things the fast  

moving blast  wave straightens out'the spiralling of the interplanetary field s o  that the lines of 

force jog a c r o s s  the front of the blast  wave. The jog in  the field sweeps back.cosmic r ays  and 

appears  to account quantitatively for the observed large and abrupt cosmic r ay  decreases .  

Thus, instead of gusts,  perhaps I should have said blast waves. 

You sav  that the ear th is apparently about the right position to support the idea that thc so la r  

ylvd. causes the aurora.  How about Jupiter,  do vou expect i t  might not have an aurora?  

Frankly I don't know. If you observe aurorae  on Jupiter,  i t  would not be inconsistent 

with any of the things I have said here.  

Are  you famil iar  with the concept of so la r  sailing* that has been ul'uvosed for interplanetary 

travel? Ilow would the magnitude of the forces  you spoke of compare with radiation forces  o n  

a satellite:? 
.'I 

The so lar  .-- wind, with i t s  normal everyday value, has a p r e s s u r e  rather  l e s s  than l z h t  - 
_5_ ------- 

pressure .  On the other hand, the enhanced valCie, that i s ,  corresponding to 1500, instead of 

500, ki lometers  per  second, .would be many t imes  light pressure ,  since the density goes up as 

well a s  the velocity. For  solar  sailing the so la r  wind is apparently more uf a l ~ e a d a ~ l ~ c  than 

anything e l se ,  not only because i t  produces transient loading, but a lso because i t  produces 

sputtering which evaporates the sail .  You see ,  you need a metal-coated plastic. Now maybe 

the plastic d r i e s  up and blows away by getting brit t le with ultraviolet; but the solar  wind would 

evaporate the metal  film itself. The present s ta te  of the matter  is that the sputtering calcu- 

lations which were made used an  awfully high value of the so la r  wind - -  a value not unreason- 

able for  a blast  wave when the sun is active, but certainly Inore than the everyday background 

solar  wind. These calculations indicate that you lose your sa i l  in a couple of days. On the 

other hand, i f  you put in  the everyday values, which can probably be relied on for 11 months 

out of any year ,  (but of course you can't te l l  ahead of t ime which month i l  is going to be 

higher), you get a sai l  life of a year o r  more. 

*Theodore P. Cotter,  "Solar Sailing, " SCR-78 (April 1959)(Ed. note). 



What about the satell i te balloons? 

They a r e  well dowin inside the geomagnetic field, a t  least  the ones 1 have heard taiked 

about, and s o  a r e  shielded from the solar  wind. You 'do not have to worry about them. . 

They a r e  now talking about something like four ear th  radii  for balloons. 

If you a r e  inside five earth's radi i  you a r e  probably a l l  right most of ' the time. Once in  

a while when the so la r  wind is very high, i t  may butt down to within a couple of- earth's radii. 

' What about a polar orbit? 

You go through an aurora l  zone then. I wouldn't want to commit myself a s  to what 

happens. I t  would be the problem of how much bombardment a balloon can stand. . 

Does the solid matter  in  the so la r  system - -  planets and other bodies - -  ac t  a s  any kind of 

sink? 

Yes, though probably not a s  an important sink because they have such smal l  c r o s s  

sections. If you were to stand on the sun - -  which is a preposterous s tate  of affairs - -  you 

would have a hard t ime seeing the earth.  I t  would be pretty small ,  like one of the planets you 

s e e  in  the sky. And of course the ear th is very well shielded by the magnetic field. You get 

a leakage which may produce the aurora ,  but i t  is actually a very smal l  fraction of the total 

number of particles.  I have been told that this is very good because there would be an  anomaly 

with the abundance of argon in the atmosphere.  Apparently there is more  argon in the sun than 

in  the atmosphere. If the solar  wind real ly  did get in,  why shouldn't you s e e  more  argon in the 

atmosphere? The amount of argon, then, is a measure  of the effectiveness of the shielding of 

the field. Of course,  we can argue about whether Mercury, for example, has a field. I don't 

know. 



APPENDIX 

Editorial  Note: Dr. Pa rke r  left a copy of his  notes, f rom which comes the following expansion 

of the ahalysis of static and expanding coronas given in the text-. 

Static Corona 

Since K -- T"~, Equation 2 yields 

Then, multiplying numerator and denominator of the right hand side of Equation 1 by 2kT and 

remembering that P = 2kTN, by substituting Equation 3 we get: 

Integrating 

where 
MGM, 

X = .- 
kToa 

Thus i f  X = 6. 28, which corre'sponds to  To = 2.5 x lo6 K: 

Expanding Corona 

d P  
Pa = ---  d r  Pg, 



dv d(2NkT) NMGM, 
NMv - = - 

d r  d r  
= 0 

ra  

If T. = To, which is to s a y  isothermal  expansion: 

2kTo dN vdv = --- - d r  
M N 

GM, - r2 , 

Integrating 

v2 2 kTo 
GM 

- = -̂ 
0 

2 M 
l n N + -  + 'const. 

r 

Thus i f  we have spherical  expansion from the sun, 

and with 

MV $ =  - MGM, 
and A  = - 

2kTo kToa 

The right hand side and the left hand side must pass  their  minima simultaneously o r  e l se  

++o a s  n+m. The left hand side is a minimum where $ = 1, the right where n = - ah They 
4 '  

'must  be equal a t  the i r  minimum, s o  that 

whence 
A r j / -  ln$ = -3  - 4 I n -  + 4 l nL  + A ?  
4 a r 



On the other hand, if we wish to  t rea t  adiabatic expansion, then: 

Whence, instead of Equation 9 w'e get: - . . 

d - 
2kTo dNY d r  

V ~ V .  = - -- - GMo -p 
M N ~ ~ - ~  

Integrating 

2 2kToy NY-l GMo 
v -  - -  - Y - ~  -l  + 07 + const. 
2 

MNo 

As  before, 

where b i s  the radius a t  which the expansion becomes adiabatic (b > a ) ,  then: 

A reasonably well ionized gas much a s  we suppose the corona to  be, will have Y = 513, whence, 

Then so = 0. 31 

$, = 3.59 

fiw = 7. 02 

At ea r th  



2. If To = .  10' to r = 8 a  

T h e n  % = .74. x vo = 3.5 k m / s e c  

$Ja = 2.97 va Y 218 k m / s e c  

$J, = 5.91 v, = 313 k m / s e c  

At e a r t h  N = 15 cm-3 

3. If To = 4 x lo6  
T h e n  Go = 1 vo = 258 k m / s e c  

Ga = 7.65 va = 712 k m / s e c  

$Jm = 12.17 v, = 900 k m / s e c  




