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. ~ydrodyn~mic expansion of the solar corona is the basis for "solar corpusc ular radia-
tIOn . The qUiet day coronal temperatures of 1 to 2X 106 OK yield a solar wind of several 
h';lDdred km/sec and a density of 5 to 50 particles/cm3 at the orbit of Earth. The solar 
~lVllld draws out m to spa~e t he. lines of fore.e of t he gen eral one-gauss solar field, to give an 
Il1terplanetary fi eld t hat IS baSICally spiral III character with a densitv of the order of a few 
tim~s 10- 5 gaus~ ~t }he. orbi~ o! Eart~ . The enhanced corona may sometimes h3;ve temper­
atlll es of 4 X 10 h Ot mOl e Il1une(liately folloWIl1g a large fl a re. Such explOSIve heating 
leads to a 1 to 2X 103 ~m/sec blast wave into planetary sp ace. The blast wave sweeps 
up t he qLllet-day. solar wmd a head and kinks the quiet-day fi eld, r aising the density of t he 
field to several tImes 10- 4 ga us.3 o.n some occasions. The ga.lactic cosmic ray particles are 
slVept back by ~he lunk, j)l'oducll1g a .Forbush-type Il1tenSlty decrease. Altogether , the 
blast w!lve and Its magnetic fi eld constitute t he "en hanced solar corpuscular radiation." 

It IS shown that ~!le alte t; :1a~lve magnetic tongue model of Gold and others [1960] is 
untenab le because the to ngue \I ould not r each t he ear th untIl many hours after t he arrival 
of the blast wave. 

1. Introduction 

I It wrtS poin ted out several yertfS ago [Parker, 
1958a] that the solar corona is too hot to be confined 
[by the. solar gnwitn.tional field. III place of the 
[older VlCW of the coronrt as an extended, but static 
atmosphere it was shown that the corona must 
[expand continually into space. A study of the 
hydrodynamic equations showed that the solar 
corona is steadly expanding with rt velo city that 
is only a few kilometers per second in the lower 
corona but which becomes supersonic rtt la.rO'e 
Idistances from the sun. The result is a continui~g 
outward flow of coronal gas through interplanetrtry 
spac~, which we hav~ called the solar wind to emphrt­
slze ltS hydrodynrtmlc nature. The observed quiet­
day coronal temperatures of 2X 106 OK indicate 
that the quiet-day solar wind velocity is of the order 
lof 150 to 590 km/sec. .The density of the solar .wi.nel 
at the orblt of Earth IS dctermmed by the cXlstmg 
temperature observations to lie in the range 5 to 200 
atoms/cm3• Thus the quiet-clay solrtr wind re­
presents a proton flux in the range 108 to 10 1o/cm2 

sec at the orbit of E arth . 
. Some time before these calculations were made 
it had been pointed out by Bicrmftllll [1951, 1952, 
[1957] that the observed outward accelcration and 
the obse~'ved ionization .and excitation of type I 

I
comet talls can be explamed only as the result of 
con tin ~i~lg q uie t-~ay sola 1" corp uscular radiation. 
He ongmally estrrnated that the corpuscular flux 
iwas of the order of 1 01 ~ protons/cm2 sec at .t~e orbit 
of Earth, recen tly [BIermann, 1960] revlsmg the 

I' P a per presented at 1961 Spring meeting of the U RSI, Washington, D.C. 

esti~nate downward to 109 proLons/cm2 sec on thc 
ba~ls of laboratory measuremen ts of Lhe n.ppro­
pnate charge excllftll ge cross sections. 

Upon completion of the solar wind calculations it 
was at once obvious that Biermann 's solar cor­
puscula:r radiation was in fact the hydrodynamic 
solar wmd from the steadily expanding corona. 

There are many other phenom ena, such as the 
aurora, geol11ag~etic activity, cLc. , which are con­
:entIOnally ascnbed to solar corpuscular r.adiation. 
rhey too are the consequence or the solar wll1d. On 
an int~rplanetary scale the solar wind is hydro­
cl ynan1H;, but on a pl~neLary scale its low density 
renders It corpuscular ll1 Jll any respects. 
S.i n~c thi~ first identification of solar corpuscular 

rachatIOn wlth the expanding corona, we have ex­
plorcd a nmnber of consequences of the solar wind 
[Parker, 1958 b, c; 1960,1961 a, b] . It now appears 
that tl~e solar wind is .the domil~ant interplanetary 
dynamIcal force and IS responslble for the inter­
planctary magnetic ficld conno'uration the observed 
~nodul.ation of t~e galactic ~nd sol~r cosmic ray 
ll1 t<:nslty! the qmet da:v and the enhanced geomag­
netlc actIVIty, etc. 

Recent direct observation of the solar wind ncar 
Eart~ [Bridl?e,. 1961] has detcrmined its quiet-clay 
veloclty to he 111 the range 250 to 400 km/sec, with 
a denSIty of 10 to 20 protons/cm3. The total flux is 
of.the order of 0 .. 5 X 109 protons/cm2 sec. An observ­
atIOn of the qmet-day solar wind in January and 
September of 1959 had been reported earlier by 
Shklovskii et a1. [1960] to suggest a flux of 0.2 X 109 

protons/cm2 sec, b~lt the rather large corrections 
that had to be applIed to the data maIm it uncertain 
as to how meaningful the flux estimate really was. 

537 



2 . The Expanding Corona 

2.1. Q uie t Sun 

The simplest model of the quiet corona is one 
which assumes spherical symmetry about the center 
of the sun. Then if r is the radial expansion velocity 
as a function of distance from the center of the sun, 
t?-e ?-ydrodynamic equation for stationary expan-
slOn IS 

(1) 

where N is the number of atoms per unit volume, 
G is the gravitational constant, and p is the hy­
drostatic pressure. Since the coronal gases are fully 
ionized and largely hydrogen, M is the mass of the 
hydrogen atom and the hydrostatic pressure is 
p~2NkT. Conservation of mass requires that 

(2) 

where the subscript zero denotes the value at the 
reference level r= a. Choosing a= 106 km, N o is 
of the order of 107j em3 • It will be sufficient for our 
purposes here to discuss the simple case of an 
isothermal corona. The more general case has been 
considered elsewhere [Parker, 1960]. 

For an isothermal corona, T= To~2 X 106 oK, and 
(1) can be integrated to give 

(3) 

upon using (2) to eliminate N. The result is a one 
parameter family of curves v (r) for any given value 
of To, with Vo as the parameter. The general form 
of the family is sketched in figure 1. The solution 

vIr) 

v(o 

FIGURE 1. The family of solutions of equation (3) for a given 
coronal temperature To. 

The solution of physic3l interest is the one passing through the critical point, 
given by eq (4). Tbe critical point is analogous to the point of sonic transition in 
a Laval nozzle. 

of physical interest is the solution starting from th~ 
origin and passing up through the critical point t c 
supersonic velocity at infinity. The coordinates of 
the critical point are (ve, rJ where 

~ Mv~=kT, GM 0 Mjrc= 4lcT. (4 ' 
1 

The value of Vo for this solution is the lower positive 
root of 

l1-1v&_1 MV&=_3+G1VI 01VI 41 GM o M 
2lcT n 2kT akT n 4alcT (5 ' 

1 
The coronal expansion will automatically drift int~ 
this solution whatever its initial expansion rate I 
The solutions with smaller Vo go to r= 00 on thE 
lower branch of v (r), which can be maintained only 
by a large inward pressure from V= 00 • In thE 
absence of such an inward pressure the expansior 
will accelerate to the solut on through the critica; 
point. There are no solutions above the solutior 
through the critical point which start at the originJ 
Thus, the only available solution for expansion ir 
the absence of an inward pressure at 1' = ro is th€ 
solution through the critical point, which startj 
with the velocity Vo given by (5) . It has beell 
pointed out by Clauser [1960] that this expansiofj 
of the corona is analogous to the expansion of 2 

gas through a Laval nozzle, with the gravitationai 
field playing the role of the throat. 

The expansion velocity as a function of radia: 
rlistancr. is shown in figure 2 for a number of coron~ 
temperatures. The observed coronal temperature, 
are of the order of 2 X 106 oK [Billings, 1959], bu! 
even low temperatures like 1 X 106 OK give sola: 
wind velocities of the order of several hundre~ 
kilometers per second. 
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FIGURE 2. The steady expansion velocity as a function ~ 
radial distance for a model isothermal corona. 

The two lower curves, for 1 and 2X lO'. oK, are applicable to the quiet carOnE 
'1'he upper curve, for 4X lO' . oK , gives an indication of the rate of expansion ' 
thc enhanced corona. 
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2 .2. Active Sun 

It is observed that following a large solar flare the 
coronal temperature over the o-eneral region of the 
flare may increase to 4 X 106 01 or more [Christian­
sen, Yabsley, and Mills, 1949 ; Christiansen and 
Warburton, 1953]. The result is a hydrodynamic 
explosion of the corona outward into space. The 
expansion velocity may be in excess of 1000 km/sec, 
as is evidence from figure 2. The asymptotic form 
of the resulting blast wave from the sun may be 
treated using the similarity transformations of the 
progressive wave [Courant and Friedrichs, 1949). 
The idealization is made that the corona has sphen­
cal symmetry; i.e., the entire corona is heated to 
4 X 106 OK, rather than the portion over the active 
region in which the flare occurred. The 300 km/sec 
velocity of the quiet day solar wind ahead of the 
blast wave is neglected, and the temperature of the 
quiet day wind is assumed to be so small that the 
103 km /sec velocity o[ the blast wave represents a 
very high Mach nwnber. The resulting blast wave 
profiles are shown in fig ure 3. The shock transition 
at the front is of the collision less type and involves 
a density increase by a factor of four above the 
quiet-day value. The shape of the blast wave 
behind the shock transition depends upon how hard 
the enhanced corona pushes from behind. In the 
event that the corona should push so hard that the 
energy of the blast wave increases liJ?-eady ~th t.ime 
after leaving the sun, then the relatively thm, hlgh­
density profile identified by A= 1 in figure 3 is the 
result . If the corona should not push at all once 
the blast wave is on its way, then a linear decrease 
of density behind the front is the result, identified 
by the sawtooth profile [or A= 3/2 in figure 3. In 
either case an enhanced coronal temperature of 
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FI GURE 3. B last wave pl'ofiles fl'om the active COl'ona. 
The quiet day solar wind density is given hy po (T) . ancl is essenti ally propor­

tional to I l l". The shoek transition at the head of the blast wave is at r~ R" 
where the density jumps by a factor of four from the quiet day value. The 
parameter A is an in verse measure of how strongly the enhancecl corona is driving 
the hlast wave from the rear: If the corona does not push at all on the blast wave, 
then A~3/2 and the sawtooth profile is the result ; if the corona pushes so hard 
that the energy of the blast wave increases linearly with time, then A~ 1 ancl the 
blast wave lies between TIR, ~O.84 and TIR,~ 1.0 . 

4 X 106 OK near the sun yields a blast wave with a 
velocity of 1- 2 X 103 km/sec, and a density of the 
order of 102 cm3 at the orbit of Earth [Parker, 1961 , 
a and b]. Thus the blast wave represents the 
"enhanced solar corpuscular radiation" responsible 
for t he geomagnetic storm, the Forbush decrease, 
etc. 

An important point to be noted is that the blast 
wave consists of gas which had already left the sun 
before the occurrence of the flare. I t is material 
which has been swept up as the wave advances out­
ward into space. The material in the corona at the 
time of the flare is behind the rear of the blast wave 
profile. This must be borne in mind in the next 
section when we discuss the interplanetary magnet.ic 
field configuration. 

3 . Interplanetary Magnetic Fields 

3.1. Quiet Sun 

T he magnetic fields in in terplanetary space arc 
composed of the magnetic lines of force of the 
general solar field [Babcock and Babcock, 1955 ; 
Babcock, 1959] which are pulled outward from the 
sun by the expanding corona. The magnetic fields 
associated with active regions on the sun are usually 
considerably in excess or 1 gauss, so that they can 
to a large degree wiLh stancl the expansion of the 
local corona, remaining fixed over the active regions. 
The hydrostatic pressure in the solar corona is of 
such an order, 10- 2 dyncs/cm2, as to suggest that 
only fields of the order or one gauss can be extended 
by the solar wind. The simplest model , then, is 
one in which a corona with spherical symmetry 
expands outward, carrying with it the dipole-like 
fields of the polar regions of the sun. 'uch an 
idealized picture ignores the many complication of 
the disordered one gauss fields which are undoubtecUy 
carried outward from the equatorial regions. The 
idealization also ignores the many interesting com­
plications that result from the fact. that the actual 
corona expands more rapidly and densely in some 
directions than in others. However, the idealization 
of a radial solar wind with spherical symmetry in 
a dipole field serves to illustrate the general principles 
and to give a rough idea of the overall interplanetary 
magnetic configuration to be expected. Wh en more 
com prehensive observations allow greater detail t o 
be filled into the present simple theoretical models, 
the many irregularities and swirls which undoubtedly 
exist in the interplanetary field may be taken into 
account. Ignoring the irregularities now will give 
a conservative estimate of tbe cosmic ray effects to 
be discussed in the next chapter. 

The lines of force of a general solar dipole field 
represent the two parameter family of curves 

upon extension into space by the quiet day solar 
wind of velocity 'Y. The solar angular velocity 11 is 
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FIGURE 4. P1'ojection onto the equato1'iaZ plane of the lines 
of force of the solar fields extended by a quiet-day mdial solar 
wind of 300 km/sec. 

approximately 2.6 X 10- 6 radians/sec, and (00,4>0) 
is the position, in spherical polar coordinates, of 
t h e inter section of the line of force with the reference 
level r-a in the lower corona. The radial compon­
en t of th e field is 

E,(r, O)=B, (a , 0) (~}2 

th e meridional component is zero, and the azimuthal 
component is 

Proj ection of each line of force onto the solar equa­
torial plane is an Archimedes spiral, shown in figure 
4 for -y = 300 km/sec. It is readily seen that th e 
field is principally radial inside the orbit of Earth 
and principally azimuthal beyond. One gauss at 
the solar photosphere yields about 2 X 10- 5 gauss in 
the radial direction at a distance of one astronomical 
unit . 

3.2. Active Sun 

The quiet-day interplanetary field shown in 
figure 4 is deformed by the blast wave from the 
corona over a flare as shown in figure 5. Again the 
case A= 11'epresents the situation when the enhanced 
corona is pushing hard on the r ear of the blast wave, 
and A= 3/2 when the blast wave is coasting. In 
either case the field may reach 10 X 10- 5 gauss at the 
fron t of the wave. When the corona is pushing hard 
on the rear of the blast wave the field toward the 
r ear may easily b e 40 X 10- 5 gauss or more. 
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It has b een suggested that the "enhanced solar 
corpuscular radiation," which wc suggest is a hydro­
dyn amic blast wave from the corona, sometimes 
draws out a loop of field from th e ac tive r egion, 
giving a magnetic tongue which is responsible for 
many of the effeds associated with the enhallced 
corpuscular radiation (see discussion and r eferences 
in Gold, 1960). Presumably the expanding interior 
of t he magnetic t ongue is partially shielded by th e 
6 clds of the tongue from the galactic cosmic ray 
in Le ll sity, giving t be Forbush-type cosmic ray 
decrease in coincidence with the geomagnetic storm 
resulting from the iJ1'lpact of the gas in the tongue 
against the geomagn etic field ; once th e tongue Ius 
engulfed Earth, it affords free access of solar protons 
from t he SLln to Earth ; the tongue stores the solar 
protons following the emission from tbe sun , etc. 
In this way it has b een argu ed that t h e tongue 
explains most of the observed cosmic ray phenomen a 
associated with "enhanced solar corpLlscular radi­
a tion. " 

"VVe object to t he tongue model of the inLerplanet­
ary field on anum bel' of points. First of all , the 
magnetic configuration of the bl ast wave fi elds shown 
in figure 5 possess the same properties as the tongue 
so far as modulating and channeling galactic cosmic 
rays and solar protons. Thus tbe tongue is not 
unique and seems an unnecessary complication. 
Second, and m01'e serious, is the objection that the 
tongue canno t possibly :.tlTive at Earth with the 
"enhanced solar corpuscular radiation." ,\Vhatever 
the naturc of the outbmst on the sun which leads to 
the enhanced radiation, the result is a blast wave 
which scoops up the in terplanetary gas ah ead to 
form a wave as shown in figure 3. The activc 
coron al m aterial is behind t hc blast wavc, and hence 
so is the magnetic tongue which the coronal material 
is supposed to caITy . Even in the extreme case 
that the enhanced corona is pushing so h ard on the 
r ear of the blast wave that A= 1 (which requires that 
the 106 OK coronal tcmperatures cxtend all the way 
to the real' of the wave) the t ongue is 0.16 a.u. 
b ehind t he front of t he blast wavc, which means a 
delay of the order of 6 hr in the alTival of the tongue. 
Yet it is clear in many cascs that the cosmic ray 
modulation etc ., begins with the first onset of geo­
magnetic activity. The tongue configuration is 
shown in figm e 6 for thc special case that A= 3/2. 
The tongue extends b arely b eyond the orbit of 
:Mercury when the blast wave reaches the orbit of 
Earth. 

4. Cosmic Ray Mcdulation 

4.1. Quiet Sun 

The general outward flow of nonradi~tl m agnetic 
fields from the s un tends to push back the galactic 
cosmic ray particles and thereby decrease the cosmic 
ray intensity in in terplanetary space below the in­
terstellar level. This redu ction follows the general 
solar cycle and is usually referred to as the ll-year 
varia tion. There are many individual effects which 
probably contribute to the total reduction : the ideal-
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FIGURE 5. Deformation of the quiet-day /ield shown in /iguTe 
4 by the freely coasting blast wave, >-. = 3/2, and by the dTiven 
blast wave >-. = 1. 

'l'be shock transition is a t r=R •. The rear of tbo blast wavo is a t v= R,. 

ized quiet-day in terplanetary fi eld shown in figure 4 
is, in effect, a giant corkscrew conveyor which 
revolves on ce every 27 days with the sun and tends 
to pu 11 outward the galactic particles slidirg in­
ward along the lines of force. There is r eason to 
expect disordering in the interplanetary field, some 
examples of which have been cited elsewhere [M eyer, 
Parker, and Simpson, 1956; Parker, 1958c]; the 
disordering contribu tes to the trapping of olar 
particles and to the impediment of galactic cosmic 
ray particles diffusing inward from interstellar 
space. 

These effects are large an d contribute signifi­
cantly to depression of the cosmic ray intensity. 
The depress ion is of the order of a factor of three 
a t 1 Bev (see for instance Simpson, 1960) and prob­
ably more at lower energies. We may hope that 
one I day interpl anetary observation may decide 
what effects predominate. 

SUN 

BLAST 
FRONT 

EAR T H 

• 

FIGURE 6. A Te-entmnt loop of magnetic /ield in the solal' 
corona befoTe an outburst i s shown, f ollowed by its extension 
into space by the blast wave >-. = 3/2 . 

The loop remains in association wjill the coronal gas with which it moves 
following the outburs t. The blast wave ahead o[ the loop consists o[ inter­
planetary gas (the quie t·day solar wind ) swept up to form the blast wave. 

4.2 . Active Sun 

The magnetic configuration carried by the blast 
waves from the active corona, and shown in figure 5 
for an idealized case , have the bilsic characteri tic 
of a strong magnetic field (probably 1O- 50 X lO- 5 

gaus ) in the wave, with an essenLially radial field 
connecting into the SUll from behind. The strong 
fields resul t from the twisting and pinching to­
gether of the quiet-day lines of force. The re­
sulting constriction in the lines of force repre ent 
a serious impediment to t,he passage of cosmic ray 
particles. Thus the blast waves will have a ten­
dency to store energetic pro tons of solar origin 
behind them, and to push back galactic cosmic ray 
particles ahead of them , as required by ob ervation 
(see for instance, Steljes et al. , 1961). The Forbush 
decrease fo r the idealized model shown in figure 5 
may be as large as 40 percen t, and more if any 
complications are permitted in the idealized field 
configuration. The energy dependence of the cos­
mic ray decrease can be estimated if it is remembered 
that the blas t waves are in fact not spherical but 
occupy a solid angle of the order of one steradian. 
The diffusion of cosmic rays from the sides of the 
region swept out by the blast waves gives an energy 
dependence to the fractional decrease of the cosmic 
ray intensity as shown in figure' 7. Th e parameter 
v in the figure is a measure of t be angular width 
of the blast wave. The compu ted energy depend­
ence is found to be not unlike the observed energy 
dependence of t he Forbush deCI'ease (see for instance 
MacDonald and Webber, 1960) viz, proportional 
to reciprocal rigidi ty, or fl at ter . 

541 



1/=0 

o 

0.1 
K 

FIGUUE 7. The fractional depression 6/J. / /J. of the cosmic ray 
i ntensity as a function of proton energy K (in units] of 931 
M ev) for a F eely coasting shock, ,, =3/2, and f or the hard 
driven shock, ,, = 1. 

The parameter v is an inverse measure of the angular width of the blast wave as 
seen from the sun. T he broken lines represen t reciprocal rigidi ty, for purpose 
of comparison. 

5. Summary 

The purpose of the paper has been to describe 
in a semiquantitative way the solar wind model 
of interplanetary dynamical processes. The model 
affords a deductive approach to the problem of 
interplanetary plasmas, fields, and cosmic ray 
variations, starting with the hydrodynamic theory 
of the expanding solar corona. The observed 
coronal t emperatures and their variations lead 
through such idealized models as we have discussed 
to the kind of "corpuscular" and cosmic ray effects 
that are known from observation. As direct obser­
vation of interplanetary conditions become more 
comprehensive with the progress of space experi­
mentation, we look forward to filling in the many 
details which are missing from the present sinlple 
model. 
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