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ABSTRACT 

The s t r u c t u r e  and energy balance of t h e  chromosphere-corona t r an -  

s i t i o n  region i s  i n v e s t i g a t e d  by means of a s t a t i c ,  p l ana r  model which 

i s  compared with t h e  r e s u l t s  of XW-resonance-line observat ions.  In  

t h i s  model, t h e  t r a n s i t i o n  reg ion  i s  heated by thermal conduction from 

t h e  corona and cooled by r a d i a t i v e  l o s s e s .  Comparison of t h e  model 

wi th  observa t iona l  r e s u l t s  impl ies  t h a t  t h i s  i s  t h e  dominant process  i n  

t h e  energy balance of t h e  t r a n s i t i o n  region, and t h a t  t h e  base of t h e  

t r a n s i t i o n  region i s  i n h e r e n t l y  non-s ta t ic  and/or non-planar. The  model 

expla ins  t h e  observa t iona l  f i nd ing  of Noyes e t .  a l .  (1970) t h a t  t h e  

number d e n s i t y  and the downward hea t  f l u x  both inc rease  by t h e  same 

f a c t o r  from q u i e t  regions t o  a c t i v e  reg ions .  The impl ica t ions  of t hese  

r e s u l t s  a r e  d iscussed  with regard t o  s p i c u l e s .  
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c 

1. INTRODUCTION 

The purpose of t h i s  a r t i c l e  i s  t o  examine t h e  ex ten t  t o  which a 

s t a t i c ,  p l a n a r  model may be used t o  desc r ibe  and explain t h e  s t r u c t u r e  

and energy balance of t h e  chromosphere-corona t r a n s i t i o n  region.  

t h i s  s e c t i o n  w e  s h a l l  b r i e f l y  present  t h e  s a l i e n t  f e a t u r e s  of t h e  

t r a n s i t i o n  region which motivate such a s tudy.  

I n  t h i s  paper, fol lowing Po t t a sch  (1964), w e  s h a l l  use t h e  t e r m  

In  

chromosphere-corona t r a n s i t i o n  region", or j u s t  " t r a n s i t i o n  region", 11 

t o  des igna te  the region of t h e  s o l a r  atmosphere i n  which t h e  temperature 

i n c r e a s e s  from about 10 4 K ( t y p i c a l  temperature of t he  upper chromosphere) 

6 t o  about 10 K ( t y p i c a l  temperature of t h e  lower co rona ) .  T h i s  i s  t h e  

region from about 2,000 km t o  about 10,000 k m  above t h e  photosphere 

(Athay, 1969, Dupree and Goldberg, 1967). Observed energy f l u x e s  of 

extreme u l t r a v i o l e t  resonance l i n e s  e m i t t e d  from the  o u t e r  s o l a r  atmos- 

phere imply (see Sec t ion  3.2.1) t h a t  above t h e  lo5 K l e v e l  t h e  atmos- 

phere i s  approximately planar ,  and t h a t  t h e  f l u x  of hea t  f lowing from 

t h e  corona down t o  t h e  chromosphere remains roughly constant  from t h e  

10 K l e v e l  down t o  t h e  10 K l e v e l .  W e  term t h i s  upper p a r t  of t he  6 5 

t r a n s i t i o n  region t h e  "constant-heat-flux region." The p a r t  of t he  

t r a n s i t i o n  region below the  constant-heat-f lux region w i l l  be called 

t h e  "base region". Th i s  schematic p i c t u r e  of t h e  t r a n s i t i o n  region is  

summarized i n  Figure 1. 

A major func t ion  of the base region is  t o  absorb t h e  downward 

flowing heat  which pas ses  through t h e  constant-heat-f lux region.  The 

va lue  of t h i s  heat f l u x  which e n t e r s  t he  base region i s  not accu ra t e ly  

determined by t h e  u l t r a v i o l e t  l i n e  d a t a ,  but a value g r e a t e r  than 10 

e r g  sec is  ind ica t ed  (see Sec t ion  3.2.1).  A t  t h e  10 K l e v e l  and 

5 
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below, t h e  hea t  conduc t iv i ty  and t h e  temperature  grad ien t  a r e  so small 

t h a t  less than  10 e r g  

t h e  t r a n s i t i o n  reg ion .  Therefore ,  t h e  hea t  e n t e r i n g  t h e  base  region 

from t h e  cons tan t -hea t - f lux  region must be absorbed i n  t he  base reg ion .  

Op t i ca l  e c l i p s e  s p e c t r a  i n d i c a t e  t h a t  s p i c u l e - l i k e  inhomogeneities 

2 
sec-' can be conducted out  of t h e  bottom of 

begin t o  appear i n  t h e  chromosphere a t  he igh t s  above about 1,500 k m  

(Suemoto and H i e i ,  1962), and s p i c u l e s  o f t e n  extend t o  he igh t s  of 10,000 

k m  or more. Thus, some s p i c u l e s  extend through t h e  he ight  range of t h e  

chromosphere-corona t r a n s i t i o n  region.  Since s p i c u l e s  a r e  t r a n s i e n t  and 

must have a temperature  w e l l  below 10  5 K (Beckers, 1968), the  constant-  

hea t - f lux  region cannot be completely s t a t i c  and h o r i z o n t a l l y  uniform. 

However, above 3,000 km s p i c u l e s  occupy less than  a few percent of t h e  

ho r i zon ta l  su r f ace  a rea  (Allen,  1963, Beckers, 1968). This  sugges ts  

t h a t  t h e  s t a t i c ,  p l a n a r  cons tan t -hea t - f lux  region implied by the u l t r a -  

v i o l e t  emission-l ine da t a  corresponds t o  a hot ,  s t a t i c  background 

atmosphere which i s  penet ra ted  here and there by the  coo le r  s p i c u l e s .  

Thus, a l though t h e  cons tan t -hea t - f lux  region appears  t o  be inhomogeneous 

and f l u c t u a t i n g  when viewed o p t i c a l l y  a t  t h e  l i m b  i n  a chromospheric 

emission l i n e s ,  i n  terms of o v e r a l l  s t r u c t u r e  and average hea t  f low 

from t h e  corona t o  t h e  chromosphere, a s t a t i c ,  p l ana r  model i s  st i l l  

reasonable .  

I n  view of t h e  s t a t i c ,  p l ana r  n a t u r e  of the cons tan t -hea t - f lux  

region ( d e s p i t e  t h e  presence of s p i c u l e s ) ,  it i s  reasonable  t o  cons ider  

a s t a t i c ,  p l ana r  model f o r  t h e  base region which absorbs t h e  hea t  which 

passes  through t h e  constant-heat-f lux region.  A s t a t i c ,  p l ana r  model 

of t h e  base region i s  "poss ib le t t  i f  t h e  downward hea t  f l u x  passing t h e  

2 
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10 K l e v e l  can be r ad ia t ed  away above t h e  10 K l e v e l .  However, Kuperus 

and Athay (1967) have suggested t h a t  t h e  base region i s  so t h i n  t h a t  t h e  

inf lowing hea t  cannot be balanced by r a d i a t i o n  alone, and t h a t  t h e  ex- 

cess energy goes i n t o  t h e  k i n e t i c  energy of s p i c u l e s .  Hence, a quan- 

t i t a t i v e  s tudy of a s t a t i c ,  p lanar  model of t h e  t r a n s i t i o n  region may 

be re levant  t o  t h e  o r i g i n  of sp i cu le s ,  and t h e i r  r o l e  and importance i n  

t h e  energy balance of t h e  base region.  

3 



2. MODEL AND FOmATION 

2.1 BASIC PHYSICAL ASSUMPTIONS 

The model of t h e  t r a n s i t i o n  region s tudied  i n  t h i s  paper i s  based 

on t h e  fo l lowing  assumed phys ica l  condi t ions  and approximations.  

(1) 

(2)  

(3) 

The model is  h o r i z o n t a l l y  inform. 

The magnetic f i e l d  i s  assumed t o  be v e r t i c a l .  

The model t r a n s i t i o n  region i s  assumed t o  be i n  hydros t a t i c  equi- 

1 i b rium . 
The " tu rbu len t  pressure '? i n  t h e  t r a n s i t i o n  region, due t o  v e l o c i t y  

f l u c t u a t i o n s  ( p a r t  of which a r e  produced by t h e  mechanical waves 

which pass  through t h e  t r a n s i t i o n  region t o  hea t  t h e  corona), i s  

neglec ted ;  t h e  model atmosphere is assumed t o  be supported aga ins t  

g r a v i t y  e n t i r e l y  by t h e  thermal gas p re s su re .  

There i s  no d i s s i p a t i o n  of t h e  mechanical waves wi th in  the model 

t r a n s i t i o n  reg ion .  

The condi t ion  of i o n i z a t i o n  equi l ibr ium i s  s a t i s f i e d  a t  each poin t  

i n  t h e  model. 

(4) 

( 5 )  

(6) 

(7) A l l  e x c i t a t i o n s  and i o n i z a t i o n s  a r e  c o l l i s i o n a l ,  and a l l  recombina- 

t i o n s  and de -exc i t a t ions  a r e  r a d i a t i v e .  

The presence of elements o t h e r  than hydrogen i s  ignored except 

f o r  t h e i r  c o n t r i b u t i o n  t o  t h e  r a d i a t i v e  l o s s e s .  

The a im of each of t h e  above adopted cond i t ions  i s  t o  s impl i fy  

( 8 )  

t h e  mathematical model while  hopeful ly  r e t a i n i n g  the e s s e n t i a l  physics  

involved i n  t h e  s t r u c t u r e  and energy balance of t h e  ac tua l  t r a n s i t i o n  

region.  In  p a r t i c u l a r ,  approximation (4 )  s i m p l i f i e s  t h e  f o r c e  equation, 
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approximation ( 5 )  s impl i f ies  the  energy equation, while approximations 

(7)  and (8) s impl i fy  t h e  ion iza t ion  equat ion a s  w e l l  a s  t he  f o r c e  and 

energy equat ions .  

s impl i fy ing  assumptions r e t a i n s  the e s s e n t i a l  physics  of the t r a n s i t  ion 

region i s  t o  be judged, i n  p a r t ,  from t h e  comparison of t h e  model w i t h  

observa t ions .  

The degree t o  which t h e  model r e s u l t i n g  from our  

I t  should be noted t h a t  approximations ( 5 )  and (7)  optimize the 

removal of hea t  f l u x  by r ad ia t ion .  I n  general ,  t h e  energy rad ia ted  from 

each volume element of t h e  atmosphere may come from three sources:  ( i )  

mechanical energy d i s s i p a t e d  i n  t h e  volume, (ii) r a d i a t i o n  absorbed i n  

t h e  volume, (iii) hea t  f l u x  absorbed i n  t h e  volume. 

and (7)  r equ i r e  t h a t  a l l  of t h e  energy r ad ia t ed  from each volume ele- 

ment be suppl ied by t h e  absorpt ion of hea t  f l u x .  

Approximations ( 5 )  

2,2 GOVERNING EQUATIONS 

The equat ion which expresses  cond i t ion  (6), t h e  condi t ion  of 

i o n i z a t i o n  equi l ibr ium, i s  

3 = %  , ( 1) 

where 3 i s  t h e  r a t e  of ion iza t ion  p e r  u n i t  volume, and !l( i s  t h e  

ra te  of recombination pe r  u n i t  volume. If t h e  v e r t i c a l  coord ina te  z 

i s  taken t o  be p o s i t i v e  upward, t he  condi t ion  of hydros t a t i c  equi l ibr ium 

r e q u i r e s  t h a t  

where p i s  t h e  thermal gas  pressure,  p i s  t h e  mass dens i ty  of t h e  

gas  and g i s  the acce le ra t ion  of g r a v i t y ,  Condi t ions (3 ) ,  ( 5 ) ,  and 

(7 )  and the  conserva t ion  of energy demand t h a t  there be a balance of 

5 



h e a t  conduction and r a d i a t i o n .  This  is  expressed by 

where F i s  t h e  hea t  f l u x  ( p o s i t i v e  upward) and 9 i s  the r a d i a t i v e  

power output  p e r  u n i t  volume. 

(2)  and (3) i n  terms of the t o t a l  number d e n s i t y  

number d e n s i t y  n t h e  temperature  T, and t h e i r  d e r i v a t i v e s  w i t h  

respec t  t o  t h e  v e r t i c a l  coord ina te  z, t o  ob ta in  three equat ions i n  

three unknowns with which t o  compute t h e  s t r u c t u r e  of t h e  model. 

r 

We now proceed t o  express  equat ions (l),  

n, t h e  e l e c t r o n  

e’ 

Under approximations (7) and (8) ,  equat ion (1) can be wr i t t en  a s  

n n 1  - n n R  e H H -  e p H ’  (4) 

where n i s  the  number d e n s i t y  of n e u t r a l  hydrogen, n i s  t h e  num- 

b e r  d e n s i t y  of ion ized  hydrogen, IH i s  the  c o l l i s i o n a l  i on iza t ion  

c o e f f i c i e n t  f o r  hydrogen, and Rw i s  t h e  r a d i a t i v e  recombination co- 

e f f i c i e n t  f o r  hydrogen. Now with t h e  simple r e l a t i o n s  f o r  pure hydro- 

gen, 

H P 

and 

n = n  t n  C n  P e 

n = n  
P e ’  

t h e  i o n i z a t i o n  equi l ibr ium equat ion may be solved f o r  n /n: e 

1 n 

n 2 + R d I H  ’ 
e - -  - 

( 5 )  

( 7 )  

6 



For pure hydrogen, t h e  mass dens i ty  of t h e  gas  i s  

n 

p =  ( l - + ) n m  H '  

From t h i s  expression and t h e  equat ion of s t a t e ,  

p = nkT , (9) 

t h e  equat ion of h y d r o s t a t i c  equi l ibr ium can be w r i t t e n  i n  terms of n, 

n and T: e 

(1 - ne/n)mHg 
- -  - 1 d(nT) 

nT dz kT 
- 

The hea t  f l u x  F i s  propor t iona l  t o  t h e  temperature  grad ien t :  

dT 
dz F = - K -  

where K i s  t h e  thermal conduct iv i ty .  Thus, t h e  l e f t  hand s i d e  of 

t h e  energy equation, equat ion (3) ,  may be expressed a s  

- - - - ( . g ) .  dF d 
dz  - dz 

w e  adopt t h e  r e su l t s  of 

They have computed t h e  r a d i a t i v e  cool ing co- 

'r 3 

e f f i c i e n t  Lr,  which is  r e l a t e d  t o  Lr by 

For  t he  r a d i a t i v e  power output  dens i ty  

Cox and Tucker (1969). 

8 a s  a func t ion  of temperature  i n  t h e  range IO4 K t o  10 K .  

t o  hydrogen, Cox and Tucker have included cosmic abundances of t h e  

next  e igh t  most abundant elements: He, C, N, 0, N e ,  Mg, S i  and S, i n  

t h e i r  c a l c u l a t i o n  of L A t  temperatures above a f e w  times 10 K ,  

I n  addi t ion  

4 
r' 
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t h e s e  add i t iona l  elements dominate t h e  r a d i a t i v e  cool ing .  

regard t o  Lr9 

However, s i n c e  hydrogen i s  t h e  major component of t h e  s o l a r  atmosphere, 

t h e  elements o t h e r  t han  hydrogen may be neglec ted  i n  t h e  equat ion o f  

h y d r o s t a t i c  equi l ibr ium, i n  determining t h e  hea t  f l u x  and thermal con- 

d u c t i v i t y ,  and i n  t h e  i o n i z a t i o n  equation, which determines t h e  elec- 

t ron ,  proton and hydrogen number d e n s i t i e s  i n  equat ion (13). The ex- 

p re s s ion  of t h e  energy equat ion i n  terms of n, ne and T i s  then  

Thus, with 

w e  r e l a x  ou r  assumption of a pure hydrogen atmosphere. 

n n - d (.%)=: (1 -a).% r . 
dz 

2.3. SPECIFICATION OF THE MODEL 

The c o e f f i c i e n t s  IH and RH i n  equat ion ( 7 ) ,  and K and Lr 

i n  equat ion (14) a r e  func t ions  of temperature which w e  now spec i fy .  

The i o n i z a t i o n  and recombination c o e f f i c i e n t s  f o r  hydrogen a r e  

taken  from Cox and Tucker (1969): 

-8 -112 .-B cm3sec-l IH = 2.34 x 10 Y f3 

and 

RH = 5.20 X d4 g1/2[0.4288 + 2 &y3 + 0.4698 f3-1’3]cm 3 sec -1 , (16) 

where 

8 
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Figure  2 shows t h e  r a d i a t i v e  cool ing  c o e f f i c i e n t  curve computed 

W e  have by Cox and Tucker f o r  t h e  temperature  range 10 4 K t o  10 6 K .  

adopted the  fol lowing s t ra ight- l ine-segment  f i t  for our  model: 

4.0 < l o g  T < 4.2: l og  L r  = 8.00 l o g  T-55.6 

4.2 < l o g  T < 4.5: log  Lr = -22.0 

4.5 < l o g  T < 4.87: l o g  Lr = 2.44 l o g  T -33.0 

4.87<10g T < 5.5: l o g  Lr = -21.1 

5.3 < l o g  T < 6.0: l o g  L r  = -1.86 l o g  T - 1 0 . 9  

F igure  3 shows the  thermal conduc t iv i ty  curve which we have ob- 

t a ined  from t h e  r e s u l t s  of Devoto (1968) and Delcroix and Lemaire (1969) 

(see Appendix A )  

segments given by 

The curve i s  c l o s e l y  f i t  by t h r e e  s t r a i g h t  l i n e  

4.0 < l og  T < 4.05: l o g  = l o g  T + 1.49 

4.05 < l o g  T < 4.26: l o g  K = -3.19 l o g  T + 18.47 (19) 

4.26 < l o g  T < 6.00: l og  K = 2.36 l o g  T - 5.18 

This  s t ra ight- l ine-segment  f i t  i s  the  conduc t iv i ty  curve used i n  computing 

the s t r u c t u r e  of t h e  model. 

W i t h  t h e  above c o e f f i c i e n t  formulas, we have now completely spe- 

c i f i ed  o u r  model. The s t r u c t u r e  of t h e  model i s  completely determined 

by appropr i a t e  boundary va lues  of n, T, and F. W e  choose t o  spec i fy  

t h e  va lues  of t h e s e  q u a n t i t i e s  a t  the  upper boundary of t h e  model t r a n -  

s i t i o n  region because the value of t h e  number dens i ty  i s  best known a t  

t h e  top  of t h e  observed t r a n s i t i o n  region (Athay, 1969). We de f ine  t h e  

9 



6 t h e  upper boundary of the  model t o  be t h e  10 K l e v e l .  W e  t h e r e f o r e  

fix the temperature  To of t h e  upper boundary of t h e  model a t  10  K 

and s tudy  t h e  model by varying t h e  boundary va lues  of n and F, which 

a r e  denoted by n and Fo. 

6 

0 

.. 
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3. RESULTS 

3.1 Numerical Resu l t s  

To s tudy t h e  behavior of t h e  model with v a r i a t i o n s  i n  n and 

Fo, w e  computed t h e  run of temperature and heat  f l u x  w i t h  height  i n  

t h e  model f o r  s e v e r a l  va lues  of n and Fo by numerically solving 
0 

t h e  governing equat ions ( 7 ) ,  ( l o ) ,  and ( 1 4 ) .  Examples of t h e  tempera- 

t u r e  p r o f i l e s  a r e  shown i n  F igu re  4, where 

10 e r g  cm-2 sec and n t a k e s  t h e  values  1.00, 1.92, 2.24, and 2.82 

0 

i s  f ixed  a t  -1.0 x 
FO 

6 -1 
0 

t i m e s  lo9 ~ m - ~ .  Curves of t h e  heat  f l u x  versus  t h e  logarithm of t h e  

temperature f o r  t h e  same cases a r e  shown i n  Figure 5 #  

The curves i n  F igu res  4 and 5 may be q u a l i t a t i v e l y  understood a s  

2 
fol lows.  The r a d i a t i v e  power output d e n s i t y  i s  proport ional  t o  n . 
On the o t h e r  hand, i f  there were no r a d i a t i v e  l o s s e s ,  t h e  th i ckness  

of t h e  t r a n s i t i o n  region would be i n v e r s e l y  p ropor t iona l  t o  t h e  ( cons t an t )  

downward h e a t  f l u x .  Consequently, w e  expect t h a t  f o r  s u f f i c i e n t l y  

l a r g e  values  of t h e  number dens i ty  n and s u f f i c i e n t l y  small values  

of t h e  h e a t  f l u x  F a t  the  upper boundary, t h e  model w i l l  r a d i a t e  

away a l l  of t he  downward heat  f l u x .  That is, t h e  heat  f l u x  w i l l  de- 

> 10 K .  Figures  4 and 5 bear c r e a s e  t o  ze ro  a t  some temperature 

t h i s  out :  i f  n i s  l a r g e  enough ( n  3 1.92 x lo9 ~ m - ~ )  t h e  tempera- 

t u r e  g rad ien t  and t h e  heat  f l u x  pass  through zero a t  t h e  minimum tempera- 

t u r e  (> 10 K )  reached by t h e  curveg but i f  n is  too  small (e .g .  

0 

0 

4 
TZF 

0 0 

4 
0 

- 1.00 x 10 9 ~ m - ~ ) ,  no temperature minimum occurs  because t h e  model 
no - 
i s  unable t o  r a d i a t e  away a l l  of t h e  heat  f l u x .  

TZF FoJ the  value of n determines t h e  temperature 0 For a given 

a t  which F = 0, Thus, from sets of c a s e s  such a s  t h a t  represented i n  

Figure 5 ,  w e  may o b t a i n  t h e  sets of ( n  ) p o i n t s  shown i n  Figure 6 T 
0’ ZF 
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f o r  cons tan t  va lues  of Fo. 

each set of p o i n t s  with a common va lue  of 

then  ob ta in  sets of ( n  F ) a t  cons tan t  

l oga r i thmica l ly  i n  F igure  7. Each set of p o i n t s  f o r  cons tan t  

a long a curve with s lope  inc reas ing  from about 0.9 a t  l o g  no = 9.0 t o  

about 1.0 a t  l o g  n = 10.0. Thus, f o r  cons tan t  TZF, Fo i s  approxi- 

mately propor t iona l  t o  n 

A smooth curve has  been f i t t e d  through 

Foq 

ZF 

From these  curves w e  

which w e  have p l o t t e d  09 o 
l i e s  TZF 

0 "  

The f a c t  t h a t  F i s  approximately propor t iona l  t o  n f o r  con- 0 0 

i s  r e a d i l y  understood from t h e  governing equat ions and t h e  s t a n t  TZF 

f a c t  t h a t  t h e  p re s su re  i s  nea r ly  cons tan t  i n  t h e  model t r a n s i t i o n  re- 

gion.  With t h e  a i d  of t h e  hea t  conduction law, equat ion (ll), t h e  

energy equat ion (14) may be w r i t t e n  a s  

FdF = [? (1 - 

Equation (7)  shows t h a t  t h e  q u a n t i t y  i n  square b racke t s  i s  a func t ion  

of t h e  temperature  alone: 

n 

n 
e - 

I n  conjunct ion with t h e  hea t  conduction law, t h e  equat ion of hydros t a t i c  

equi l ibr ium y i e l d s  t h e  i n t e g r a l  

0 L d d  ,, 
HF nT = n T exp 

0 0  

1 2  



where H i s  t h e  p re s su re  s c a l e  he ight ,  

kT H =  

The q u a n t i t y  - K / H F  dT i s  p o s i t i v e  due t o  t h e  f a c t  t h a t  F is  

nega t ive  ( h e a t  f l u x  downward). Even though F goes t o  zero, so t h a t  

i t  was found t h a t  TZF ' - -  goes t o  i n f i n i t y ,  a s  T approaches 
HF 

dT << 1 
HI? 

i n  a l l  ca ses  f o r  which the  model was computed. That is, i n  t h e  ranges 

of n and Fo i n  F igu re  6, t h e  p re s su re  remains nea r ly  cons tan t  

through t h e  model. 

0 

Equation (20 )  may t h e r e f o r e  be w r i t t e n  

2 2  FdF = n  T f ( T )  dT . 0 0  

I n t e g r a t i o n  of equat ion (25)  from TZF t o  T 0 g ives  

ZF 

which shows t h a t  f o r  cons tan t  To and TZF9 Fo i s  approximately pro- 

por t iona l  t o  n 0 "  



3.2 COMPARISON OF THE MOD& WITH XW-RESONANCE-LINE DATA 

3.2.1 Observat ional  Evidence f o r  a P lanar  Constant-Heat-Flux Region 

The ana lyses  of Athay (1966) and Dupree and Goldberg (1967) of t h e  

emission of XW resonance l i n e s  from a p lanar  t r a n s i t i o n  region, i n  

conjunct ion with t h e  observed energy f l u x e s  of s eve ra l  XW resonance 

l i n e s ,  provide t h e  empir ical  evidence f o r  a planar  constant-heat-f lux 

region i n  t h e  temperature range 10' K t o  10 6 K. I n  these analyses  t h e  

energy f l u x  5 
l a t e d  t o  t h e  s t r u c t u r e  of t h e  t r a n s i t i o n  region by 

observed a t  the e a r t h  i n  an XW resonance l i n e  i s  re- 

2 -1 
EL = CLA PeG . 

H e r e  Pe and G a r e  " representa t ive"  va lues  of t h e  e l ec t ron  pressure  

divided by Boltzmann's cons tan t  (Pe I n T) and of the  temperature gra- 

d i en t ,  r e spec t ive ly ,  i n  t h e  l a y e r  of t h e  t r a n s i t i o n  region i n  which 

t h e  l i n e  i s  formed. A 

the element which e m i t s  t h e  l i n e .  CL 

which i s  evaluated f o r  each l i n e  by i n t e g r a t i n g  a func t ion  of temperature 

(p ropor t iona l  t o  t h e  number .densi ty  of t h e  ion  which e m i t s  the l i n e  and 

e 

i s  t h e  abundance (e1ement:hydrogen r a t i o )  of 

i s  a constant  of p ropor t iona l i t y ,  

t h e  r a t e  of e x c i t a t i o n  of t h e  l i n e )  over  t he  temperature range i n  which 

t h e  ion  is  produced. Th i s  in tegrand  i s  a sharply peaked func t ion  of 

temperature,  con t r ibu t ing  s i g n i f i c a n t l y  t o  CL only a t  temperatures 

wi th in  about a f a c t o r  of two or less from the temperature 

which it  i s  maximum, 

Tmax,L 
a t  

Hence, equat ion (27) may be used t o  ob ta in  an 
-1 

from the  observed energy f l u x  . 5 2 dT estimate of A(neT) (z) a t  TmaxJL 
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The da ta  

were obta ined  

by Dupree and 

p o i n t s  i n  F igure  8 ( c f .  F igure  3 of Dupree and Goldberg) 

computed i n  t h i s  way from t h e  va lues  of 

Goldberg. We used t h e  observed va lues  of % adopted by 

'L and Tmax,L 

them f o r  s eve ra l  XW resonance l i n e s  emitted from oxygen ions  and 

s i l i c o n  i o n s  formed i n  the temperature  range of t h e  t r a n s i t i o n  region.  

The va lue  of (nT) (z) f o r  each da ta  po in t  was obtained by assuming 

t h a t  t h e  abundances of oxygen and s i l i c o n  a r e  t h e  photospheric abundances 

-1 
2 dT 

of Goldberg e t  a l .  (1960), A. = 9.3 x 10 -4 , ASi = 3.2 x 10 -5 , and by 

ward hea t  f l u x e s  between 10 5 K and 10 6 K, s i n c e  above 1 0  5 K t h e  heat  

t a k i n g  n = 2ne. 

s t r a i g h t  l i n e s  of s lope  2.36 i n  F igure  8 correspond t o  constant  down- 

S ince  t h e  p re s su re  remains n e a r l y  cons tan t ,  t h e  

conduc t iv i ty  i s  p ropor t iona l  t o  T2*36. 

v i s u a l  f i t  t o  t h e  da t a  i n  t h e  range lo5 K t o  10 

l i n e s  show t h a t  t h e  d a t a  s c a t t e r  about t h e  s o l i d  l i n e  by a f a c t o r  of two. 

The s o l i d  l i n e  i s  t h e  bes t  

6 K, w h i l e  the  dashed 

5 6 
The da ta  t h u s  imply t h a t ,  between 10 K and 10 K,  t h e  t r a n s i t i o n  region 

i s  approximately p lanar ,  and t h a t  i n  t h i s  region t h e  hea t  f l u x  v a r i e s  

by l e s s  than  a f a c t o r  of f o u r .  We see t h a t  although t h e  heat  f l u x  need 

not  s t a y  completely cons tan t  i n  the constant-heat-f lux region, a s i z a b l e  

f r a c t i o n  (259 or more) of the  heat  f l u x  a t  the  t o p  of t h e  t r a n s i t i o n  re- 

gion should reach t h e  10 K l e v e l .  5 

3.2.2 Deduction of Values of n and F from t h e  Line  Data 0 0 

The energy f l u x e s  analyzed by Dupree and Goldberg were composed of 

r a d i a t i o n  from a l l  a r e a s  of t h e  observable  s o l a r  hemisphere, inc luding  

some a c t i v e  reg ions .  However, Withbroe (1970) concludes from OSO-IV 

XW-resonance-line observa t ions  (wi th  s p a t i a l  r e so lu t ion  of one minute 

of a r c )  t h a t  " ... f o r  XUV l i n e s  formed a t  temperatures  less than about 

15 



6 
10 K t h e  f l u x  

the  e q u a t o r i a l  

below t h e  d a t a  

r ad ia t ed  by t h e  e n t i r e  s o l a r  d i s k  i s  c h a r a c t e r i s t i c  of 

6 qu ie t  area." On t h i s  b a s i s  w e  assume t h a t  a t  10 K and 

i n  F igure  8 represent  t h e  qu ie t  s o l a r  atmosphere. W e  
r b then  ob ta in  from F igure  8 ( a t  

on n and F f o r  q u i e t  regions:  

T = To = 10 K )  t h e  fol lowing c o n s t r a i n t  

0 0 

(28) 
1 

0 2  l o g  n = - l o g  (-Fo) + 6.06 f 0.15 . 

Withbroe (1970) has  s tud ied  the  l imb br ighten ing  of seve ra l  XW 

l i n e s  observed by OSO-IV i n  the q u i e t  equa to r i a l  region.  H e  f i n d s  good 

agreement between t h e  observed l i m b  b r igh ten ing  and t h a t  computed f o r  

a p l ana r  model t r a n s i t i o n  region and lower corona having constant  down- 

ward hea t  f l u x  i n  t h e  region below t h e  2 X 10 K l e v e l .  Withroe's 

a n a l y s i s  of t h e  l imb br ighten ing  da ta  a l lows an e s t ima te  of t h e  down- 

ward hea t  f l u x  independent of t h e  number dens i ty .  Withbroe f i n d s  

6 

a = -12.0 f 0.3 > l o g  (-F) 

where F i s  t h e  cons tan t  downward hea t  f l u x  and a i s  t h e  c o e f f i c i e n t  

i n  the thermal conduc t iv i ty  used i n  h i s  model: 

-6 
For  ou r  adopted thermal conduct iv i ty ,  a has the  va lue  1 .0  x 10 

(cgs u n i t s )  a t  t h e  10 K temperature  of t h e  upper boundary. Using 

t h i s  va lue  i n  equat ion (&I), w e  ob ta in  t h e  va lue  of 

f o r  t h e  q u i e t  regions:  

6 

F which w e  adopt 
0 

(31) l o g  (-Fo) = 6,o f 0.3 - 
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n 

Equations (28) and (31) de f ine  t h e  ( n  F ) region required by t h e  da t a  

f o r  q u i e t  reg ions .  

0’ 0 

From equat ion (28), f o r  l o g  (-F ) = 6.0, 0 

l o g  n 0 -  - 9.06 f 0~15 ( 32) 

which i s  a reasonable  va lue  f o r  t h e  number dens i ty  a t  t h e  base of t h e  

q u i e t  corona. 

Using t h e  model of Withbroe (l97O), Noyes et a l .  (1970) w e  have 

compared t h e  observed XW resonance l i n e  emission from qu ie t  regions 

wi th  t h a t  from a c t i v e  reg ions .  They f i n d  t h a t ,  f o r  a f i xed  temperature,  

t h e  t o t a l  number d e n s i t y  and t h e  downward hea t  f l u x  i n  a c t i v e  regions 

a r e  each about f i v e  t i m e s  l a r g e r  than  i n  q u i e t  reg ions .  For a c t i v e  re- 

gions w e  t h e r e f o r e  adopt, i n  p l ace  of equat ions (28) and (3l), 

l o g  n = - 1 l o g  (-Fo) + 6.76 f 0.15 
0 2  (33) 

and 

( 34) l o g  ( - F ~ )  = 6.7 f 0.3  . 

I n  F igure  9, t h e  two ( l o g  n l o g  F ) regions adopted above for 0’ 0 

q u i e t  reg ions  and a c t i v e . r e g i o n s  of t h e  sun a r e  compared with t h e  l i n e s  

of cons tan t  TZF f o r  t h e  model. The da ta  of F igure  8 r equ i r e  t h a t  

TZF 

imply t h a t  TZF < 2 X 10 K i n  a c t i v e  regions.  Hence, i n  t h e  shaded 

a reas  of F igure  9, t h e  model i s  compatible with t h e  XW-resonance- 

l i n e  observa t ions .  

< 1 x 10’ K i n  q u i e t  regions,  and t h e  r e s u l t s  of Noyes et a l .  

5 



4. DISCUSSION 

< 2 x 10 5 K i n  both q u i e t  reg ions  and a c t i v e  regions,  TZF Given t h a t  

Fo and n inc rease  
0 

o u r  model y i e l d s  t h e  observa t iona l  f i n d i n g  t h a t  

by t h e  same f a c t o r  from q u i e t  regions t o  a c t i v e  reg ions .  Moreoever, 

a l though t h e r e  i s  some discrepancy, t h e  model i s  compatible w i t h  t h e  

Fo and n required by t h e  XW observa t ions  of 0 magnitudes of 

q u i e t  reg ions  and a c t i v e  regions.  These two favorable  r e s u l t s  imply 

t h a t ,  i n  a f i r s t  approximation, t h e  model i s  a v a l i d  desc r ip t ion  

of t h e  s t r u c t u r e  and t h e  energy balance of t h e  t r a n s i t i o n  region.  

That is, t h e s e  r e s u l t s  imply t h a t  t h e  dominant process  i n  t h e  

energy balance of t h e  t r a n s i t i o n  region i s  t h e  removal of heat  f l u x  by 

r ad ia t ion ,  and t h a t ,  with respec t  t o  t h e  o v e r a l l  balance of energy, t h e  

t r a n s i t i o n  region may be considered t o  be s t a t i c  and p l ana r .  The f a c t  

t h a t  t h e  model agrees  with both q u i e t  reg ions  and a c t i v e  regions impl ies  

t h a t  when t h e  downward hea t  f l u x  inc reases ,  t h e  dens i ty  of t h e  atmosphere 

au tomat ica l ly  inc reases  enough t o  r a d i a t e  away t h e  l a r g e r  heat  f l u x .  

The preceding paragraph i n t e r p r e t s  t h e  agreement between t h e  model 

and t h e  d a t a .  It is  a l s o  i n s t r u c t i v e  t o  cons ider  t h e  disagreement 

between t h e  model and t h e  d a t a .  It  was found i n  Sec t ion  3.2.1 t h a t  t h e  

da t a  r e q u i r e  t h a t  25% or more of t h e  heat  f l u x  which flows i n t o  t h e  

t r a n s i t i o n  region from t h e  corona be absorbed i n  t h e  base region.  But, 

a s  can be seen i n  Figure 5 ,  t h e  model base region i s  capable  of absorbing 

on ly  about 20% or less of t h e  heat  f l u x  which e n t e r s  t h e  model t r an -  

s i t i o n  reg ion .  This  i s  t h e  cause of t h e  discrepancy between t h e  model 

Fo 

and t h e  da t a  i n  F igure  9.  For  t h e r e  would be much b e t t e r  agreement 
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between t h e  model and t h e  da t a  i n  F igure  9 i f ,  f o r  

c m  

-F = 1.0 x 10 6 e rg  0 
4 9 -2 -1 sec , TZF = 10 were given by n =r 1.0 x 10 cm-3 i n s t ead  of 0 

by no - 2 . 0  x 10 9 c m  -3 . In  F igure  5, w e  see t h a t  t h i s  would occur  

i f  about 40% ( i n s t e a d  of 20%) of 
Fo 

were absorbed by t h e  model base 

region.  Thus, w e  conclude t h a t  t h e  discrepancy between t h e  model and 

t h e  da t a  i n  F igu re  9, impl ies  t h a t  t h e  base reg ion  of t h e  model absorbs 

only about ha l f  a s  much heat  f l u x  a s  t h e  base reg ion  of t h e  ac tua l  t r an -  

s i t i o n  reg ion .  

W e  expect t h e  a c t u a l ‘  base region t o  r a d i a t e  away more hea t  than 

t h e  p l ana r  model base region (see Appendix B ) .  

t h a t  f o r  T - 1 .5  x 10 K,  t h e  l a y e r  between 10’ K and T i s  only 

10 or 20 km t h i c k .  One e f f e c t  of o s c i l l a t i o n s  (of  s c a l e  = l o  km) i n  

t h e  base region,  due i n  p a r t  t o  t h e  passage of t h e  compression waves 

which hea t  t h e  corona, should be t o  inc rease  t h e  su r face  a rea  of t h e  

t h i n  l a y e r  between 10 K and 10 K over  t h a t  of t h e  p l ana r  model, t hus  

making t h e  base of t h e  t r a n s i t i o n  reg ion  a more e f f i c i e n t  r a d i a t o r  than 

i f  it were s t r i c t l y  p l ana r .  Another e f f e c t  of t h e  ve loc i ty  f l u c t u a t i o n s  

I n  Figure 4, w e  see 

4 
ZF - ZF 

3 

5 4 

i s  t o  i n c r e a s e  t h e  number dens i ty  i n  t h e  base region,  which inc reases  

t h e  r a d i a t i v e  power output  dens i ty .  A f a c t o r  of two inc rease  i n  t h e  

amount of hea t  f l u x  r ad ia t ed  away i n  t h e  base  region by t h e s e  two 

mechanisms i s  q u i t e  p l a u s i b l e  (see Appendix B ) .  

suggest ,  f i r s t ,  t h a t  t h e  dominant process  i n  t h e  energy balance of 

t h e  base region i s  t h e  removal of h e a t  f l u x  by r a d i a t i o n  and, second, 

t h a t  with respec t  t o  t h e  energy balance,  t h e  base region i s  inhe ren t ly  

These cons idera t ions  

non- s t a t i c  and/or non-planar. 

The preceding d iscuss ion  sugges ts  t h a t  t h e  energy l o s t  from t h e  



base of t h e  t r a n s i t i o n  reg ion  i n  t h e  form of s p i c u l e  k i n e t i c  energy i s  

secondary t o  t h a t  l o s t  by r a d i a t i o n .  However, t h e  s p i c u l e  k i n e t i c  

energy may s t i l l  be der ived  from t h e  downward heat  f l u x  a s  suggested 

by  Kuperus and Athay (1967). Fo, t h e  number 

d e n s i t y  n i s  too  low, the poin t  ( n  F ) i n  F igure  9 w i l l  l i e  t o  t h e  

l e f t  of the  K l i n e  where t h e  model i s  unable  t o  r a d i a t e  away 

a l l  of F 

c r e a s i n g  n u n t i l  Fo can be r ad ia t ed  away. This  suggests  t h a t  

t h e  excess  heat f l u x  would go i n t o  r a i s i n g  ma te r i a l  a t  t h e  base of t h e  

I f ,  f o r  a given hea t  f l u x  

0 0’ 0 
4 

TZF = 10 

I n  t h i s  case ,  w e  expect t h e  atmosphere t o  r eac t  by in-  
0 ”  

0 

t r a n s i t i o n  region t o  h ighe r  l e v e l s .  Sp icu le s  occur over  t h e  boundaries 

of t h e  supergranula t ion  cel ls  where t h e  convect ive motion of t h e  cel ls  

has concentrated t h e  magnetic f i e l d .  The magnetic f i e l d  f a n s  out  above 

t h e  boundaries  and funne l s  the  downward flowing hea t  i n t o  regions over  

t h e  c e l l  boundaries,  g iv ing  t h e  supergranule  boundary region hea t  f l u x  

Fo which i s  l a r g e r  than  t h e  average va lue  f o r  qu ie t  regions (Kopp and 

Kuperus, 1968). Th i s  sugges ts  t h a t  s p i c u l e s  a r e  t h e  mani fes ta t ion  of 

t h e  atmosphere at tempting t o  maintain an increased d e n s i t y  over  t h e  

supergranule  boundary reg ions .  The t r a n s i e n t  c h a r a c t e r  of s p i c u l e s  

sugges ts  an o v e r s t a b i e  s i t u a t i o n  i n  which t h e  d e n s i t y  i s  a l t e r n a t e l y  

h igher  or lower than  t h e  va lue  required t o  balance the  inflowing hea t  

w i t h  r a d i a t i v e  l o s s e s .  
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APPENDIX A: THERMAL CONDUCTIVITY I N  THE TRANSITION REGION 

For t h e  purposes of ou r  model, w e  need an es t imate  of t h e  thermal 

conduct iv i ty  a s  a func t ion  of temperature  which d i f f e r s  from t h e  ac tua l  

conduc t iv i ty  by less  than  a f a c t o r  of two. The temperature range of t h e  

t r a n s i t i o n  reg ion  i s  from 10 4 K, where hydrogen i s  nea r ly  completely 

6 n e u t r a l ,  t o  10 K, where hydrogen i s  e s s e n t i a l l y  completely ion ized .  

S ince  t h e  s o l a r  atmosphere i s  composed of about 90% hydrogen by number, 

t h e  thermal conduc t iv i ty  of t h e  t r a n s i t i o n  region is  approximated w i t h  

s u f f i c i e n t  accuracy by t h e  thermal conduct iv i ty  of p a r t i a l l y  ionized 

hydrogen i n  t h e  temperature  range from 10 K t o  10 K .  4 6 

It  was assumed, i n  computing t h e  r a d i a t i v e  energy l o s s e s  and t h e  

degree of i o n i z a t i o n  i n  t h e  model, t h a t  a l l  e x c i t a t i o n s  and i o n i z a t i o n s  

of t h e  hydrogen atoms a r e  c o l l i s i o n a l ,  and a l l  recombinations and de- 

e x c i t a t i o n s  a r e  r a d i a t i v e .  W e  a l s o  assume t h i s  condi t ion  i n  es t imat ing  

t h e  thermal conduc t iv i ty .  Under t h i s  condi t ion ,  only t h e  thermal kine- 

t i c  energy of t h e  e l ec t rons ,  protons,  and hydrogen atoms con t r ibu te s  

t o  t h e  hea t  conduction; t h e  energy of e x c i t a t i o n  and ion iza t ion  of t h e  

hydrogen atoms does no t  c o n t r i b u t e .  

The thermal conduct iv i ty  of p a r t i a l l y  ionized hydrogen due t o  t h e  

t r a n s p o r t  of thermal k i n e t i c  energy has  been computed by Devoto (1968) 

from accura t e  but r a t h e r  complicated k i n e t i c  theory .  I t  appears  t h a t  

h i s  computed va lues  should approximate t h e  ac tua l  conduct iv i ty  with an 

accuracy of t h e  o r d e r  of lo%# 

t a ined  from Devoto”s t a b l e  of t h e  conduct iv i ty  a s  a funct ion of tempera- 

t u r e  a t  cons tan t  p re s su re  of 10 , 10 , and lo7 t i m e s  1.013 dyne c m  

(1 . O l 3  dyne = 10 atm) . None of t h e s e  curves  can be taken f o r  
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t h e  thermal conduc t iv i ty  of t h e  t r a n s i t i o n  region f o r  t h e  fol lowing two 

reasons .  F i r s t ,  t h e  conduc t iv i ty  computed by Devoto obviously depends 

on t h e  p re s su re ,  and t h e  p re s su res  adopted i n  Devoto's computations a r e  

much l a r g e r  t han  the  p res su re  of about 0.2 dyne cm (Athay, 1969) i n  

t h e  t r a n s i t i o n  region.  Second, the  conduc t iv i ty  depends on t h e  degree , 

of i o n i z a t i o n .  I n  computing t h e  degree of i on iza t ion ,  Devoto assumed 

l o c a l  thermodynamic equi l ibr ium.  I n  t h i s  case, t h e  degree of i on iza t ion  

depends on t h e  p re s su re ;  an i n c r e a s e  of p re s su re  a t  constant  temperature  

causes  a decrease i n  the degree of i o n i z a t i o n .  But i n  t h e  t r a n s i t i o n  

region, under the cond i t ion  of c o l l i s i o n a l  e x c i t a t i o n  and ion iza t ion ,  

and r a d i a t i v e  recombination and de-exc i ta t ion ,  t h e  plasma is not i n  

l o c a l  thermodynamic equi l ibr ium;  t h e  degree of i o n i z a t i o n  depends only on 

t h e  temperature  and not on t h e  p res su re  (see equat ions ( 7 ) ,  (15) and (16)). 

Thus, w e  would not  be j u s t i f i e d  i n  adopt ing Devoto's published va lues  

of t h e  thermal conduc t iv i ty  of p a r t i a l l y  ion ized  hydrogen for t h e  thermal 

conduc t iv i ty  of t h e  t r a n s i t i o n  region.  

-2 

However, i n s t ead  of r epea t ing  Devoto's involved and lengthy c a l -  

c u l a t i o n s  f o r  t h e  case of the  t r a n s i t i o n  region, w e  can es t imate  t he  

conduct iv i ty  of t he  t r a n s i t i o n  region w i t h  s u f f i c i e n t  accuracy from 

Devoto's va lues  by de r iv ing  from simple k i n e t i c  theory  the manner i n  

which t h e  conduc t iv i ty  s c a l e s  with p re s su re  and degree of i o n i z a t i o n .  

Using simple k i n e t i c  t heo ry  ( V i n c i n t i  and Kruger, 1965), w e  can de r ive  

t h e  fol lowing formula f o r  t h e  thermal conduc t iv i ty  of p a r t i a l l y  ion ized  

hydrogen : c 

1/2 
Q k  312 T 

(35) 
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and CJ are  " c o l l i s i o n  cross-sections' '  f o r  energy exchange 
HH HP 

Here CY 

between n e u t r a l  hydrogen atoms, and between n e u t r a l  hydrogen atoms and 

protons,  r e spec t ive ly .  S ince  CY and 0 a r e  of t h e  na tu re  of c ross -  

s e c t i o n s  f o r  binary c o l l i s i o n s ,  w e  expect them t o  depend on t h e  tempera- 

t u r e  but no t  on the number d e n s i t i e s .  

thermal conduct iv i ty  of f u l l y  ionized hydrogen, which may be computed 

HH HP 

i n  equat ion (35) i s  t h e  Ke 

from the formula given by Delcroix and Lemaire (1969): 

512 -1 -1 -1 
= 1.890 x i o  -5 L- A e r g  sec K c m  , Ke 

where 

A=--- 3 k2 T2 f o r  T < 4.2 x 10 5 K 

f o r  T > 4.2 x 10 5 K . 

45 e3 p1/2 

Here e i s  the e l e c t r o n  charge i s  esu and p i s  t h e  pressure .  Equa- 

t i o n  ( 3 5 ) ,  i n  conjunct ion w i t h  equat ions  (36) and ( 3 7 ) ,  gives  e x p l i c i t l y  

the  dependence of t h e  conduc t iv i ty  on t h e  ion-neutral  r a t i o  

on t h e  p re s su re  p .  We use  t h i s  proper ty  of equat ion (35) t o  estimate 

the  conduct iv i ty  of t h e  t r a n s i t i o n  region from Devoto's r e s u l t s  shown 

i n  F igu re  10. 

n /nH and 
P 

The estimate of the conduc t iv i ty  i n  t h e  t r a n s i t i o n  region i s  ob- 

t a ined  a s  fo l lows .  F i r s t ,  Devoto's r e s u l t s  are used t o  determine func- 

t i o n s  of temperature  represent ing  and 0 such t h a t  equat ion (35) 
CYHH HP 

approximately reproduces Devoto's conduct iv i ty .  T h i s  i s  done by f i t t i n g  

equat ion (33) t o  t h e  curves  i n  F igu re  10, us ing  Devoto's va lues  of 

2 3  



n /n and p. The good fit shown in Figure 11 is given by 
P H  

-14 T-1/2 cm2 = 9.12 x 10 OHH 

and 

-11 -1 2 
O = 7.95 x 10 T cm . HP (39) 

equation ( 3 5 )  
HP’ and 0 

Om 
With these functions of temperature for 

reproduces Devoto’s conductivity with an error of not more than about 

10%. The thermal conductivity for the transition region is then com- 

puted from equation ( 3 5 ) ,  keeping these functions of temperature for 

but using values of n /n and p appropriate for 

the transition region. We assumed 0.2 dyne for p, and n /n 

was calculated as a function of temperature from equations (7)’ 

and (16). 

HP’ P H  
and 0 

P H  

(l?), 

The resulting conductivity curve is shown in Figure 3. 
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APPENDIX B: ENERGY BALANCE I N  THE BASE FiT3GION 

There a r e  t h r e e  p h y s i c a l l y  d i s t i n c t  energy f l u x e s  which e n t e r  i n t o  

4 

Fm , t h e  energy balance of t h e  s o l a r  atmosphere: mechanical energy f l u x  

r a d i a t i v e  energy f l u x  

t i o n .  W e  assume t h a t ,  on t h e  average over  a s u f f i c i e n t l y  l a r g e  a rea  

and over  a s u f f i c i e n t l y  long t i m e ,  each of t h e s e  f l u x e s  i s  v e r t i c a l  and 

s teady.  In  o t h e r  words, w e  assume t h a t  on t h e  s c a l e  of s u f f i c i e n t l y  

and h e a t  f l u x  2 due t o  thermal conduc- sr, C 

l a r g e  h o r i z o n t a l  l e n g t h s  and s u f f i c i e n t l y  long t i m e s ,  t h e  s t r u c t u r e  and 

energy balance of t h e  s o l a r  atmosphere may be considered t o  be horizon- 

t a l l y  uniform and s t eady  i n  t i m e .  Each of t h e  energy f l u x e s  may vary 

with he igh t  i n  t h e  atmosphere by depos i t i ng  thermal energy i n  t h e  

atmosphere or removing thermal energy from t h e  atmosphere. The general  

form of t h e  s t eady- s t a t e  energy equat ion i n  terms of t h e  energy f l u x e s  

i s  

dF dFr dFc 
- + - + - -  - 0 .  
dz dz dz (40) m 

I n  o u r  model t r a n s i t i o n  region w e  have assumed t h a t  Fm i s  cons t an t ,  

- -  
- 0 9  

dFm 
dz 

and t h a t  t h e r e  i s  no absorpt ion of r a d i a t i o n ,  

> o .  dFr 
dz 
- 

Under t h e s e  two cond i t ions ,  t h e  energy equat ion r e q u i r e s  t h a t  t h e  down- 

ward h e a t  f l u x  i n  t h e  model t r a n s i t i o n  region be absorbed by r a d i a t i v e  

l o s s e s .  Ultraviolet-resonance-l ine observat ions of t h e  t r a n s i t i o n  



reg ion  i n d i c a t e  t h a t  t h e  r a t e  a t  which energy i s  suppl ied t o  t h e  t r an -  

s i t i o n  region by hea t  conduction from t h e  corona and t h e  r a t e  a t  which 

energy i s  l o s t  from t h e  t r a n s i t i o n  region by r a d i a t i o n  a r e  of t h e  same 

o r d e r  of magnitude (10 e r g  sec  ) (Osterbrock, 1961; Allen, 1965; 

Nikolsky, 1969). Th i s  i s  the obse rva t iona l  b a s i s  f o r  suspec t ing  t h a t  

t he  dominant processes  i n  the  energy balance of t h e  t r a n s i t i o n  region 

are the absorp t ion  of hea t  and r a d i a t i v e  l o s s e s .  

6 -1 

However, the  comparison of our  model with XW-resonance-line da t a  

i n d i c a t e s  t h a t  t h e  a c t u a l  base region absorbs about twice a s  much hea t  

f l u x  a s  the  model base reg ion  (see s e c t i o n  4) .  T h i s  r equ i r e s  t h a t  

dFm dFr 

base region 

for t h e  a c t u a l  base region be l a r g e r  than t h a t  for t h e  model base r eg ion ,  

An equiva len t  s ta tement  i s  t h a t  one or any combination of t h e  fol lowing 

s ta tements  i s  t r u e  of the a c t u a l  base region w i t h  respec t  t o  t h e  model 

base region: 

The a c t u a l  base region i s  t h i c k e r  t han  t h e  model base region, i . e .  

t h e  volume of t h e  a c t u a l  base region i s  l a r g e r  than t h a t  of t h e  

model base reg ion .  

dFr 
dz 

region,  i , e .  the r a d i a t i v e  power output  pe r  u n i t  volume i s  l a r g e r  

i s  l a r g e r  i n  t h e  a c t u a l  base region than  i n  t h e  model base - 

i n  the a c t u a l  base region than i n  t he  model base region.  

i s  l a r g e r  i n  t h e  a c t u a l  base region than i n  t h e  model base dFm 
dz 
- 

dF m region, i . e .  - > 0 i n  t h e  a c t u a l  base region.  dZ 

Each of t h e s e  s ta tements  names a p o s s i b l e  mechanism by which t h e  a c t u a l  

26 



base region is  a b l e  t o  absorb more hea t  f l u x  than t h e  model base region.  

The b a s i c  n a t u r e  of t he  energy balance of t h e  base region depends upon 

which of t h e s e  mechanisms, i f  any, i s  dominant i n  t h e  a c t u a l  base region.  

If e i t h e r  of t h e  f irst  two mechanisms i s  dominant, t h e  dominant process  

i n  t h e  energy balance i s  t h e  removal of hea t  f l u x  by r a d i a t i v e  l o s s e s  a s  

i s  assumed i n  t h e  model. I f  t h e  t h i r d  mechanism i s  dominant, t h e  dominant 

process  i n  t h e  energy balance i s  the  conversion of thermal energy t o  

mechanical energy. 

The  presence of t h e  mechanical energy f l u x  h a s  been neglected i n  t h e  

model t r a n s i t i o n  reg ion .  In  t h e  fol lowing paragraphs w e  es t imate  t h e  

e f f e c t  of t he  mechanical energy f l u x  on t h e  s t r u c t u r e  of t h e  base region.  

W e  f i n d  t h a t  t h e  presence of t h e  mechanical energy f l u x  can reasonably 

i n c r e a s e  t h e  absorp t ion  of hea t  f l u x  i n  t h e  base region through mechanisms 

(1) and ( 2 )  s u f f i c i e n t l y  t o  account f o r  t h e  amount of hea t  f l u x  absorbed 

by t h e  a c t u a l  base region.  Th i s  sugges ts  t h a t  t h e  dominant process  i n  

t h e  energy balance of the  base region i s  t h e  absorp t ion  of hea t  f l u x  by 

r a d i a t i o n .  

The mechanical energy f l u x  which passes  outward through the  t r a n s i -  

t i o n  region provides  t h e  energy input  t o  t he  corona which balances t h e  

energy l o s s e s  of t h e  corona. Energy i s  removed from the  corona by 

r a d i a t i o n ,  by t h e  s o l a r  wind, and by inward hea t  conduction t o  t h e  t r a n -  

s i t i o n  region.  Of t h e  o r d e r  10 erg cm-2 sec  i s  l o s t  from t h e  corona 

by inward hea t  conduction, while  t h e  combined r a d i a t i v e  and solar-wind 

l o s s e s  a r e  only of t h e  o rde r  lo5 e r g  cm-2 sec-' (Nikolsky 1969, Kopp, 

6 -1 

1968). Therefore ,  t h e  mechanical 

t r a n s i t i o n  region i s  of the o rde r  

energy f l u x  which passes  through t h e  

of 10  e r g  cm sec  
6 -2 -1 
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Most of the  mechanical energy f l u x  i n  t h e  t r a n s i t i o n  region is  

c a r r i e d  by upward propagat ing compression waves (Uchida, 1967). W e  can 

e s t ima te  t h e  v e l o c i t y  f l u c t u a t i o n s  produced i n  the  base region by t h e s e  

compression waves from t h e  formula f o r  t h e  energy f l u x  c a r r i e d  by one- 

dimensional sound waves, 

( 43) 
2 Fm = p v a ,  

where p i s  the  mass dens i ty ,  a i s  t h e  sound speed, and v i s  t h e  

r m s  v e l o c i t y  of t h e  o s c i l l a t i o n s  due t o  t h e  sound waves i n  t h e  f l u i d .  

The sound speed i s  given by 

1/2 

J ( 44) 

where k i s  Boltzmann's cons tan t ,  m i s  the  mean p a r t i c l e  mass, and 

y i s  t h e  r a t i o  of s p e c i f i c  h e a t s .  In  terms of the temperature T and 

t h e  p re s su re  p = nkT, equat ion (43) i s  

6 -1 
10 e r g  sec  , p 0.2 Fm A t  t h e  base o f / t h e  t r a n s i t i o n  region 

1 0 - ~ ~ ~ ~ ~ g m ,  and y =55/3. dyne cm , T = 1 0  K,  m mH = 

t i o n  (43), t h e  rms v e l o c i t y  f l u c t u a t i o n  produced i n  t h e  base region by 

So, from equa- -2 4 

t h e  compression waves i s  

(46) 
6 -1 

v -2 .0  x 10 c m  sec a 

This es t ima te  should be a c c u r a t e  t o  o r d e r  of magnitude. 

The v e r t i c a l  displacement Az r e s u l t i n g  from t h e  v e l o c i t y  o s c i l l a -  

t i o n s  of a wave of per iod  P i s  approximately 
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1 
A z = - P v .  2 (47) 

T h e  compression waves which c a r r y  energy t o  t h e  corona a r e  expected t o  

have pe r iods  of t h e  o r d e r  of lo2 sec (Osterbrock, 1961). We t h e r e f o r e  

expect t h a t  v e r t i c a l  displacements  of t h e  o rde r  of lo3  km a r e  produced 

a t  t h e  base of t h e  t r a n s i t i o n  region by t h e  upward propagating com- 

p res s ion  waves. Assuming t h a t  the compression waves a r e  generated by 

t h e  motions of t h e  photospheric  granules ,  t h e  ho r i zon ta l  s c a l e  of t h e  

v e l o c i t y  f l u c t u a t i o n s  a t  t h e  base of t h e  t r a n s i t i o n  should be comparable 

t o  t h e  d i s t a n c e  between c e n t e r s  of adjacent  g r a n u l e s .  The average d i s -  

t ance  between c e n t e r s  of ad jacent  g ranu le s  i s  about 2,000 km, which 

l e n g t h  i s  a l s o  r e p r e s e n t a t i v e  of t he  ho r i zon ta l  dimension of v e r t i c a l  

o s c i l l a t i o n s  observed i n  t h e  chromosphere (Leighton, 1963). Thus, it 

appears  t h a t  t h e  base region cannot be considered t o  be h o r i z o n t a l l y  

uniform on a s c a l e  of 10  km or l e s s .  3 

W e  are now i n  a p o s i t i o n  t o  e s t ima te  the  e f f e c t  of t h e  v e r t i c a l  

o s c i l l a t i o n s  on t h e  r a d i a t i v e  capac i ty  of t h e  base region through mecha- 

nism (1). 

o s c i l l a t i o n s  i n c r e a s e  t h e  volume of t h e  a c t u a l  base region over  t h a t  of 

t h e  p l ana r  model base reg ion .  W e  have found from our  model t r a n s i t i o n  

region t h a t  the  th i ckness  of t h e  base region ( t h e  d i s t ance  between t h e  

10 K l e v e l  and t h e  10 K l e v e l )  i s  of t h e  o r d e r  of 10 km. Therefore ,  

the  a c t u a l  base region may be thought of a s  a t h i n  su r face  l a y e r  coa t ing  

the  10  K " leve l"  which i s  d i s t o r t e d  i n t o  a wavy su r face  by t h e  v e r t i c a l  

displacements  of t h e  compression waves, 

is  the product of i t s  su r face  a rea  and th i ckness .  The th i ckness  i s  

That is, w e  may now estimate t h e  f a c t o r  by which t h e  v e r t i c a l  

5 4 

4 

The volume of t h e  base region 



approximately inve r se ly  propor t iona l  t o  t h e  hea t  f l u x  en te r ing  t h e  

base  region, and t h e  hea t  f l u x  en te r ing  t h e  base region i s  inve r se ly  

p ropor t iona l  t o  t h e  s u r f a c e  a rea  of t h e  base region.  Hence, t h e  f r a c -  

t i o n a l  i n c r e a s e  Va/Vp 

t h a t  of t h e  p l a n a r  model t r a n s i t i o n  region i s  approximately t h e  square 

of t h e  f r a c t i o n a l  i n c r e a s e  Aa/Ap 

base region over  t h a t  of the p lana r  model: 

of the volume of t h e  a c t u a l  base region over  

of t h e  su r face  a rea  of t h e  a c t u a l  
i 

2 
'a - v =  

P 

To e s t ima te  Aa/A w e  cons ider  t h e  hexagonal arrangement of 

o s c i l l a t i n g  cel ls  shown i n  F igure  12. Each +, -, or 0 marks t h e  

c e n t e r  of a ce l l .  The d i s t a n c e  between ad jacent  c e n t e r s  i s  assumed 

t o  be 2,000 km. One t h i r d  of t h e  c e n t e r s ,  t hose  marked -I-, a r e  

assumed t o  be d isp laced  1,000 km above the  mean l e v e l  of t h e  10 K 

s u r f a c e ;  ano the r  t h i r d  of t h e  cen te r s ,  marked -, a r e  assumed t o  be 

1,000 km below t h e  mean l e v e l ;  and the remaining t h i r d  of t h e  cen te r s ,  

marked 0, a r e  assumed t o  have no displacement from the mean l e v e l  of 

t h e  10 K su r face .  The 10 K su r face  i s  assumed t o  pas s  smoothly through 

a l l  of t h e  ce l l  c e n t e r s .  The f r a c t i o n a l  i nc rease  i n  the su r face  a r e a  of 

t h i s  10 K s u r f a c e  i s  conse rva t ive ly  est imated by t h e  r a t i o  of t he  a rea  

of t h e  t r i a n g l e  formed by t h e  c e n t e r s  of any three adjacnet  +, - y  and 

0 c e l l s  t o  the  p ro jec t ed  a rea  of t h i s  t r i a n g l e  on the  ho r i zon ta l  p l ane .  

An example of such a t r i a n g l e ,  viewed from above, i s  shown i n  F igure  12.  

T h i s  e s t ima te  g ives  

P' 

4 

4 4 

4 

A.a -=d2 ,  A 
P 

(49) 



and 

'a - w 2 .  
P 

Thus, the  non-planar n a t u r e  of t h e  a c t u a l  base region may reasonably be 

expected t o  i n c r e a s e  t h e  r a d i a t i v e  capac i ty  of t h e  ac tua l  base region 

over  t h a t  of t h e  p l a n a r  model by  a f a c t o r  of 2, which i s  s u f f i c i e n t  t o  

exp la in  t h e  discrepancy between t h e  model and t h e  XW-resonance-line 

d a t a .  

W e  next cons ide r  t h e  i n c r e a s e  i n  t he  r a d i a t i v e  capac i ty  of t h e  

base region due t o  t h e  e f f e c t  of t he  mechanical energy f l u x  through 

mechanism ( 2 ) ,  i . e .  due t o  t h e  i n c r e a s e  i n  t h e  r a d i a t i v e  power output 

d e n s i t y  r e s u l t i n g  from t h e  presence of t h e  mechanical energy f l u x .  Under 

t he  approximation of c o l l i s i o n a l  e x c i t a t i o n  and i o n i z a t i o n ,  and radia-  

t i v e  recombination and de-exci ta t ion,  t h e  r a d i a t i v e  power output dens i ty  

i s  p ropor t iona l  t o  the square of t h e  number d e n s i t y .  Hence, w e  can esti-  

mate t h e  inc rease  i n  t h e  r a d i a t i v e  power output  d e n s i t y  by e s t ima t ing  

t h e  i n c r e a s e  i n  t h e  number d e n s i t y  i n  t h e  base region due t o  the presence 

of t h e  mechanical f l u x .  

W e  assume t h a t  on t h e  average ove r  a s u f f i c i e n t l y  long t i m e  t he  

base region is  i n  h y d r o s t a t i c  equi l ibr ium, so tha t  

dp 
dz  where - i s  the  t o t a l  p re s su re  g rad ien t  and n i s  t h e  t o t a l  number 

dens i ty .  The t o t a l  p re s su re  p is  the sum of t h e  thermal p re s su re  

'turb 'th 

f l u c t u a t i o n s  i n  t h e  base region.  Therefore,  

due t o  t h e  v e l o c i t y  = nkT and the tu rbu len t  p re s su re  

= -nmg dp - dPth  + dPturb 
dz - dz dz 
- -  



and we may e s t ima te  t h e  i n c r e a s e  i n  t h e  number dens i ty  An over what 

were absent by s e t t i n g  it  would be i f  'turb 

= -Anmg . dPturb  
dz (53) 

The g rad ien t  of t h e  t u r b u l e n t  p re s su re  may be est imated as fo l lows .  

Assuming t h a t  the  v e l o c i t y  f l u c t u a t i o n s  a r e  i s o t r o p i c ,  t h e  tu rbu len t  

p re s su re  i s  given by 

1 2  - -  
'turb - 3 pv ' (54) 

where V i s  t h e  rms v e l o c i t y  of t h e  f l u c t u a t i o n s .  Assuming t h a t  v i s  

r e l a t e d  t o  Fm by equat ion (43), we have 

F 1 m  - - -  
'turb - 3 a e 

(55) 

m dF 

da  
The condi t ion  - - - 0, which w e  have assumed for t h e  base region, then 

g i v e s  

Here, 

dPturb  Fm dT 
dz =-6aTdz. 

We may now es t ima te  An. From equat ions  (53) and (56), 

A n = r - .  Fm dT 
m gaT dz 

dT AT 
dz ' - 

(57) 

5 where AT i s  t h e  temperature  change i n  t h e  base region (AT = l o  K )  

and Az i s  t h e  v e r t i c a l  ex ten t  of t h e  region of the atmosphere i n  

which t h i s  temperature  change occurs .  Due t o  t h e  v e r t i c a l  displacements 
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of t h e  upward propagat ing compression waves, AZ i s  of t h e  o rde r  of 

10 3 km f o r  t h e  temperature  range of 10 4 K t o  10 5 K .  Adopting Az = 

6 -1 10 3 km, AT = T = 10 5 K, and Fm 10 e r g  sec i n  equat ions 

(57) and ( 5 8 ) ,  w e  o b t a i n  

10 cm-3 An 1 . 4  X 10 (59) 

Th i s  e s t ima te  i s  accura t e  only  t o  o r d e r  of magnitude, but it i n d i c a t e s  

t h a t  t h e  inc rease  i n  t h e  number dens i ty  i n  t h e  base region due t o  t h e  

t u r b u l e n t  p re s su re  i s  of the  same o r d e r  a s  t h e  dens i ty  i n  our  model base 

region ( n  M lolo a t  T = 10 K )  which has  no tu rbu len t  pressure .  

Therefore ,  it appears  t h a t  the  presence of t h e  v e l o c i t y  f l u c t u a t i o n s  

could e a s i l y  i n c r e a s e  t h e  r a d i a t i v e  capac i ty  of t h e  base region a s  

much through d e n s i t y  i n c r e a s e  (mechanism ( 2 ) )  a s  through volume in-  

crease (mechanism (1)). Again, t h i s  suggests  t h a t  most of the heat  

f l u x  e n t e r i n g  t h e  base reg ion  i s  converted i n t o  r a d i a t i o n  r a t h e r  than 

5 

i n t o  mechanical energy f l u x .  
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Figure 1. Schematic representation of the transition 
region. 
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Figure 2 .  Radiative cooling coefficient curve 
computed by Cox and Tucker (1969) 
and the straight-line-segment fit 
adopted f o r  our model. 
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7. 

Figure  3. Thermal conduc t iv i ty  curve derived from t h e  r e s u l t s  
of Devoto (1968) and Delcroix and Lemaire (1969) 
and t h e  s t r a i g h t  l i n e  f i t  adopted for our model. 
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FO Figure  6.  Curves of Log n vs  T f o r  cons tan t  values  of 
0 ZF 

Each curve is l abe led  with i t s  va lue  of -F i n  u n i t s  

of 10 erg  sec-l. 
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TZF F i g u r e  7. Log( -Fo) , Log no curves for constant  values  of 

Each curve is  l abe led  with i t s  value of T i n  u n i t s  

of degrees  K .  
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Figure  8. Reduced XW-resonance-line da t a  drom Dupree and 

Goldberg (1967) ~ 

t o  10 K,  t h e  s t r a i g h t  l i n e s  correspond t o  con- 

s t a n t  downward hea t  f l u x .  The dashed l i n e s  show 

t h a t  t h e  da t a  s c a t t e r  around t h e  "bes t - f i t "  s o l i d  

l i n e  by a f a c t o r  of two. 

I n  t h e  temperature  range lo5 K 
6 
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Figure  9 .  Comparison of t h e  model w i t h  t h e  requirements of 
t h e  XW-resonance-line da t a .  In  t h e  shaded re- 
g ions  t h e  model i s  compatible w i t h  t h e  d a t a .  
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4. 
K 

Figure  10. Conduct ivi ty  curves  obtained from Devoto's (1968) 
t a b l e  for p a r t i a l l y  ionized hydrogen a t  constant  
p re s su re .  Each curve i s  l abe led  with i t s  va lue  
of t h e  p re s su re  i n  u n i t s  of 1.013 dyne cm-2. 
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Figure 11. Comparison of the conductivity given by equation (35) 
(dashed curves) with Devoto's conductivity (solid curves) 

for 0 = 9.12 x 10 
10 ~ - 1  cm . 

cm2 and 0 = 7.93 x -14 T-1/2 
HP 2 

HH -11 
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Figure  12 .  Configurat ion of c e n t e r s  of o s c i l l a t i n g  c e l l s  

adopted t o  e s t ima te  t h e  inc rease  i n  t h e  sur-  

f a c e  a rea  of t h e  10 K l e v e l  due t o  t h e  ver- 

t i c a l  displacements of t h e  o s c i l l a t i o n s .  
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