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ABSTRACT 

A conparison of polar solar  wind proton flux upper limits derived 

using Sai to ' s  coronal density model, with Ly a measurements of the  

length of the  neutral  H ta i l  of comet Bennet a t  high l a t i tudes ,  shows 

t h a t  e i t h e r  extended heating beyond 2 Re i s  necessary some of t h e  t i m e  

o r  t h a t  Sa i to ' s  polar densi t ies  are too low. Whichever p o s s i b i l i t y  is 

t h e  case, the  fac t  tha t  the solar  wind p e r t i c l e  f lux  does not appear t o  

decrease with increasing l a t i tude ,  indicates tha t  the  heavy element 

content of the  high l a t i t u d e  wind may be similar  t o  tha t  observed in  

the  e c l i p t i c .  It is then shown tha t  so lar  wind heavy ion observations 

a t  high l a t i t u d e s  allow a determination of t t e  electron temperature a t  

heights which bracket t h e  ,nominal locat  ion of the  coronal t enperature 

maximum thus  providing information concerning the  magnitude and extent  of 

mechanical d iss ipat ion i n  the  intermediate corona. 
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1. Introduction 

There is, at present, a lack of information on the  physical 

conditions i n  the  polar regions of the  solar corona and balar wind. This 

lack resu l t s  i n  a corresponding uncertainty i n  the  global character is t ics  

and extent of t ha t  plasma of solar origin which fills interplanetary 

space and thereby controls the near solar environment. For example, only 

l i t t l e  is  known about the variation with heliographic la t i tude  of so 

f'undamentQ a flow parameter as the  solar wind mass flux. Similarly, 

hardly say, ing is  known about l a t i tude  variat ions of the solar wind 

energy and m .enturn fluxes. Yet, these parameters may be very important 

i n  determinink ;he physical s t a t e  of the polar corona and the  s ize  of the 

solar  dominated cavity over the  poles which separates the sun from the 

loca l  i n t e r s t e l l a r  medium. In  addition, the  existence of heavy elements 

i n  the polar solar wind may depend (~ l loucher ie ,  1967, 1970; Geiss e t  

al., 1970) on whether o r  not the proton par t ic le  flux exceeds a 

temperature dependent lower l i m i t .  

It is therefore useful t o  consider hypothetical variations of solar  

wind par t ic le  and energy fluxes with helfographic lat i tude.  This task is 

approached in  section 2 of t h i s  paper by calculating upper l i m i t  values 

of the  polar solar  wind par t ic le  flux implied by the most comprehensive 

coronal density model developed t o  date ( ~ a i t o ,  1970). This model was 

determined from an average K corona brightness dis t r ibut ion constructed 

using 15 solar eclipse observations as well as K-coronameter meaeuremects 

a l l  mde a t  the mininun phases of the solar ac t iv i ty  cycle. As a 

necessary resu l t  of the method employed, the nodel densit ies (and hence 



t h e  upper l i m i t  d u e s  of the  eolar wind p a r t i c l e  f lux derived below) 

determined f o r  the  polar regions are uncertain because it is not ~ ~ s i b l e  

t o  uniquely invert  the  convolution in tegra l  which r e l a t e s  the coronal 

brightners a ie t r ibu t ion  to  t h e  average l i n e  of eight electron density. 

Nwerthelees, it is shown that if the  polar corona1 densi t ies  are as low 

as celculated using Saito 's  model, then without extended heating, the  

emitted polar p a r t i c l e  flux should be substant ia l ly  l e s s  than t h a t  

observed i n  the  e c l i p t i c  plane a t  1 AU and less than that  necessary t o  

drag coronal heavy elements away from the sun. However, l imited evidence 

based on Ly a measurements of the  neutral  bydrogen t a i l  of comet Bennet 

( ~ e r t s u x  et al . , 1973; Keller , 1973 1, is consistent with a polar solar  

wind flux a t  1ea;t as  large a3 tha t  observed in  the e c l i p t i c  a t  1 AU. 

These observations therefore require e i ther  an extended coronal heat 

source (Ustinct from electron heat con&~ction or tha t  Sai to ' s  polar 

densi t ies  a r e  too low, In  any event s ince t h e  

p a r t i c l e  flux i n  the polar wind may be comparable t o  tha t  observed i n  the  

equatorial  wind, it is possible tha t  coronal heavy ions a t  polar 

l a t i t u d e s  do indeed expand with the  protons in to  interplanetary space. 

Since it is reasonable t o  expect tha t  heavy elements w i l l  be 

observable ?n the  polar solar  wind, the range of ionization s t a t e  

"freezing in" distances is estimated in section 3 for  selected heavy ion 

species a t  polar la t i tudes .  It is found that  the polar coronal density 

nay be su f f i c ien t ly  low t h a t  the ionization s t a t e s  "freeze in" below the  

nominal location of the temperature  mim mum. Hence high l a t i t u d e  heavy 

ion observations may allow a determination of the  t h e m a l  s t a t e  of the  

intermediate and low corona and provide an estimate of the ragnitude and 



extent of mechanical dissipat ion.  Section 4 summarizes the  m i n  

conclusions. 

2. Lati tude Variatioris of the  Solar  Wind P a r t i c l e  Flux 

It is currently thought That the  so la r  wind ev-?.ves from open f i e l d  

regions in  the  c o r w  P (see Hundhausen, 1972 for  a review). Such regions 

a r e  generaliy d i s t i n c t  from regions of a c t i v i t y  and a r e  generally characterized 

by low density. For t h ,  ? regions, the  electron density, N, as a function 

of so la r  distance, r ,  and heliographic l a t i tude ,  8,  has been modeled by Sai to  

(1970) with the  r e l a t ion  

0.0251 x 108(1 - s i n  l/Ze) cm - 3 
R2-5 

where R = r!Bo snd R is the solar  radius. 
0 

Upper l i m i t  values fo r  the  polar so lar  wind p a r t i c l e  flux can be 

derived using re la t ion  1 if various subsets of several reasonable 

assumptions conf:erning the s t a t e  of the  intermediate corona a r e  adopted. 

These assumptions a re  1) the  coronal gas cons is ts  of H, lie and e lec t rons  

only, 2) there  is no extended heating other  than t h a t  due to 

electron heat conduction much beyond the  coronal temperature maximum, 

3) the  energy equation may be closed with the standard r e l a t i o n  
- 
Q = -IC~T~'%' (chapman, 1954; Spi tzer ,  1956) which assumes t h a t  binary 

coulomb in terac t ions  limit the  mean sca t ter ing  length of a thermal 

electron,  4 ) coronal electron and proton veloci ty d i s t r ibu t ions  are  very 
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nearly !vhcwellian, 5 1  wave-particle intmractions and nacro8copic wave 

pressure e f f e c t s  a r e  negl igible  above the heating region, and 6) the 

magnetic f i e l d  is open but not necesearily r ad i a l ,  

The purpose of t h i s  sect ion is t o  show t h a t  i f  .he coronal-density 

over t h e  pole drops of f  a s  quickly a s  implied by Sa i to ' s  analysis  then 

some of the  above assumptions may be t e s t ed  by i n  s i t u  so l a r  wind 

observations. We begin w3th a standard s ingle  f3:rlid forznulation of  t:?e 

coronal expansion using equation 1 i a  place of an energy equation and 

derive upper limits f o r  the  p a r t i c l e  flux a t  1 AU. A separate  treatment 

based on various possible forms of the  energy equation is  considered next 

t o  provide independent e s t i n ~ t e s  of the 1 AU Plux upper l i m i t .  'me 

r e s u l t s  of t h i s  analysis  a r e  i n  agreement with those obtained by Durney 

and Hundhausen (197b), A s  w i l l  be shown i n  section 3 these upper l i m i t s  

a r e  subs tan t ia l ly  lower than t h a t  observed i n  t he  e c l i p t i c  a t  1 Al l  and 

a r e  su f f i c i en t ly  low, t h a t  i f  all of the above assumptions are cor rec t ,  

++ 
He and many of t he  heavier ions should not expang. with the  protons away 

from the sun at polar l a t i t udes ,  

( i )  Mass Flux, Momentum Flux and Density Equations, 

The mass and momentum conservation equations a r e  respectively; 

W A C R ~  = F (2) 

2 
Here A(R) i e  t h e  area of a flux tube which va r i e s  a s  R if t h e  expansion is  radia l ,  

G is the gravitational constant, M is the mass of the sun, rn 1s the proton 
0 P 

mass, M is the mean molecular weight = (1 + ba) / (2  + h) where a is the He 



abundance by number, k is Boltzmann's constant, H is the  proton density, V is 

the bulk convection speed and T is the one f lu id  temperature. Concentrating on the 

region i n  the intermediate corona between R = r/Re = 2 and 4, equation 

1 for 0 = 90" can be simplif ied to the form: 

S If it is ass=& that A(R) varies as R then eqcations 2, 3, and 4 can be 

integrated aoalyt ical ly  to obtain T(R) 

Here the subscrlgt o r e f e r s  t o  paranetcrs e-raluated a t  t he  base radius %. 
fh the follombg Re 13 c b s e n  equal t o  2- 

Equation 5 can be rewritten i n  sf~plified form as follo-JS? 

Here C1 and C2 are constants which a re  readily evaluated by co3paring 

equations 6 and 5. Inspection of squstion 6 shows tha t  T(R) depends parametrically on 

two variables, To and (NVIo. Folloirfng the analysis of Brandt e t  t .  (1965) 

it i s  possible t o  show tha t  two physicdly reasonable assumptions imply 

stringent constraints on the  range uf re l i izab le  values of To and ( I W ) ~ .  These 

two assumptions are: 1 )  the  derived t e ~ p e r a t u r e ,  T(R 1 ,  must remain posi t ive through- 

out the  range of va l id i ty  of equation 1; according t o  Sai to (19701, R < 4 ,  2)  there 

i s  not suf'ficient external heating F rond R = 2 t o  produce a second peak 3n T(R). 



It is seen from the th i rd  term on the r ight  hmd side of equation 5 

t h a t  for  a constant To, increasi= ( N V ) ~  eventually drives T (R) negative. 

The radius a t  k-hich t h i s  happens can be increased beyond R = 4 by in- 

6 creas ingT However i f  T i s  t o o l a r g e ,   the(^/%) t e r m i n f r q n t  o n t h e  
0' 0 

r igh t  hand side produces a second peak i n  T(R) beyond R = 2. Therefore 

acceptable ranges of T and ( W ) ~ C =  be determined as follows. The 
0 

minimum value of To, TL, is calculated for  (NV)o = 0 under t he  assumption 

t h a t  T ( R )  G 0 f o r  R 2 R where RX i s  the  limiting distance of  va l id i ty  of X 

equation 1. This gives 

Given 9 = 3, 1.1 = 0.547 (corrcr;pondir,g t o  a 45 abundance by number) and 
0 

6 6 
assuming RX = 3 and 3.5 then TL = 0.85 x 10 K and 0.89 x 10 K respectively. 

Upper l imi t s  for T arid ':rv; 8;e detedler l  fron eqiation 5 by finding 
0 0 

the  la rges t  value of To and (MI), r i ch  rnat T(R) 0 and dT/dR G 0 fo r  R i n  t he  

range Ro C R G RX. Thus for  each R t he  following two relat ions must be sa t i s f ied ;  



( 9 )  

Inspection of equations 8 and 9 shows t h a t  f o r  ( ~ I Y ) ~  = 0 both conditions 

can be sa t i s f ied  simultaneously. However f o r  each R both conditions cannot 

be  sa t i s f ied  i f  ( I W ) ~  is larger  than some maximum value. This maximum is  

obtained by equating the r igh t  hand sidss of equations 8 and 9. 

2 Setting S =  2 ( r a d i d  flow) and ( 1 ~ ) ~  = ( A Y ) ~  (Ro/~,) ( the  subscipt e re fe rs  t o  

parameters evaluated a t  the  orb i t  of the  ear th) ,  equation 10  is plotted 

i n  Figure 1 for  5 = 3 and 3.5. The minimum value of t he  r igh t  
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hand s ide of equation 10 for  R i n  the range Ro 4 R $ is  the  maxinum flux Sr 
at 1 AU consistent with the assumptions dT/&.? 9 0 f o r  R 3 2 and T > 0 for  

8 -2 6 
R C R r  Thus f o r  RX= 3.0, ( w ) ~  C0.4 x 10 cm sec-' with 0.82 x 10 K g  

6 8 -2 -1 
T(R = 2) 1.1 x 10 K and for  R = 3.5, ( 1 ~ ) ~  G 0.2 x 10 em sea with 

6 6 0.89 X 10 K ~ ( 2 )  G 0.98 x 10 K. The curves fo r  T(R), corresponding t o  

values of ( 1 ~ ) ~  and T( 2) determined f ran equations 9 and 10  evaluated near 

the  minimum of the curves i n  Figure 1, e r e  &ram i n  Figure 2. Drawn also 

2 for comparison are the polar scale height t=pereture, T ~ ( R )  = (GM m M)/(kr dlri;/lr) 

-2/ 7 
0 P 

and the curve T a R . 
-2 

Since it is  l i ke ly  tha t  the flow i s  nore divergent than R inside of 

s m e  radius,  %, it is. ne.cess.aqr t o  consider hov t h i s  possibility af,$ects. 

the upper l imi t  of ( w ) ~ .  This may be accorqlished by assuming the area 

S 2 
of a flux tube increases a s  R out t o  PD and then as R from there t o  1 AU, 

Re. Using t h i s  model, (NV) = ( N Y ) ~ ( R  /I IS = (NV),(R /R )2 and hence 
D O D  e D  

(NVle can be determined froc? equation 9 using the relat ion 

Investigations of equations 10 and 11 fo r  S i n  the range 2 S < 4 ,  

(%hlo) = 2, ( R ~ / R ~ )  = 1.75 and R R GRx show t h a t  the  maximum f lux a t  
0 

1 AU consistent with & single  temperature maximum below Ro is  not s ignif icant ly 

8 -2 changed from i t s  value for  S = 2 ( (w\$ 0.2 x 10 cm see-'). However, i f  

S i s  sufficiently large and/or ( R ~ I R ~ )  is suf f ic ien t ly  small, t h i s  upper 

limit is raised. For example choosing S = 5 with ( R ~ R ~ )  = 2 (which is 

equivalent t o  expansion from a polar region defined by 60' G 8 G 90' a t  



8 -2 -1 
Ro t o  t he  f'ull henLspbere a t  % ) , CITY), C 0.28 x 10 cm sec  . It should 

be noted though tha t  for  all cases of nonradisl expansion ( I I Y ) ~  is signif icant ly 

raised over t ha t  obtained f o r  S = 2. 

i i )  Energ;y Flux Supply t o  the  Polar Wind 

An a l te rna t ive  approach t o  the  polar par t ic le  f lux  problen i s  possible by 

considering the  energy equation. Here, a l i m i t  on (NV), Eay be established i f  the 

veloci ty  at 1 AU is known and i f  t he  usual assumptions about the s t a t e  of t he  

intermediate corona a re  made. Using a one f lu id ,  steady-state, spherically 

symmetric nodel, the energy equation 

may be conbined n t h  equations 2 and 3 and integrated t o  y i e ld  

If a supersonic solar  wind ex is t s  a t  1 AU but not a t  Eo then t h e  dcninant t e n  at 1 

2 5 
G?I m M 

1 
AU i s  F [- m MV ] while a t  Ro, the  domina~t terms are  A(R~)Q + F [- LT - 1. 

2 P e  2 c RoRo 
Theref ore 

Further progress is  not'possible without an additional closure 

relat ion which gives Q i n  terms of t h e  lower velocity moments. Usually 
0 

the Spitzer conductivity i s  assumed val id so that  



d t h  ro = 7.7 x erg ano1 sec K - ~ ' ~  (chapman, 1954; Spitzer, 1956); 

However, it is also possible that  the density is  suff ic ient ly  low over 
* 

the  poles tha t  equation 15 is  not obeyed. I n  part icular,  it is possible 

tha t  the polar density is so low that the dimensionless th i rd  moment, 

q = Q111.5 Nk!l!(kT~m~)"~], becomes impoaslbly large a t  a low a l t i t ude  

5 (Parker. 1964). For example if No = 1.23 x 10 ( ~ a i t o ,  1970). 

To = 0.98 x 10% (see section ( i )  above) and T a R - ~ ' ~  then q = 

( 0 . 1 5 ) ( ~ / ~ ~ )  or  q 2 1 when R 2 1.5 Ro. It is  therefore probable 

t ha t  below t h i s  a l t i tu2e  i n s t ab i l i t i e s  develop (~ors lund,  1970) which 

w i l l  l i m i t  Q t o  a value less  than the Spitzer upper l i m i t .  I n  other 

words, the heat flux w i l l  be limited within 1.5 Ro thus efpectively 

producing an isothernal region a t  lower a l t i tudes  and a regiot, of steeper 

than R- 'I7 temperature decrease a t  higher a l t i tudes .  

It is thus not clear how to  estimate the  value of Q i n  equation 
0 

14. For the sake of concreteness two al ternate  approaches are adopted 

below. The first assumes equation 15 t o  be valid with T a R ~ ~ ' ~  and the 

second adopts an exospheric approach. In  both cases the solar wind He 

abundance i s  assumed t o  be a f ree  parameter since its value is observed 

t o  be highly variable in  the ec l ip t ic  a t  1 AU and is not known a t  high 

polar lat i tudes.  Such an assumption i s  necessary since, i n  contrast t o  

the analysis presented in  section ( i )  where upper 1iDiit.s for (Wlo were 

independent of M (see e. g. equation lo), the magnitude of the He 

abundance may be significant here. This fact  resul ts  because most of the 

energy needed t o  drive the solar wind expansion goes into gravitat ional 

potential and kinetic energy which are both mass dependent. However t h i s  

effect  i s  more than conpensated for  by the fact  that  maximum values of 

-118- 



T derived from the analysis i n  secti2.r ( i )  scale l inearly with M (see e.g. 
0 

equation 9) .  

Assumiq f i r s t  that equation 15 i s  valid, T a R- 2/7 and 
6 To = (0.98 x 10 )(M/o. 547) h (see Fi-es 1 and 2) then upper l i m i t  values 

for (NV), can be calculated from equs'.ion 14 for chosen values of W and 

The resul ts  are sumoarized i n  T e S e  1 under the label ( w ) ~  ( ~ p i t z e r )  

for Ye = 320, 450 and 750 W s e c  and !,! - d u e s  corresponding t o  a He 

abundance of 0, 0.0b and 0.08 by nmkr. 

In t h e  appendix, a n  analysis i s  cresented which shows thxC it is not 

clear whether or  not electrons are ccllisionless below R = RX. If indeed 

coronal electrons a re  collisionless LeZr t o  but outside or 2 R then Q 
8 

must be calculated u.;ing exospheric tkezry (~ockers , 1970; Lemaire and 
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8cherer , 1971a,b ; Schulz a d  Eviatar , 1972 ; Hollweg , 1974 ; Eviatar and 

Schulz, 19751. In  t h i s  approach, only those electrons above the electr ic  

potaatial barr ier ,  l e ~ @ l  with velocities directed away from the sun can 

C a r r y  heat. The three f luid energy eq~at ions  may be combined and integrated 

to y1zld 

where the A synbol signifies a difference between any two radial  distances 

and e is the electronic charge. Choosing Ro and Re = 1 A U  as the two 

ref+rence-df stazcns thcz 

If both Ve and the shape of the electron distribution a t  R f ( ~ ) ,  are known 
0' 

then Q is readily evaluated using the relation 
0 

1 2 where meVB = A Assuming a Merrellien shspe for  f(V) then 



Equations 1 4 ,  17, and 19  can be combined t o  give a self-consistency 

condition f o r  €3 = Q ~ / [ ( N V ) ~ ~ T ~ ]  and hence M upper l i m i t  f o r  (IW); if 

t h e  bulk convection speed a t  1 AU is  t o  be grea ter  than o r  equal t o  Ve. 

where 

equations 20 and 21 along w i t h t k s  assumptions t h a t  R = 2, !I = 1.23 
0 0 

-3 6 crn (Sai to ,  1970) and l? = 0.98 x 10 (M/o. 547) K (see e.g. Figures 1 
0 

and 2) ,  upper l i m i t  values f o r  (NV) have keen calculated f o r  various values e 

of M and Ve and a re  a l so  l i s t e d  i n  Teble 1. 

A comparison of t h e  exospheric upper l i m i t s  with t h e  Spitzer  upper 

l i m i t s  f o r  (w) ,  shows t h a t  i f  both the  wave-particle co l l i s ion  frequency and 

t h e  coronal e lec t ron densi ty a r e  low enoug'n over t h e  s o l a r  pole so t h a t  an 

exospheric formalism i.s appropriate, very severe upper l i m i t s  can be placed on 

t h e  s o l a r  wind flux a t  1 AU whether o r  not t h e  H e  p a r t i c l e s  expand with t h e  

plasma. These upper l i m i t s  f a l l  well below t h a t  calculated from t h e  mass and 

momentum equations alone. However, since it 1s  l i k e l y  t h a t  t h e  corona is 

s u f f i c i e n t l y  turbulent  t h a t  an exospteric formalism i s  not appropriate, t h e  

t r u e  upper l i r i t s  fo r  (w), may be l e s s  than but c loser  t o  t h a t  calculated 

using t h e  Sp i t ze r  conductivity. 

A comparison of the  upper l i m i t  values fo r  (NV), derived using the  form 

of the  energy equation which incorporates the  Spitzer  conductivity, with t h a t  



derived using t h e  mass and momentum equations, requires a knowledge of M and Ve. 

Reasonable choices f o r  values of these  quant i t ies  a r e  made a s  follows. F i r s t ,  

inspection of  Table 1 shows t h a t  by choosing t h e  so la r  wind H e  abundance t o  be 

4% by number, t h e  e r r o r  made i n  estimating (IN), is  probably l e s s  than 20%. 

Therefore, f o r  t h e  purposes of t h i s  comparison, M is chosen t o  be 0.547. :on- 

cerning the  speed of t h e  polar so lar  wind a t  1 AU several  pieces of evidence 

have recent ly  indicated t h a t  V over t h e  pole is  higher t3an t h a t  observed i n  e 

tFe e c l i p t i c    ole, 1374) and may be close t o  750 k l s e c  (Gosling e t  a l . ,  1976; 

Felifman e t  al., 1976). i f  t h i s  is the  case then from Tab', ' , ecergy considera- 

8 -2 -1 * 
t i o n s  require t h a t  (w), be l e s s  than approximately 0.4 x 10  cm sec . This 

value compares favorably with t h a t  derived using t h e  m:.ss and momentum equations 

e 
((IN), $ (0.2 t o  0.4) x 10 see-I).  It i s  t h e r e f x e  concluded t h a t  i f  heat 

conduction i s  t h e  dominant mode of energy transport  a t  atout  2 R and i f  
Q ' 

Sa i to ' s  polar  densi ty node1 i s  correct  then the  p a r t i c l e  f lux  of t h e  pol.%r 

8 -2 -1 
so la r  wind should be l e s s  than about 0.5 x 10 cm sec . This upper l i m i t  i s  

about a f ac to r  of 7 tires l e s s  than the  solar  wind p a r t i c l e  f lux  observed i n  the  

e c l i p t i c  a t  1 AU ( ~ e l d 3 a n  et, a l . ,  1976). 

3. Latitude Variations of Heavy Ion " ~ r e e z i n g  In" Distar,ces 

Alloucherie (1967) derived an approximate c r i t e r i o n  necessary f o r  a 

heavy ion of m,=s Am and charge Z t o  d i f fuse  upward in  an expanding corona. 
P 

- - 

9t 
It should be noted t?-~it t h i s  value i s  an upper l i m i t .  If the  heat f lux,  Q, 

is regulated below 1 . 5  R as  suggested e a r l i e r ,  then t h e  rep,lon below 1 . 5  Ro 
0 

becomes more nearly isothernel  thereby reducing CT, Q, ~ . n d  hence the  upper 

l i m i t  value derived f o r  ( 1 ~ ) ~ .  

-122- 



His result is: 

where t h e  symbols a r e  as previously defined and In1 is  the coulomb 
6 -3 = 0.98 x 10 K and expressing logarithm. Choosing No = 1.23 x 10  cm To 

22 i n  terms of  ( w ) ~  w g e t  : 

s-2 

-2 -1 
(NW, ' cm sec 

Since f o r  a rad io1  expansion (S = 2 )  t h i s  l i m i t  is approximately a 

f a c t o r  o f  4 t o  10 times g rea t e r  than  t h e  upper l i m i t  f o r  (MT), der ived  above, 

it is reasonable t o  conclude t h a t  i f  Sa i to ' s  model i s  co r rec t  and i f  t h e  po la r  

corona i s  not  ex t e rna l ly  heated above r = 2RB, He may not expand wi th  t h e  

s o l a r  wind. This  conclusion r e r a i c s  v a l i d  f o r  S C 4 and (%/R*) = 2 as uell. 

However, observation of t he  length  of the  neu t r a l  hydrogen t a i l  of Comet 

Bennet (Bertaux e t  a l . ,  1973; Kel ler ,  1973) a s  a funct ion of hel iographic 

l a t i t u d e  ind ica tes  t ha t  t he  polar  so l a r  wind f l u x  is a t  l e a s t  a s  l a r g e  a s  

8 -2 -1 2 x 10 cm sec a t  1 AU. This  value is i n  disagreement with t h e  upper 

l i m i t s  deduced i n  sec t ion  2. It is therefore concluded t h a t  a t  l e g s t  one 

of t he  assumptio-, made i n  the  above ana lys is  is  not co r r ec t  and t h a t  i t  

should indeed be possible  t o  observe s o l a r  wind heavy ions a t  po lar  l a t i t u d e s  

a t  1 AU. I f  t r u e  then measurements of the  popu la t im  d e n s i t i e s  of individual  

heavy ion ion iza t ion  s t a t e s  w i l l  y ic ld  information concerning the  temperature 



e t r u c t u r e  o f  t h a t  region i n  t h e  polar s o l a r  corona where t h e  va r ious  i o n i z a t i o n  

6 t a t e s  "f reeze  in." 

It is  p o s s i b l e  t o  determine t h e  "freezing in'' d i s t a n c e s  of the various 

heavy i o n  s p e c i e s  as a funct ion o f  hel iographic  l a t i t u d e  us!ng equation 1 i f  

t h e  following a s s m p t i o n s  are made: 1 )  t h e  f l o u  i s  r a d i a l ;  2) t h e  v e l o c i t y  

d i s t r i b u t i o n  i s  Maxwel l i~n;  and 3) t h e  e l e c t r o n  temperature, T, depends on t h e  

rad ius ,  r,  a s  T = i (z-/%)-~. Following p r e v ~ o u s  work 
9 

(Hundhausen e t  al . ,  1968a, b; Barn. 2 t  a l . ,  1974) these  d i s t a n c e s  a r e  

-1 
defined a s  those  f o r  which t h e  expansion r a t e ,  T = (YdlmV/dr) becomes e 

l a m e r  than t h e  ion iza t ion  s t a t e  changing r a t e ,  rp: + r;: = N(Ri + Ci). 

He.: ' is t h e  e l e c t r o n  temperature a t  t h e  base of t h e  corona, V is the  
0 

s o l a r  wind speed, R is t h e  r a t e  of recombination from s t a t e  i t o  s t a t e  i-1 i * 
and C is t h e  r a t e  of c o l l i s i o n h l  io-i ization from s t a t e  i t o  s t a t e  i + 1. 

i 

Changes i n  t h e  "freezing in" dis tances  wi th  1a:itude of a sample of t h e  

most abundant ions  a r e  shown schemalically i n  Figure 3 superimposed on s c a l e  

height  temperatures ca lcu la ted  using equation 1 f o r  0 = 0' and 90". For 

6 
purposes of i l l u s t r a t i o n  an isothermal corona with T = 1.0 x 1 0  K and a 1 F 

8 -2 -1 
dU p a r t i c l e  f l u x  of 2.5 x 1 0  cm see  were assumed f o r  eva lua t ing  r-' -1 

r i  + 'ci' 

The scale height  temperature f o r  a s t a t i c  corona is given by T = 
B 

2 
(GMsmp~)/ (kr d l n l i d r )  . Inspec t ion  of Figure  3 shows t h a t  t h e  region i n  t h e  

corona f o r  which temperature values  can be determined frslu s o l a r  wind heavy 

ion  d a t a  moves inward from above t o  below t h e  temperature maximum a s  8 

v a r i e s  between 0" and 90'. Thus a t  some intermediate  l a t i t u d e ,  coronal  

temperatures bracketing t h e  maximum can be sampled allowing t h e  magnitude 

and e x t e n t  of mechanical d i s s i p a t i o n  i n  t h e  in termediate  corona t o  be 

estimated (see  e.g. t h e  a n a l y s i s  of Brandt e t  a l . ,  1965). 

*Col l ie ional  i o n i z a t i o n  and r a d i a t i v e  recombination (including d i e l e c t r o n i c  
recombination) c o e f f i c i e n t s  f o r  0, S i ,  and F e  were kfndly supplied by D r .  A ,  Dupree. 



4. Summary and Conclusions 

I n  t h i s  paFer two re la ted  aspects of t h e  physical s t a t e  of the  in ter -  

planetary plasma a t  high solar  l a t i tudes  were explored, In  t h e  f i r s t  pa r t  

upper l i m i t s  f o r  t h e  polar  so la r  win6 p a r t i c l e  flux were derived using a s e t  

of  reasonable assumptions concerning the  base coronal conditions along with 

Sai to ' s  (1970) coronal density ~ o d e l .  I n  the  seconC par t ,  it was determined 

whether t h i s  f l u x  was su f f i c ien t  t o  Crag the  heavier ions away from t h e  Run 

i n t o  interplanetery space. 

From t h e  analys is  i n  the  f i r s t  par t  it was concluded t h a t  i f  Sa i to ' s  

model i e  correct ,  the polar electron density is su f f i c ien t ly  low t h a t  i n  t h e  

absence of extended heating the  solar  wind f lux  at high l ~ t i t u d e s  should be 

a t  l e a s t  a f ac to r  of from 11 t o  10 t i r e s  l e s s  than t h a t  observed i n  t h e  

e c l i p t i c  a t  1 AU. Such a low p a r t i c l e  f lux was shown i n  t h e  second par t  

t o  be small enough t h a t  most heavy ions would not be expected t o  expand 

with the  protons i n t o  in terplacetary  space. 

However, ind i rec t  and l i ~ i t e d  evidence avai lable  a t  present i s  con- 

s i s t e n t  with a polar  s o l a r  wind thbt ?!as at l e a s t  a s  l a rge  a veloci ty  ( ~ o l e s  

e t  a l . ,  1974; Brandt e t  al. ,  197h) and as  large  a 2 a r t i c l e  f lux  ( ~ e r t a u x  

e t  al., 1973; Keller ,  1973) as  t h a t  observed i n  t h e  e c l i p t i c  a t  1 AU. From 

t h e  analysis  presented i n  sect ion 2, these observations then require e i t h e r  

tha t  extenCed heating d i s t i n c t  from tha t  provided by electron heat conduction 

is necessary some of  t h e  time above 2Ro o r  t h a t  Ss i to ' s  polar  dens i t i e s  

are  too  low. Whichever i s  t h e  case, the  fac t  t h a t  t h e  

solar  wind p a r t i c l e  f lux  6oes not aopear t o  decreaae with increasing heliographic 

l a t i tude  ( ~ e r t a u x  e t  a l . ,  1973; Keller, 1973) indicates tha t  coronal heavy 

ions may be expected t o  expand with the  protons away from the  sun. I f  t r u e  



then  measurements of t he  population dens i t i e s  of individual  heavy elenent  

i on iza t ion  s t a t e s  i n  t he  2o la r  wind v i l l  provide information at  1 AU con- 

cerning t h e  thermal s t a t e  of t h a t  region i n  t h e  intermediate  corona where 

t h e  respec t ive  i c a i z a t i o n  s t a t e s  f reeze  in .  It t - ~ n s  out t h a t  t h e  l a t i t u d e  

va r i a t i on  o f  these f reez ing  i n  d i s tances  calculated using S a i t o l s  model 

i s  such t h a t  t h e  region i n  t he  corona f o r  which temperature values can be 

determined moves inward f r c n  above t o  below t h e  nominal l oca t ion  of t h e  

temperature nzaximum as 8 va r i e s  between 0" and 90". Therefore, measu; slnents 

of heavy ions  at high s o l a r  l a t i t u d e a  may provide vaix?hle i n f o m a t i o n  con- 

cerning t h e  magnitude and extent  of  mechavical d i s s ipa t ion  i n  t h e  intermediate  

p o l a r  corone. 
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Table 1 

Upper LTait Velues of ( 1 ~ ) ~  

Consistent With the Enerry Equation 

% -2 -1 
crn sec 

He/H (!~)~(~pitzer) 

-2 -1 
cm sec 

(PW Exospherie 

1.24 x 10 6 

4.96 x 10 
4 

0.41 



Appendix 

Cornparisor? of Expected Electron-Electron Collision Lengths 

with Scale Lengths in the Polar Corona 

The mgnitude of the electron conductivity i n  she polar corona 

depends c r i t i c a l l y  on the electron-electron col l is ion length, Zc. If 

is small enough then the Spitzer conductivity is  appliceble but i f  it i s  

too large, then 8s exospheric approach is needed t o  evaluate the polar 

electrozl heat flux. It turns out tha t ,  according t o  Saito,  TI i s  
0 

suf f ic ien t ly  low over the  pole t ha t  it is not c lear  -zhether o r  not +Fnmal 

electrons a r e  co l l i s ion less  above R = 2~ For e x ~ l e  the se l f  scat ter ing t i ~ e  for e 
a' 

3/2 th.mel electron e t  2R i s  r = (1.1 x 1 0 - * ) ~ ~  /No = 87 sez (Spi trer ,  1956) 
0 C 

whereas a t  t ha t  distance the expansion time (assumin,- a radial  zagnetic 

f i e l d )  is re = (k? /n )1'2dln~/d~]-1 = 60.5 sec. Furthernore the coulomb o e 

scat ter ing length, 9: defined hy c ' 

may be e i the r  lerger  than o r  smaller than the temperature scale length, 

rT = I - ~ I ~ T / ~ R I - '  = 3.5 Ro. depending on the vzilue oE the maxisuer a l t i t z 3 e  

a t  which S a i t o f s  density model is  valid,  RX. This i s  readi ly s50-m by 

assuming a density model consistent with Sai to 's  resu l t s  (1979): 



with RIG h .  Cambining A l  and A2 and using Ro = 2 with No from equation 1 

evaluated a t  0 = 90° it is found that  L c / ~ o  = 1.33, 2.48 and 6.69 f o r  = 'k 
3.0, 3.5 and 4.0 respectively. 

Since the  actual  value of Xc may be e i ther  l ess  than o r  gres ter  * 

than RT depending on the value of Rx, it i s  not known whether t he  Spitzer 

conductivity o r  a conductivity calculated using exospher?~ theory is most 

valid i n  t he  polar solar  corona. However, the  fact  t ha t  Ec is  of the  same 

order of magnitude a s  llT suggests tha t  neither of the  above is  correct and 

tha t  t o  obtain an accurate detemination of the  t rue  conductivity a 

kinetic a~proach  rzy be necesaar:;. 



Figure Captions 

F i g u r e l .  P lo ts  of  equation 9 f o r  5 = 3 and 3.5. Radial flow is  assumtu 

2 
and hence ( w ) ~  = ( A V ) ~ ( R ~ / R ~ )  . The minimum value of each 

C 

curve corresponds t o  t h e  maximum f lux  a t  1 AU consistent  with 

the  assumptions d T / d ~  < 0 fo r  R 3 2 and T 3 0 f o r  R Rx. 

Figure 2. Coronal temperatures, T(R) f o r  values of ( w ) ~  and ~ ( 2 )  determined 

from equations 9 and 1 0  evaluated a t  t h e  minima of t h e  curves i n  

f igure  2. Drawn a lso  f o r  comparison a re  the  polar  sca le  height 

temperature, T (R) and the  curve T a R- (2/7) H 

Figure 3. Variations with. l a t i t u d e  of the  "freezing in" distances of  a 

sample o f t h e m o s t  abundant h e m  ions. Scale heightterzpera- 

t u r e s  are calculated using equation 1 f o r  0 = o0 and go0 2nd a 

6 
constant "freezing infr t e q e r a i u r e  of  T = 1 x 10 K is  zssuned. F 










