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ABSTRACT

DYNAMICS OF THE SOLAR ATMOSPHERE:
SPICULES AND FIBRILS

by

Alphonse Chr i s t opher  S t e r l ing  
Univers i ty  of  New Hampshi re ,  May, 1988

Numerica l  and an a l y t i c a l  s t u d i e s  of MHD w a v e s  on m ag n e t i c  

f lux t u b e s  a re  appl ied  to  p ro b l em s  of t h e  s o l a r  a t m o s p h e r e .  In 

p a r t i c u l a r ,  t h e o r e t i c a l  a n a l y s i s  of t he  c h r o m o s p h e r i c  f e a t u r e s  

known a s  sp i cu l e s  and f i b r i l s  are  undertaken.  The t h e s i s  c o n s i s t s  of 

t h r ee  pr incipal  s egment s :

(1) A p r eex i s t i ng  sp i cule  model  i s  ex t ended  and developed.  In 

t he  model ,  a s e r i e s  of rebound shoc ks  p ro pa g a t i n g  on a v e r t i c a l  

mag ne t i c  f lux t ube  r e s u l t s  in chromospher i c  m a t e r i a l  w i th  s p i c u l e ­

l ike  p r o p e r t i e s  be lo w  a r a i s e d  t r a n s i t i o n  r egion .  The model  

e m p h a s i z e s  dynamic  m o t i o n s  and shock h e a t i n g ,  bu t  e x c l u d e s  

r ad i a t i v e  and i on iza t ion  losses .  At  long t i m e s ,  t he  model approaches  

a new h y d r o s t a t i c  equi l i b r i um w i t h  t he  t r a n s i t i o n  region r emain ing  

r a i s ed ,  and w i t h  a r eg ion  of sh o c k - h e a t e d  ch romosphe re  be low it. 

The va r i a t i on  of t he  model  p r op e r t i e s  in r e sponse  to d i f f e r e n t  i n i t i a l  

p a r a m e t e r s  i s  i n v e s t i g a t e d .  One conc lus ion  i s  t h a t  t he  model  is  

c apab l e  of g e ne r a t i ng  s t r u c t u r e s  w i t h  p r o p e r t i e s  c o n s i s t e n t  w i t h

x i i i



o b se r v a t i o n s  of sp i cu l e s  ( w i t h  the  excep t i on  of t e m p e r a t u r e )  when 

only the  dynamics  Is considered.

(i i)  An an a l y t i c a l  s t u dy  i s  pe r f o r m ed  using l i n e a r i z ed  MHD 

e q u a t i o n s  to  d e m o n s t r a t e  t h a t  s p i c u l e s  may a c t  a s  r e s o n a n c e  

c a v i t i e s  f o r  MHD Alfven waves  propagat ing along a ve r t i c a l  magne t i c  

f lux tube.  When t he  r e so nan ces  are  exc i t ed ,  large amou n t s  of wave 

energy  f rom the  photosphere  and l ow er  ch romosphe re  can propaga t e  

i n to  the spicule .  This  may r e s u l t  in the observed heat ing ,  fading,  and 

t w i s t i n g  m o t io n s  of spi cules .  It i s  a s s u m e d  t h a t  t he  wave  energy 

can be d i s s i p a t e d  as  heat  via a t u rbu l en t  c a scad e  wh ich  f o l l o w s  a 

Kolmogorov spec t rum.

( i i i )  The sp icu l e  model used in the  f i r s t  s e gmen t  of t he  t h e s i s  

i s  appl ied to a m agne t i c  f ie ld geomet ry  which  is v e r t i c a l  through the 

pho to sphe re  and ch romosphere ,  t u rn s  hor i zon ta l  in t he  low corona,  

and e v e n t u a l l y  t u r n s  v e r t i c a l  again and e x t e n d s  i n to  t he  o u t e r  

corona .  R a d i a t i v e  and i o n i z a t i o n  l o s s e s  a re  aga in  o m i t t ed .  A 

s t r u c t u r e  d e v e l o p s  on t he  h o r i z o n t a l  s e g m e n t  w h i c h  may  be 

i d e n t i f i a b l e  w i t h  a f ib r i l ,  but  a full  s p i c u l e  does no t  develop.  At 

long t i m e s ,  t he  f i b r i l  and s h o r t  sp i c u l e  r ema in  ex t en ded ,  and a 

s t and ing  wave  develops  on t he  f lux tube.



INTRODUCTION

At f i r s t  g lance  the sun appea r s  to be a quiet ,  f e a t u r e l e s s  globe. 

A more  d e t a i l e d  exam ina t i on ,  howeve r ,  r e v e a l s  a h ighly dynamic  

o b j e c t  which  s u p p o r t s  a v a r i e t y  of phenomena  such a s  sun s po t s ,  

p l a s ma  loops,  and j e t s  of gas.  This  myr iad of f e a t u r e s  has  kept  t he  

i m a g i n a t i o n s  o f  a s t r o n o m e r s  and a s t r o p h y s i c i s t s  c a p t i v a t e d  

t h roughout  t he  h i s t o r i e s  of t h e i r  d i sc ip l ines .  The sun is a na tura l  

o b j e c t  of i n t e n s e  i n t e r e s t  to  t h e s e  s c i e n t i s t s  b e cau se  i t  i s  t he  

n e a r e s t  s t a r  t o  e a r t h ,  and t h e  only one a t  p r e s e n t  wh ich  can be 

s t u d i e d  in g r e a t  de ta i l .  Addi t iona l ly ,  t h e  dyna mics  of the sun ' s  

f e a t u r e s  r e s u l t s  f rom the In t e r ac t i on  of t he  p l asma ,  which  makes  up 

i t s  a tm osp he re  w i t h  the ub iqu i t ous  magne t i c  f ie ld;  t hus  t he  sun i s  a 

n a t u r a l  l a b o r a t o r y  fo r  t h e  p h y s i c i s t  i n t e r e s t e d  in p l a s m a s  and 

magne tohydrodynamics  (MHD).

A f t e r  t h ous an ds  of y ea r s  of  specu l a t ion ,  hundreds  of year s  of 

t e l e s co p i c  obse rva t i ons ,  and decades  of n e w e r  observing t echniques ,  

including obse rv a t i ons  f rom space ,  a genera l  p i c tu r e  of the sun and 

i t s  wo rk in g s  i s  emerging.  T h i s  t h e s i s  d e a l s  w i t h  s p i c u l e s  and 

f i b r i l s .  These  f e a t u r e s  are  a m a j o r  a sp ec t  of the  puzz l e  s ince  they 

e x e m p l i f y  t he  complex  n o n l i n e a r  dy n a m i c s  of ene rgy  and m a s s  

t r a n s p o r t  in t he  s o l a r  a tmosphere .
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The genera l  goal  of t h i s  t h e s i s  i s  to deve lop  a s p e c t s  of a 

t h e o r e t i c a l  model  f o r  s p i c u l e s  and f i br i l s .  T hes e  phenomena,  and 

indeed s o l a r  a t m o s p h e r e  dynamics  in ge ne ra l ,  a r e  c o n t r o l l e d  by 

n o n l i n e a r  p r o c e s s e s .  De t a i l ed  i n v e s t i g a t i o n s  of such  p r o c e s s e s  

n e c e s s i t a t e s  the  use of computer s .  Thus a m a j o r  por t ion of the work 

p r e s e n t e d  here  i s  numer ica l .  However ,  s eve ra l  p rob l ems  have a lso 

been so lved  a n a l y t i c a l l y ,  both  to comp l eme n t  t h e  n u m er i c s  and to 

develop a new t h e o r e t i c a l  idea f o r  h e a t  and energy  t r a n s p o r t  in 

sp i cules .

The d i s s e r t a t i o n  wi l l  commence  w i th  a r e v i e w  of sp i cu l e  and 

f ibr i l  p r o p e r t i e s  and t he o re t i c a l  mode l s  in t he  f i r s t  chapter .  A f t e r  

some m a t h e m a t i c a l  and MHD deve lopment  in Chap t e r s  2 and 3, new 

work and deve lopment  on a cu r r en t  sp i cu le  model  wi l l  be d i s cus sed  

in C h a p t e r  4. A new idea  fo r  t r a n s f e r r i n g  ene rgy  and hea t  in to  

s p i c u l e s  wi l l  t hen  be p r e s en t e d  in Chapt e r  5. Final ly ,  some  of the  

i dea s  deve l ope d  w i t h  t h e  sp i c u l e  model  of  C h a p t e r  4  w i l l  be 

modi f i ed  to examine  the  poss ib ly  r e l a t e d  f i b r i l - t y p e  s t r u c t u r e s  in 

Chapter  6.

As a p r e l u d e  to  t h e  f o r t h c o m i n g  c h a p t e r s ,  t h e  c u r r e n t  

unde rs t and ing  of t he  sun wi l l  be ske t ched  In t h i s  In t roduct ion.  The 

dynamics  of i n t e r e s t  In t h i s  t h e s i s  is  t h a t  which  i s  p r e s en t  in quiet 

sun r eg ions .  These  a re  r eg ions  which  a re  mo s t  common on t he  sun,  

and l a ck  t h e  more  p e c u l i a r  f e a t u r e s  of a c t iv e  regions,  such as 

sunspo t s ,  p l ages ,  e tc .
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Some genera l  s t u d i e s  of t he  sun a re  Jo r d a n  (1 9 8 1 ) ,  P r i e s t  

( 1982 ) ,  and S tur rock  el al. (1986) .  Also see  t he  centennia l  volume of 

S o l a r  P h y s i c s  ( 1985 ) .  On a s o m e w h a t  s i m p l e r  l eve l ,  t h e r e  i s  

Giovalnel l i  ( 1984 ) .  Among the  e a r l i e r  t e x t s  a re  Zirin ( 1966 )  and 

Gibson ( 1 9 7 2 ) ;  t h e s e  books  co n t a in  va lu a b l e  i n f o r m a t i o n  on t h e  

t a c t i c s  of t h e  s o l a r  p h y s i c i s t ,  a l t hough  so m e  of t he  i dea s  t hey  

p r e s e n t  a re  dated.

Overview of the Sun

The sun i s  a ball  of gas  composed mainly  of hydrogen.  It has  a 

r ad iu s  R0 = 6 .96  x 10 10cm to the  su r f a ce  seen  w i t h  t he  unaided eye.  

Since  i t  i s  in general  not  pos s ib l e  to obse rve  photons  o r ig ina t i ng  

be low the  su r f a ce ,  cu r r en t  ideas  on the  s t r u c t u r e  of the i n t e r i o r  a re  

due a l m o s t  e x c l u s i v e l y  to t h e o r i e s  deve loped  to c o n f o r m  w i t h  

obse rvab l e  f e a t u r e s  on t he  sur face .  In c o n t r a s t  to the i n te r io r ,  t he r e  

e x i s t s  a w e a l t h  of de t a i l ed  obse rva t i ons  of t he  sun f rom the  su r f ace  

o u t w a r d ,  and so i t  i s  p os s ib l e  to give a much  more  d e s c r i p t i v e  

survey of  t he  so l a r  a tmosphere .

So l a r  I n t er io r

Figure 1.1 d isp l ays  t he  so l a r  in te r io r .  The core  is  t he  locat ion 

of t h e  s o u r c e  of energy.  A c on se q ue n ce  of  t he  g r a v i t a t i o n a l  

a t t r a c t i o n  of t he  sun' s  l a rge  m a s s  i s  the  p roduc t i on  of e x t r e me ly
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high t e m p e r a t u r e s  (» 2 x I 0 7 K) and p r e s s u r e s  in t he  core.  These  

co nd i t i on s  a re  amenab le  to t he  p roduct ion  of energy in the form of 

p h o t o n s  and e n e r g e t i c  p a r t i c l e s ,  i n c l u d i n g  n e u t r i n o s ,  v ia  

t h e r m o n u c l e a r  r e ac t i ons .  Photons  f i r s t  d i f fu se  away  f rom the  core  

by be ing randomly absorbed and r e - e m i t t e d  ( r ad ia ted)  by surrounding 

m a t e r i a l .  The reg ion  of t he  i n t e r i o r  w h e r e  t h i s  mode  of energy 

t r a n s p o r t  occu rs  is  ca l led  t he  rad ia t ive  zone . The t e m p e r a t u r e  and 

d e n s i t y  dec r ea se  w i th  d i s t an ce  f rom the  s o l a r  c en t e r ,  and eventua l ly  

t he  con d i t i on s  r equ i r e  energy t r a n s p o r t  p r i m a r i l y  via convec t i on ,  

i.e.,  m a s s  mot ions .  This  occu r s  f rom about  .75 R0 to 1.0 R0 , in a 

r e g i o n  r e f e r r e d  to  as t h e  convection zone. Upon r e a c h i n g  t he  

s u r f a c e ,  the  conv ec t i o n  m a n i f e s t s  i t s e l f  as  t he  g r an u l a t i on  ( s ee  

P r i e s t  1982,  Fig. 1.8) and supe rg ran u l a t i on  ( see  Gibson 1972,  Fig. 

2 . 11 ).

One way in which t he  s o l a r  i n t e r i o r  i s  d i r ec t l y  observed is via 

o b se r va t i o n s  of  neu t r i nos  produced in t he  core.  The observed f l uxes  

of  t h e s e  p a r t i c l e s ,  h o w e v e r ,  do no t  co in c id e  w i t h  t he  f l u x e s  

p r e d i c t e d  by theory.  This  l acuna  has  been d i s c us se d  ex t ens ive ly  in 

t h e  l i t e r a t u r e ,  and i s  known a s  the so la r  neutr ino problem.  (See 

r e v i e w s  by Behcal l  1985 and Newman 1986 and r e f e r e n c e s  therein. )  

It i s  p o s s i b l e  t h a t  t he  r e s o l u t i o n  to  t h i s  d i l e m m a  b e t w e e n  

o b se r v a t i o n  and t heo ry  r e s i d e s  in t he  f i e l d  of e l e m e n t a r y  pa r t i c l e  

p h y s i c s ,  but  one cannot  r u l e  out  the p o s s ib i l i t y  of an e r r o r  in our  

u n d e r s t a n d i n g  of  t he  energy  p ro duc t i on  m e c h a n i s m  in t he  s o l a r  

I n t e r i o r .  We a r e  t h e r e f o r e  c au t i one d  a g a i n s t  be l i ev in g  t h a t  our  

p i c t u r e  of the sun i s  complete .
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Pho tosphere

Moving ou tw a rd  f rom the  i n t e r i o r  and through t he  convec t i on  

zone,  the d e n s i t y  of t he  s o l a r  sphere  c o n t i nu es  to drop to a point  

w h e r e  t he  pho tons  f rom the  i n t e r i o r  a r e  not  r e ad i l y  absorbed or  

s c a t t e r e d  by t h e  sur rounding  media.  They e scape  i n to  space  much 

more  f ree ly  a t  t h i s  boundary.  Energy i s  once again c a r r i e d  outwa rd  

mainly  by t he  photons.  Thus  t he  su r face ,  known as t h e  photosphere 

( f r om the  Greek word for  l ight ) ,  i s  formed.

The pho to sphere  r e p r e s e n t s  the f i r s t  of  t h r ee  pr i nc ipa l  l a y e r s  

of t he  solar  atmosphere.  One of the def in ing  c h a r a c t e r i s t i c s  of t he  

t h r e e  a tm o sp h e r i c  regions  is  the  t em pe r a t u r e .  Figure 1.2 shows the  

t e m p e r a t u r e  a s  a funct ion of r ad ius  for  t he  s o l a r  a tmosphe re .  At the  

b a s e  of t he  p h o t o s p h e r e  t he  t e m p e r a t u r e  i s  T = 6 0 0 0  K. The 

t e m p e r a t u r e  c o n t i nu es  to drop above t he  s u r f a c e  unt i l  a minimum 

value  of some  4 3 00  K i s  obt a ined  a t  a he igh t  of approx ima te ly  5 0 0  

km above t h e  su r f ace .  (In t h i s  t h e s i s ,  t h e  t e r m  ' he ig h t '  a lw a y s  

r e f e r s  to d i s t a n c e  above t h e  pho to sphe r i c  sur face . )  Th i s  level  i s  

r e f e r r e d  t o  a s  t h e  te m pera tu re  minimum.  At h i g h e r  h e i g h t s ,  

a t m o s p h e r i c  h e a t i n g  p r o c e s s e s  b e c o m e  d o m i n a n t ,  and t h e  

t e m p e r a t u r e  beg ins  to r i s e  w i t h  height .  In t he  chromosphere , t he  

second  region of the s o l a r  a tmosphe re ,  t h e  t e m p e r a t u r e  is  roughly 

1 0 4 K. A f t e r  some  2 0 0 0  km th e  t e m p e r a t u r e  ag a in  r i s e s  

d r am a t i c a l l y ,  going f rom JO4 K to 105 K in a f ew hundred km. This
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jump oc cu r s  in the transit ion region . The t h i rd  pr inc ipal  l a y e r  of 

the  s o l a r  a t m o s p h e r e  i s  t he  corona,  a very  hot  ( 1 0 6 K), t e nu o us  

extended region above t he  t r an s i t i on  region.

The  m o s t  o b v i o u s  f e a t u r e  of t h e  p h o t o s p h e r e  i s  t h e  

photospheric granulation.  Seen in w h i t e  l igh t ,  t h e r e  a re  about  a 

m i l l i on  g r a n u l e s  on t h e  sun a t  any t i m e .  The l i f e t i m e  f o r  an 

individual  g ranul e  i s  ab ou t  8 m inu t e s ,  and t h e i r  d i a m e t e r s  range  

f rom about  8 00  to 1500 km. Granules s e e m  to be composed of hot  

u p f l ow in g  m a t e r i a l  in t h e i r  c e n t e r s ,  and c o o l e r  d o w n f l o w i n g  

m a t e r i a l  a t  t h e i r  boundar i es .  Some g r anu l e s ,  known as  exploding  

granules,  darken  in t h e i r  c e n t e r s  end expand r ad i a l l y  a t  the  end of 

t h e i r  l ives ;  r e cen t  high r e so lu t i on  obse rva t i ons  by T i t l e  e t  al. ( 1987)  

sugges t  t h a t  exploding g r anu l es  are qui te  common.

In add i t i on  to t he  g r anu l a t i on ,  t h e r e  e x i s t s  o t h e r  s c a l e s  of 

g r a n u l a t i o n  v i s i b l e  in t h e  p ho t o sp h e r e .  Among t h e s e  i s  t he  

s u p e rg ra n u la t io n ,  w i t h  ce l l  d i a m e t e r s  r anging  f ro m  2 0 , 0 0 0  to 

54 , 00 0  km and l i f e t i m e s  of  1-2 days. Upward mo t ions  of 0.1 km s _1 

a t  cel l  c e n t e r s ,  ho r i zont a l  ou twa rd  f l o w s  of 0.3 or  0 .4  km s " 1, and 

downward  f l o w s  a t  t he  ce l l  bounda r i e s  of  0.1 to 0.2 km s _1 a re  

observed.

High r e s o l u t i o n  pho tog raphs  of t h e  pho to sp h e re  revea l  t iny  

br i gh t  e l e m e n t s  c o n c e n t r a t e d  a t  the  su p e r g r an u l e  boundar i es .  By 

compar ing  t h e s e  pho tog raphs  w i th  m a g n e to g r a m s ,  i t  i s  seen  t h a t  

t h e s e  f e a t u r e s ,  c a l l ed  ne tw o rk  bright points,  a re  c o r r e l a t e d  w i t h
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r e g i o n s  of i n t e n s e  m a g n e t i c  f i e l d s .  F u r t h e r m o r e ,  l i t t l e  or no 

pho to sphe r ic  magne t i c  f i e l d s  are  found away f rom the  br i gh t  points .  

This  one to one cor r e spondence  b e tw e e n  mag ne t i c  f i e l d s  and br ight  

p o i n t s  ha s  l ed  t o  t h e  su s p i c i o n  t h a t  t h e  b r i g h t  p o i n t s  a r e  the 

channe l s  f o r  t he  m ag n e t i c  f lux ex i t i ng  t he  convec t i on  zone.  These 

magn e t i c  channe ls ,  or  f lux t ubes ,  have d i a m e t e r s  of around 150 -300  

km (or  perhaps  sm a l l e r )  and f ield  s t r e n g t h s  of 1 -  2 k i logauss .  It is 

p r o b a b l e  t h a t  t h e  f l u id  m o t i o n s  of s u p e r g r a n u l e s  push  t h e s e  

m ag ne t i c  f lux t u b es  to t he  supe rg ranu l e  boundar ies .  (The magne t i c  

f i e l d s  sp r ead  out  above t he  pho tosphe re ;  t he  aver age  m agne t i c  f ield 

s t r e n g t h  of the sun in h igher  a tm osp he r i c  l aye rs  is  about  a gauss. )

A r ev i ew  of qu i e t  sun pho to sphe r i c  g r anul a t ion  and ne twork  

br igh t  poin ts  has  been r ecen t l y  publ i shed by Muller  (1985) .

Chromosphere  and T rans i t i on  Region

The ch romosphe re  ( ' color '  s phere)  i s  so named because  i t  was  

f i r s t  no t i c ed  a s  a red  f l a s h  around t he  l imb of t he  sun j u s t  before  

and j u s t  a f t e r  t h e  t o t a l  phase  of s o l a r  e c l i p s e s .  The red co lo r  i s  

a t t r i b u t e d  to t he  predominance  of r a d i a t i o n  in w a v e l e n g th s  in the 

red end of t he  s p e c t r u m ,  p r i m a r i l y  t h a t  due to  t he  n=3 to  n=2 

t r a n s i t i o n  in a t o m i c  hydrogen ( t h i s  i s  t he  Ha  t r a n s i t i o n ) .  The

ch ro m os ph e r e  i s  opaque when obs e rved  in t h i s  s p e c t r a l  l ine ,  and 

c on se q ue n t l y ,  t e l e s c o p e s  equipped w i t h  Ha  f i l t e r s  w i l l  only see

down to  t he  chromosphere .  Much of w h a t  has  been lea rned about  th i s
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region of t he  sun' s  a tm osphe re  has  come f rom such Ha  observa t ions .  

Other  spe c t r a l  l ines ,  such as  Ca II, a re  a l so  fo rmed in and used in the 

s t udy  of the  chromosphere .

The ch romos phe re  i s  highly s t r u c t u r e d  and nonuni form.  This  

can be seen in t he  l imb v i ew in Figure 1.13a of P r i e s t  (1982) .  The 

j e t - l i k e  f e a t u r e s  a re  t he  sp i cu l e s ,  f i r s t  descr i bed  110 y e a r s  ago by 

Secchi  ( 1 877 ) ,  and named f o r  t h e i r  appea rance  by Robe r t s  (1945) .  

T he s e  o b j e c t s  have l i f e t i m e s  of f ive  to  t en  m i n u t e s  and r each  a 

max imum he igh t  of some  10000  km. Sp i cu l e s  a r e  an en igma in 

s evera l  r e s p e c t s ;  e.g., t h e i r  upward  ve lo c i t i e s  a re  n on -b a l l i s t i c ,  they 

have  t e m p e r a t u r e s  c o m p a r a b l e  to or  h i gh e r  t h a n  t h o s e  of  the 

ch romosphe re  ( Implying t he  ex i s t en ce  of some hea t i ng  source) ,  and 

t hey  o f ten  fade  f rom view a f t e r  achieving t h e i r  maximum height .  A 

comple t e  model  of sp i cu l es  wi l l  have to account  f o r  t h e s e  and o ther  

obse rva t i ons  out l ined in the f i r s t  chapter .

In d isk v i e w s  of t he  ch romosphe re  ( P r i e s t  1982,  Fig. 1.13b), 

t he  chromospheric network  b ecomes  v i s i b le ;  t h i s  ne tw ork  coinc ides  

w i t h  supe rg ranu l e  boundar ies  seen  in t he  photosphere .  Also vi s ib le  

i s  a m u l t i t u d e  of f ine  s t r u c t u r e ,  much of which can be s een  a t  the 

p e r i m e t e r  of supergranu le  ce l l s .  This  f i ne  s t r u c t u r e  i s  composed  of 

f e a t u r e s  which  a re  genera l ly  dynamic,  and of ten  j e t - l i k e ,  in nature .  

Included among t h e s e  f e a t u r e s  a re  br i ght  and dark o b j ec t s ,  known as 

t he  bright m ott les  and the dark m ott les , which s eem to be s i m i l a r  to 

t h e  s p i c u l e s  s een  on t he  l imb.  Which,  i f  any,  of  t h e s e  f e a t u r e s  

co r r e spond  to t he  sp i cu l e s  ha s  not  been de t e rm in e d  w i t h  ce r t a i n ty .
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It s e e m s  l ike ly  t h a t  e i t h e r  t h e  br ight  o r  dark m o t t l e s ,  or  bo th ,  

m a n i f e s t  t h e m se lv e s  as  sp i c u l e s  when v iewed at  t he  l imb.  Making a 

one to one co r r e spondence  b e t w e e n  t he  l imb and d i s k  f e a t u r e s  i s  

d i f f i c u l t  because  of t he  sho r t  l i f e t i m e  of  the f e a t u r e s  compared to 

the  r o t a t i o n  per iod of the  sun ( 2 6 - 3 0  days).

F ib r i ls  a re  an o th e r  ch romospher i c  f e a tu r e  v i s i b l e  on the d i sk  

( see,  f o r  example ,  Bray and Loughhead 1974 ,  Pl a te  5.1) .  They a l s o  

a r e  dyna mic  phenomena ,  and sh a r e  s i m i l a r i t i e s  w i t h  the (d a rk )  

m o t t l e s .  The axes  of f i b r i l s  a r e  bas i ca l l y  hor izontal ,  whe rea s  t h o s e  

of m o t t l e s  and s p i c u l e s  a re  p r edo m in an t l y  ve r t i ca l .  The  obse rved  

p r o p e r t i e s  of sp i c u l e s  and f i b r i l s ,  and t h e  ma jo r  t h e o r i e s  r egarding  

t hem wi l l  be d i s c u s s e d  in t h e  f i r s t  chap t e r .  New i d e a s  on t h e s e  

f e a t u r e s  w i l l  be developed in t h e  succeeding chapters .

The  s t a n d a r d  q u a s i - e m p l r i c a l  mode l  of t h e  c h r o m o s p h e r e  

y i e lds  a t e m p e r a t u r e  s t r u c t u r e  which s t a r t s  to r i s e  w i th  h e ig h t  

a f t e r  t h e  t e m p e r a t u r e  m in im u m ,  as s h o w n  in F i g u r e  1.2. ( S e e  

Pheuman and Orrall  1986.) Th is  model i s  only qu as i - em p l r i c a l  s i nc e  

some  phys i ca l  a s s u m p t io n s ,  su ch  as h y d r o s t a t i c  equ i l i b r i u m ,  a r e  

used.  The energy r e q u i r e m e n t s  f o r  the ch romosphe re  a r e  * 4 x  106 

e rg  c m -2 s ' 1 (Wi thbroe  and Noyes 1977 ) ;  t h i s  c o r r e s p o n d s  to  a 

v o l u m e t r i c  hea t ing  r a t e  of =>10"2 erg c m ’ 3 s " 1. (Ac t i ve  regions a r e  

more ene rge t i c ,  requi r ing  2 x 10 7 erg cm’2 s ’ 1.)

T heo re t i c a l  a t t e m p t s  to unde rs t and  t he  qu as i - em p i r i c e l  model  

rely on t he  e x i s t e n c e  of the hot  corona above  the chromosphere .  (As
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wi l l  be d i s cus sed  shor t ly ,  t he  source  of t he  coronal hea t ing  is a key 

ques t i on . )  One approach  to  developing  a t h e o r e t i c a l  model ( s e e  

P r i e s t  1982) demands  t ha t  m o s t  of the  hea t iny  input  f r om the l o w e r  

a t m o s p h e r e  be ba lanced  by r ad i a t i on  l o s s e s .  A c o u s t i c  waves  a r e  

b e l i ev e d  to c o n t r i b u t e  to t he  hea t ing  a t  t he se  l o w e r  levels .  The  

r e s u l t i n g  t e m p e r a t u r e  p rof i le  i n c r e a s e s  only r e l a t i v e ly  s lowly w i t h  

he igh t  below about  2000  km. However,  t h e  rad i a t i ve  l o s s  r a t e s  a r e  a 

s t r o n g  func t i o n  of  t e m p e r a t u r e  -  t h e y  are  very  l ow  at  l o w e r  

t e m p e r a t u r e s ,  but  i nc rease  d r am a t i c a l l y  in the neighborhood of 104 

K. A r e s u l t  i s  t h a t  a t  around 2 0 0 0  km, t h e  energy ba lance  changes  

d r a s t i c a l l y .  The t e m p e r a t u r e  has  gradual ly  cl imbed to  a point w h e r e  

t he  r ad i a t ion  l o s s e s  a re  l a rge  enough to dominate  t h e  input  heat ing .

In o r d e r  for  energy balance to  be main t a ined ,  an add i t i ona l  source  i s  

r equ i r ed .  This  sou rc e  is  h e a t  f rom the  much h o t t e r  corona above.  

The  f l o w  of co rona l  hea t  down Into t h e  upper  c h r o m o s p h e r e  i s  

m a i n t a i n e d  by a l a rg e  t e m p e r a t u r e  d i f f e r e n c e  in a very n a r r o w  

region.  This r e s u l t s  in the t r a n s i t i o n  region.  (It m u s t  be pointed ou t  * 

t h a t  a l t e r n a t i v e  i n t e r p r e t a t i o n s  of t he  t r a n s i t i o n  r eg io n  also ex i t ;  

e.g. Dowdy,  Rabin ,  and Moore 1986,  Rabin  and Moore 1984,  and 

An t iochos  1904.)

The ch romosphere  and t r an s i t i o n  region  are very dynamic,  w i t h  

e v i d e n c e  fo r  f l u id  mo t i on s  t h roughout .  Much of t h i s  mot ion  i s  

deduced  by ob se rv in g  t he  dop p l e r  s h i f t s  of a p p r o p r i a t e  s p e c t r a l  

l ines .  It is via such  doppler  s h i f t  obse r va t i ons  t ha t  t h e  ex i s tence  of 

d o w n f l o w s  of ho t  ( r ad i a t i n g  in the  u l t r a v i o l e t )  m a t e r i a l  in t h e  

t r a n s i t i o n  r eg io n  have  co m e  to  be known.  T h e s e  u l t r a v i o l e t



d o w n f l o w s  may play a m a j o r  r o l e  in t he  h e a t i n g  of t he  uppe r  

ch romosphere  and t r a n s i t i o n  region.  It ha s  also been sugges t ed  t h a t  

t h e s e  f l o w s  a re  due to t he  r e t u rn  of sp i cu l e  m a t e r i a l  to  the  l o w e r  

s o l a r  a tm osphe re .  This  sugges t i on  w i l l  be r e t u rned  to l a t e r  in t h i s  

d i s s e r t a t i o n .  Addi t ional ly ,  non - the rma l  broadening of  spec t r a l  l ines  

( s ee  d i s c u s s i o n  in the  r e v i e w  on t he  t r a n s i t i o n  r eg ion  by Mariska 

1986)  i m p l i e s  t h e  e x i s t e n c e  of un re so lved  v e l o c i t i e s  t ow ard  and 

away  f ro m  the  o b s e r v e r ,  and may be i n d i c a t i v e  of t u r b u l e nc e  

(Hollweg 1984a,  1985).

Corona

The o u t e r m o s t  m a j o r  l a y e r  of t h e  sun' s  a t m o s p h e r e  i s  t he  

corona.  Once only v i s ib le  during t o t a l  s o l a r  e c l i p s e s ,  t he  corona is 

now s t u d i e d  by us ing  co rono g r ap hs ,  i.e. t e l e s c o p e s  f i t t e d  w i t h  

occu l t i ng  d i sk s  to  obscure  t he  sun' s  b r i g h t e r  su r f a ce .  These  give 

o b s e r v a t i o n s  of Thomson s c a t t e r e d  pho to sph e r i c  r a d i a t i o n  of f  of 

f r e e  coronal  e l e c t r o n s .  The corona e m i t s  ( r a t h e r  t han  s c a t t e r s )  

p rominen t l y  in X-rays  and UV due to i t s  high t em p e r a tu r e .  However,  

the  e a r t h ' s  a tm os ph e re  i s  opaque to X-ray and UV r ad i a t i on ,  and so 

coronal  ob se rv a t i o n s  in t h e s e  wave l eng th  ranges  have  had to a w a i t  

t he  adven t  of t he  space  age. A l arge  body of X-ray and UV coronal  

da t a  w a s  obt a ined  by the  skylab  space  s t a t i o n  in t h e  ear ly  1970' s .  

T hes e  o b s e r v a t i o n s ,  a long w i t h  t h o s e  of  o t h e r  s a t e l l i t e s ,  have  

yielded f r e sh  In s igh t  Into t he  s t r u c t u r e  and dynamics  of the corona.  

Among t he  s t r u c t u r e s  found a re  b r i gh t  loops of de ns e  p l asma ,  and
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l a rg e  dark r eg ions  of l e s s  dense  corona known as  coronal holes. By 

m a t c h i n g  coronal  ima ges  w i t h  mag ne t i c  f i e l d  t opo log i e s  computed 

f rom measured  photosphe r i c  f i e l d s ,  evidence  has  been ob t a ined  t h a t  

t he  coronal  loops  r e p r e s e n t  r eg ions  of c l o s ed  m agne t i c  f i e l d  l ines 

and t he  coronal  ho l e s  r e p r e s e n t  r eg ions  w h e re  the m a g n e t i c  f i e l ds  

open out  into space .  The so l a r  wind h igh -wind  s t r e a m  d e t e c t e d  near  

t he  e a r t h  seem to  or i g ina te  in t he  coronal  holes  (Zirker  1977) .

As men t ioned  above,  t he  t e m p e r a t u r e  of the corona  i s  very 

high,  1-3  x 106 K. The source  of the coronal  hea t  has been a ma jo r  

q u e s t i o n  in s o l a r  phys i c s  s i nc e  i t s  r e c o g n i t i o n  in t he  1930 ' s .  A 

p r e c i s e  a n s w e r  to t h i s  ques t ion  i s  s t i l l  unknown,  but  much progres s  

t o w a r d  a so lu t ion  ha s  been made.  Most of t he  c u r r en t  r e s e a r c h  into 

t h i s  ques t i on  r e v o l v e s  around t he  use  of t he  m ag ne t i c  f i e l d  as a 

med ium for  the  t r a n s p o r t  of mechanica l  energy f rom the photosphere  

a n d / o r  the convec t i on  zone i nto  t he  corona,  and i t s  convers ion  into 

t h e r m a l  energy.  Older  ideas  involving t he  t r a n s f e r  of ene rgy  from 

th e  l o w e r  a t m o s p h e r e  via sound wa v es  a re  l os ing  f avo r ,  s i nce  i t  

a p p e a r s  t h a t  s u f f i c i e n t  energy f l uxes  do not  e x i s t  in sound waves  

(Athay  1986,  Athay and White 1978,  1979;  Bruner  1978).  Coronal 

energy  r eq u i r e m e n t s  a re  given by Withbroe and Noyes (19 77 )  to be 3 

x 105 erg cm’ 2 s " 1 in qu i e t  r eg io n s  and 8 x 105 erg c m ’ 2 s ' 1 in 

coronal  holes.  (Ac t i ve  regions  r equ i r e  107 erg c m ^ s ’ 1.)

Goals of Chromospheric Research
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The above b r i e f  ove rv i ew has o m i t t e d  much of w h a t  is known 

about  the  sun. Pa r t  of t h i s  r e s u l t s  f rom r e s t r i c t i n g  t he  d i scus s ion  

to t he  qui e t  sun.  But a l so  ignored a re  ques t ions  about  so l a r  cyc l es ,  

t he  genera t i on  of magne t i c  f i e l ds  in t he  sun,  and t he  r e l a t i o ns h i p  of 

t he  sun to o t h e r  s t a r s .  This  d i s s e r t a t i o n  wi l l  not  a d d r e s s  any of 

t h e s e  i m p o r t a n t  q u e s t i o n s ;  t he  e m p h a s i s  is  on t h e  dynamics  of 

sp i c u l e s  and f i br i l s .  S t i l l ,  even in t h i s  s eemingly  l im i t e d  domain,  

s o m e  c o n t r i b u t i o n s  t o  key q u e s t i o n s  in s o l a r  p h y s i c s  can r e s u l t .  

Some spec i f i c  sugge s t e d  ques t i ons  fo r  ch romosphere  and t r a n s i t i o n  

r egion r e s ea r ch  to ad d re s s  are  ( paraphased  from Athay 1985):

(1) What  a re  the  pr imary  m ech an i sm s  for  hea t  depos i t ion  

and energy t r a n s p o r t ?

(i i)  Once energy i s  d i s s i p a t e d  f rom the  p r ima ry  hea t ing  

mec han i sm ,  w h a t  i s  i t s  d i s p o s i t i o n ?  What f r a c t i o n  i s  

r a d i a t e d  l o c a l l y  and w h a t  f r a c t i o n  i s  t r a n s p o r t e d  

e l s e w h e r e  be fo r e  being r a d i a t e d ?  Also,  w h a t  a re  the 

rol es  of f l o ws  in energy t r a n s p o r t ?

(i i i)  What  g ives  r i s e  to the m a s s  f l o w s ?  How much of i t  

i s  i n h e r e n t  in t he  hea t i ng  m e c h a n i s m s  and how much 

s imply  a r i s e s  f rom p re s su r e  g r ad i en t s  due to d i f f e r en t i a l  

hea t ing?

The ch romosphe re  appea r s  to be l a rge ly  governed by d i s c r e t e  

f ine  s t r u c t u r e s  nea r  t he  l i m i t  of e a r t h  based  t e l e s co p i c  r esolut i on .  

So In o rder  to a d d re s s  the  ques t i ons  above,  t h i s  chromospheric fine  

structure  c annot  be Ignored.  Sp i cu l e - l i ke  s t r u c t u r e s ,  w h e t h e r  in t he
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fo rm  of b r i g h t  o r  dark  m o t t l e s ,  f i b r i l s ,  o r  s p i c u l e s ,  s e em  to 

d o m i n a t e  t he  c h r o m o s p h e r e ' s  f i ne  s t r u c t u r e .  Also,  t h e  energy 

r e q u i r e m e n t s  f o r  sp i c u l e s  a re  compa rab l e  to t ho se  of o t h e r  so l a r  

a t m osp he r i c  f e a t u r e s .  (However ,  g lobal ly  the  overa l l  energy  budget 

of sp i c u l e s  i s  s m a l l e r  t han  t h a t  of o t h e r  a tm os ph e r i c  r eg ions ,  s ince 

the  sp i cu l e s  only cover  one pe r cen t  of  the s o l a r  su r f a c e  a t  a given 

t ime. )  Even s t r o n g e r  s t a t e m e n t s  can be made r egarding  t he  e f f e c t s  

of ch rom os phe r i c  f ine s t r u c t u r e  on t he  overal l  m a s s  ba l ance  of the 

sun,  s i nce  the t o t a l  mas s  f lux in sp i c u l e s  exceeds  t h a t  of t he  so l ar  

wind by a f a c t o r  of a hundred ( see  Chap t e r  1). Consequent l y ,  the 

s t udy  of s p i c u l e s  and f i b r i l s  is v i t a l  to an u nd e r s t an d i n g  of the 

ch rom os phe re ,  a s  we l l  a s  o t h e r  r e g i o n s  of t h e  s o l a r  a tm osphe re .  

F i n a l l y ,  t he  s t u d y  of s p i c u l e s  m ay  he lp  in a m o r e  genera l  

unde rs tanding  of  the  sun via Ins ight  i n to  s o l a r  non l inear  dynamics .  

S p i c u l e s  are  h ighly non l i nea r  phenomena,  as e x em p l i f i e d  by there  

v e lo c i t i e s  (25 km s " 1 ) wh ich  are supe r son ic  compared  to t h e  sound 

speed  of sp i cu l e s  (= 10 -  2 0  km s " 1). Such non l inear  behavior  may be 

common on the  sun.

Th is  d i s s e r t a t i o n ' s  c o n t r i b u t i o n  to  s o l a r  phys i c s  i s  minute .  

Major  dynamica l  phenomena  of n a t u r e  a re  no t  o f t en  unde r s to od  

overnight  -  or  even over  a s i x - y e a r  period.  It i s  only hoped t h a t  this  

work w i l l  f u r t h e r  the p r o g r e s s  t o w a r d  long sough t  exp l a na t i ons  of 

the workings  of t he  sun.
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Fig. 1.1. The so l a r  i n t e r io r .  I ndica ted  t e m p e ra t u r e  and 
d i s t a n c e s  are  approximate .
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a tmosphe re .  The m a j o r  d iv i s ions  of t he  a tm osp he re  ere 
labeled.



CHAPTER 1

CHROMOSPHERIC FINE STRUCTURE: OBSERVATIONS AND
THEORY

In t h i s  c h a p t e r  t h e  obs e rved  p r o p e r t i e s  and t h e o r i e s  of 

f o r m a t io n  of sp i c u l e s  and f i b r i l s  wi l l  be reviewed.  O the r  r e v i e w s  

can  be found in Athay ( 1 9 7 6 ) ,  Be ck e r s  ( 1968 ,  1 9 7 2 ) ,  Bray and 

Loughhead (1 974 ) ,  and Michard (1974).

Observations

S p i c u l e s

general Future?

As no ted  in the  Int roduct ion,  the sp i c u l e s  appea r  t o  be j e t s  of 

gas  emana t ing  f rom the  chromosphere .  At  any given t i m e ,  they cover  

a p p ro x i m a t e ly  one p e r c e n t  of the  s o l a r  sur face .  O b s e r v a t i o n  of 

s p i c u l e s  i s  c om p l i ca t e d  by t he  f ac t  t h a t  t h e i r  d i a m e t e r s ,  u s ua l l y  

r ep o r t e d  to be around 1000  km, place t h e m  a t  or n e a r  t h e  l imi t  of 

r e so l u t i on  f o r  e a r t h  based t e l e s copes .  Th e re  are r e p o r t s  of a sma l l  

d e c r e a s e  in sp i c u l e  d i a m e t e r  w i th  h e i g h t  (Beckers  1968 ;  Lynch, 

Beckers ,  and Dunn 1973);  t h i s  may r e s u l t  f rom the s p i c u l e  becoming
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more t r a n s p a r e n t  a t  g r e a t e r  he ig h t s ,  however ,  r a t h e r  than  f rom a 

t rue  phys ica l  d i a m e t e r  decr ea se  (Lynch, Beckers ,  and Dunn 1973).

The sp i c u l e s  r e a c h  a range of  he igh t s ,  w i t h  r epo r t e d  maxima 

averag ing  6 5 0 0  to 9 5 0 0  km, and t hey  o f t e n  have  n o n - v e r t i c a l  

o r i e n t a t i o n s .  The h e ig h t  va lues  a r e  s o m e w h a t  s u b j e c t i v e ,  a s  the 

sp i cu l e s  may not have a sharp upper  boundary.  The top is  genera l ly  

defined to  be where  t he  spicule  be comes  invis ib le .  Sp i cu les  appear  

to be much  d e n s e r  t h an  t he  su r round ing  m ed iu m  at  all  h e igh t s  

(Michard 1974).  Typical  va lues  f o r  dens i ty  a re  3.7 -  0.5 x 10“13 g 

cm-3 (bo t t om  to top),  compared to approx ima te ly  8 x 10“16 g cm"3 in 

the  su r round ing  corona.  The d e n s i t y  and t e m p e r a t u r e  p r o f i l e s  of 

sp i cu les  a re  r e l a t i ve ly  f l a t  compared to  those  of t he  chromosphere .

Becker s  ( 1972 )  no t e s  t ha t  s p i c u l e s  nea r  t h e  so l a r  poles  seem 

to fol low the  polar  (coronal )  rays.  Th i s  is c o n s i s t e n t  wi th  t he  view 

of sp i cu le  f o rma t ion  a long magne t i c  f i e lds .  F u r t h e r  suppor t  f o r  the 

a s s o c i a t i o n  of s p i c u l e s  w i t h  m a g n e t i c  f i e l d s  c o m e s  f rom 

o b s e r v a t i o n s  of t h e  s o l a r  disk.  Such o b s e r v a t i o n s  r e v e a l  a 

concen t r a t i on  of chromospher i c  f ine  s t r u c tu r e ,  p r esumab ly  sp i cu les ,  

at  supe rg ranu le  boundar i es  -  the m agne t i c  f ie ld i s  enhanced in these  

regions.

Spi cule  Motions
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The mo t io n s  of sp i c u l e s  s eem to be complex ,  and in any case ,  

a r e  not  wel l  unders tood.  Movies made  in Ha  i n d i c a t e  t ha t  t h e i r  t ops

r i s e  w i th  an upward  ve loc i t y  of around 25 km s ~ \  Several  obse rve r s  

r e p o r t  t h i s  upward  ve loc i t y  to be c o n s t an t  o v e r  a la rge  d i s t an ce ,  

d e s p i t e  t he  p r e s e n c e  of t he  co m p e t i n g  e f f e c t  of g r a v i t a t i o n a l  

d e c e l e r a t i o n  ( s ee  Becke rs  1968 ,  1972) .  Some r e p o r t s  ba sed  on 

doppl er  m e a s u r e m e n t s  a re  c o n s i s t e n t  w i th  t he  25  km s -1 v e lo c i t i e s  

(Beckers  1968 ,  1972) ,  wh i l e  o t h e r  doppler  m e a s u r e m e n t s  su g ge s t  

m o r e  complex mo t i on s ,  a t  t i m e s  r e s u l t i n g  in r e v e r s a l  of s ign in 

ve loc i t y  (Zi rker  1967,  Beckers  1968,  Mamedov and Orudzhev 1978).  

In any case ,  i t  s e em s  highly unl ikely t ha t  ve r t i c a l  sp icule  mot ion  is  

b a l l i s t i c .  Indeed,  ba l l i s t i c  mot ion w i th  an i n i t i a l  upward ve loc i t y  of 

2 5  km s " 1 would  lead to a maximum height  of only 1200 km. There  

have  been r e p o r t s  of ho r i zo n t a l  m o t io n s  of s p i c u l e s ,  i nd i c a t i n g  

shaking t r a n s v e r s e  to the  axis  (Pe sachof f ,  Noyes,  and Beckers  1968; 

Nikolski i  1970;  and Weart  1970; Mamedov and Orudzhev 1983).

Some o b se r v e r s  r epor t  a s l i gh t  i nc l ina t ion  t o  spicule  emi s s ion  

l ine  sp e c t r a .  An o f t en  s t a t e d  I n t e r p r e t a t i o n  of  t h e s e  t i l t s  is a 

spinning or t w i s t i n g  mot ion in sp i c u l e s  (e.g., Becke rs  1968;  Livshi t s  

1967 ;  Pasacho f f ,  Noyes,  and Beckers  1968),  wh ich  can be as  l arge  as 

30  km s " 1.

Sp i c u l e s  a ch i ev e  t h e i r  m ax im u m  h e i g h t s  a f t e r  so m e  f ive 

minu t e s .  A f t e r  t h i s  t im e ,  the  sp i cu l e  may fal l  back  along t he  same 

pa th  over  which  i t  evolved,  or  i t  may fade f rom v i ew  along i t s  en t i r e  

length .  This  fad ing  has r a i s ed  the ques t ion  of t he  f a t e  of sp icu le s ;
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in p a r t i c u l a r ,  do they  d i s so lv e  i n to  t he  corona ,  leave t he  sun ,  or 

r e t u r n  to t he  s u r f a c e ?  Ins ight  i n to  t h i s  q u e s t i o n  is g a in e d  by 

examining  t he  mass  f lux ,  F, in spicules :

F = p V f

w h e r e  p i s  t he  dens i ty  in t he  sp i cu le ,  t aken to be 10"13 g c m -3 ; V is 

t he  upward  veloci ty of t h e  spicule (25  km s " 1); and f is the f r a c t i o n  

of  t he  s u n ’s su r f a ce  co ve re d  by s p i c u l e s ,  t ak e n  to be f = 0 .006 

(Beckers  1972).  The va lue  of F is t hen  on the o r d e r  of 10_9g c m -2 s '  

1. The s o l a r  wind m a s s  f lux i s  tw o  o rde r s  of magni t ude  s m a l l e r  at 

10“ 11 g c m -2 s " 1 (Axford 1985).  Thus t he  spicule  m a s s  is not l eaving  

t h e  sun. Since  t h e  m a s s  of t h e  corona  d o e s  not i n c r e a s e  

d r a m a t i c a l l y  over t i m e ,  t h e  im p l i ca t i o n  is t h a t  a t  l e a s t  99 pe r c en t  

of the  m a t e r i a l  in s p i c u l e s  r e t u rn s  to  t he  so l a r  su r f ace .  The na tu r e  

of t h i s  r e t u r n  is,  howeve r ,  unknown. A hypothes i s  to  be d i s c us se d  in 

C h a p t e r  5 i s  t ha t  s p i c u l e s  of ten  r e t u r n  to the  s o l a r  su r f ace  a f t e r  

be ing he a t ed  to a high enough t e m p e r a t u r e  to p r ec lude  e m i s s i o n  in 

c h ro m o s p h e r i c  s p e c t r a l  l i n e s  -  t h i s  would exp la in  t he i r  a p p a r e n t  

fading p r i o r  to fall ing.

Energy Cons ide ra t ions

If s p i c u l e s  f o r m  out  of  m a t e r i a l  e j e c t e d  f r o m  the  

c h r o m o s p h e r e  then s o m e  hea t i ng  i s  t ak ing  p l a c e  dur ing t h e i r  

gene ra t i on  s ince  t he i r  i n f e r r ed  t e m p e r a t u r e s  are  in t he  range 10 ,000
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-  16 ,000  K, which i s  h o t t e r  t han  t he  l ower  chromosphere .  Moreover,  

energy m u s t  be sup p l i ed  to t h e  sp i cu l e  in o r d e r  to ove rcome  the  

cool ing of  the ga s  wh ich  would  be e xp ec t e d  dur ing an a d i a b a t i c  

expans ion .  Even w i t h o u t  the hea t i ng ,  t he  energy r e q u i r e m e n t s  fo r  

sp icule  f o rma t ion  a r e  formidable .  As a rough e s t i m a t e  of t he  energy 

flux d e n s i t y  needed to  c r e a t e  a sp icu l e  of l eng th  L = 7 0 0 0  km in a 

t ime  5 minu t e s ,  not ing t h a t  t he  energy i s  m os t l y  g r av i t a t i o n a l ,  

w r i t e

= (7 x 100 cm) • ( 300 s ) ' 1 • ( 1 0 " 13 g c m -3) • (2.7 x 1 o4 cm s ' 2)

= 2.2 x 106 erg cm"2 s " 1.

This va lue  is  g r e a t e r  than the coronal  energy l o s s e s  in both qui e t  sun 

and c o ro n a l  hole r e g i o n s  (Wi thb roe  and Noyes 1977) ,  and i t  is 

compa rab l e  to the  hea t i ng  r eq u i r e m e n t s ,  about  4  x 106 erg cm"2 s ' 1, 

of the q u i e t  chromosphere .  (The l o s s e s  in coronal  a c t ive  r eg ions  are  

s o m e w h a t  higher,  a t  107 erg c m ' 2 s " 1.) Addi t ional  energy,  about  106 

erg cm"2 s ' 1, would be needed to hea t  the spicule .  St i l l  more  energy 

would be needed to  ba lance  r ad i a t i on  losses .  Th is  d e m o n s t r a t e s  t ha t  

the s p i c u l e  energy so u r c e  is  a m a j o r  problem in s o l a r  a tm o sp h e r i c

top

average
bottom

• (3.5 x 10 8 cm)
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p h y s i c s  on a pa r  w i t h  t he  more  f a m o u s  ‘‘corona l  hea t i ng "  and 

"chromospher ic  heat ing"  problems.

M o t t l e s

As ment ioned in the  In t roduc t ion ,  the  d i sk  of the sun d i sp l ays  

f e a t u r e s  c a l l e d  m o t t l e s .  The  m o t t l e s  a r e  c l u s t e r e d  around 

supe rgranu le  boundar i es ,  and are  s i m i l a r  to t he  sp i cu le s  in t ha t  they 

a re  e longa ted ,  j e t - l i k e  s t r u c t u r e s .  As f o r  t he  dark m o t t l e s ,  t h e i r  

l i f e t i m e  is 10 m in u t e s  or s o m e w h a t  sma l l e r ,  and t h e i r  ave r age  s i ze  

is  about  800  x 1000 0  km. The p r o p e r t i e s  of t h e  br ight  m o t t l e s  are 

s i m i l a r ,  except  t hey  have s h o r t e r  lengths .

The br ight  m o t t l e s  are  l e s s  numerous  t han  the  dark m o t t l e s .

There  i s  cur ren t ly  some feel ing in t he  so l a r  phys i c s  communi ty  t ha t  

the  dark m o t t l e s  (as  observed in t he  wings  of Ha ) r e p r e s e n t  a large

po r t i on ,  and pe rh a p s  t he  bulk of  t he  sp i cu l e  popu la t i on  (Michard 

1974,  Athay 1986).  This  i n t e r p r e t a t i o n  r ec e i v e s  some suppor t  f rom 

Gaizauskas  (1984) ,  who has f o l l owed  a grouping of sp i cu l e s  (but  not  

individual  sp i cu l es )  onto the s o l a r  disk and found them to  m a n i f e s t  

t h e m s e l v e s  as a group of dark m o t t l e s  there .  However ,  Dere,  Bartoe,  

end Brueckne r  ( 1 9 8 3 )  hove a d i s s e n t i n g  v i ew ;  they  m e a s u r e  dark 

m o t t l e  v e l o c i t i e s  t o  be s m a l l e r  t han  t hos e  of  t he  sp i c u l e s .  The 

br igh t  m o t t l e s  have a l so  been a s s o c i a t e d  w i th  sp i cu l e s  (e.g. Bhavilai  

1965) ,  whi le  some f avo r  the idea t h a t  the  br i gh t  m o t t l e s  cor respond 

to t he  b a s e s  of s p i c u l e s  (e.g., Becke rs  1972).  It  s e em s  c l e a r  t h a t  a t
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l e a s t  some of t he  m o t t l e s  a re  disk m a n i f e s t a t i o n s  of t he  sp i cu l es ,  

but  t he  prec i se  d e t a i l s  of the co r r e l a t i ons  a re  s t i l l  want ing .

U l t r a v i o l e t  f e a tu r e s

In r e c e n t  y e a r s ,  a group of o b s e r v e r s  a t  the Naval  Research  

Labora tory  (NRL) ha s  under taken a s e r i e s  of obse rv a t i ons  of the sun 

a t  u l t r a v i o l e t  w a v e l e n g t h s .  The i n s t r u m e n t  u s e d ,  t he  High 

Re so l u t i o n  T e l e s c o p e  and Sp e c t r o g r a p h  (HRTS), w a s  f lown on a 

s e r i e s  of rocke t  f l i g h t s  end t he  Spacelab 2 mi s s ion  aboard  the space  

s h u t t l e  (Dere, Ba r toe ,  and Brueckne r  1983,  1984,  1986) .  Withbroe 

( 1 9 8 3 )  has  a l so  conducted u l t r a v io l e t  obse rva t i ons  of  t he  sun using 

equ ipmen t  aboard Skylab.  T hes e  f l igh t s  have  revea l ed  t he  ex i s tence  

of u l t r a v io l e t  f e a t u r e s  wi th  p ro pe r t i e s  s i m i l a r  to t ho se  of sp i cu l es  

and da rk  m o t t l e s .  Thus  i t  a p p e a r s  t h a t  s p i c u l e s  e x i s t  a t  

t e m p e r a t u r e s  of t he  o rder  of 10 5 K also.

F i b r i l s

Fibr i l s  a p p e a r  on the c h r om os ph e r i c  disk as long,  l ow- ly ing  

s t r u c t u r e s .  They a re  of ten s een  diverging f rom the n e tw o rk  into t he  

ce l l  c e n t e r s  (Athay  1986).  F i b r i l s  a re  m o s t  e as i ly  s e e n  in so l a r  

a c t i v e  regions ,  and mo s t  of t he  de ta i l ed  s t u d i e s  of t h e i r  p r ope r t i e s  

have  involved t h e s e  ac t ive  r eg ion  f i b r i l s  (Foukal 1 9 7 la ,b;  Marsh
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1976).  They a re  a lso  r epo r t ed ly  vis ible  in more  genera l  r egions  of 

the chromosphere  (Giovinelli  1974,  1975; Athay 1985).

Bhavi l a i  ( 1 9 6 5 )  and Ga i za usk as  ( 1 9 8 5 )  s t a t e  t h a t  f i b r i l s  

s o m e t i m e  appea r  to  be composed  of severa l  s ec t i o ns  j o ined  t o g e t h e r  

to f o rm  one long ob jec t .  Foukal ( 1971b)  r e p o r t s  t he  s i z e  of f i b r i l s  

to be 15000  km, in genera l  a g r e em e n t  w i t h  the m e a s u r e m e n t s  of 

o t he r s  (Bray and Loughhead 1974).  Foukal a l so  i nd i ca t e s  t h a t  t he  top 

of t he  ho r i zon t a l  s e c t i o n  of f i b r i l s  as be ing  4 00 0  km above t he  

su r face .  This  ag r e e s  wi th  Athay (1976)  who  s t a t e s  t h a t  they a re  no 

more  t han  some 6 0 0 0  km high. These  f i b r i l  height  e s t i m a t e s  a re  

ob t a ined  by obse rv ing  them a t  t h e  so l a r  l im b  in Ha . Al though some

f i b r i l s  s eem to be a pa r t  of a loop s t r u c t u r e  (e.g., Bahvi lai  1965) ,  

Athay (1986 )  s t a t e s  t h a t  t h e i r  t e rmina l  po i n t  oppos i te  t he  ne twork  

end of t he  f ibr i l  i s  unknown.

Th e re  i s  l i t t l e  ag r e eme n t  among o b s e r v e r s  on t h e  d e t a i l s  of 

f i b r i l  p r o p e r t i e s .  The m a g n e t i c  f ield s t r e n g t h  a long which they  

p r e s um ab l y  e x i s t ,  f o r  example ,  i s  given a s  g r e a t e r  t han  100 G by 

Foukal  ( 1 97 1b ) ,  w h i l e  P i k e l n e r  ( 1971b )  deduces  m a g n e t i c  f i e l d  

s t r e n g t h s  of only 1-2  G. The p l a s m a  m o t io ns  along f i b r i l s  are  a l so  

unce r t a in .  Athay ( 1 9 7 6 ,1 9 8 6 )  contends  t h a t  ne twork  f i br i l  f l o w s  

a re  gene ra l l y  f rom the  cell  c e n t e r  into t he  ne twork ,  w h e r e a s  Marsh 

(1976 )  r e p o r t s  no p r e f e r en t i a l  f l ow di r ec t i on .  Foukal (1971b)  g ives  

f lu id  m o t io n s  on f i b r i l s  to be 2 0 - 3 0  km s “ 1, f ibr i l  d e n s i t i e s  to be 

g r e a t e r  t han  10~ 13 g cm-3, and t e m p e r a t u r e s  to be g r e a t e r  t han  

2 5 0 0 0  K. Marsh (1976 )  found ve lo c i t i e s  of 3 4  km s "1, w h i l e  P ike lne r
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g i v e s  d e n s i t i e s  of 8 x 10“ 15 g cm-3 and t e m p e r a t u r e s  of 18000  K a t  a 

he igh t  of 4 0 0 0  km.

Fibri l  l i f e t i m e s  a re  given as 1 -20  m inu t e s  by Foukal (1971b) .  

Marsh ( 1 97 6 )  ob ta ined  s i m i l a r  r e s u l t s .  Both o b s e r v e r s  no t ed  a 

t endency  for  l onge r  f i b r i l s  to  be l onger  l ived.  The Marsh (19 76 )  data  

s e e m s  to be composed  of ( a t  l e a s t )  two  subg roups  of f i b r i l s ,  as 

po in ted  out by Athay (1986) .  One of t he s e  groups c o n s i s t s  of sh o r t e r  

o b j e c t s  which  may be i d e n t i c a l  t o  t h e  m o t t l e s ,  wh i l e  t he  l onger  

o b j e c t s  may be the  "true" f ibr i l s .

What  can be sa id  w i t h  some conf idence  about  f i b r i l s  i s  t h a t  

t hey  a r e  key e l e m e n t s  of t he  chromospher ic  s t r u c t u r e  and t hey  seem 

to be i nd ica t i ve  of the e x i s t e nc e  of hor i zont al  magnet ic  f ie lds .

Theoretical models

This  s e c t i o n  wi l l  deal  w i th  mo de l s  of s p i c u l e s  and f i b r i l s .  

M o t t l e s  wi l l  no t  be t r e a t e d  pe r  s e ,  a s  t he  qu es t i on  of t h e  disk 

r e p r e s e n t a t i o n  of sp i cu le s  and m o t t l e s  i s  heavi ly  dependent  upon the 

p h y s i c s  of r ad i a t i on  t r a n s f e r  and spec t ro scopy .  These  s u b j e c t s  are 

o u t s i d e  the scope  of the p r e s e n t  work,  and wi l l  not  be Inves t i ga t ed  

in t h i s  t h e s i s .  However ,  i t  i s  p robab l e  t h a t  any of t h e  sp i c u l e  

m o d e l s  could be deve loped  i n to  a model  of  m o t t l e s .  It i s  a l so  

p robab ly  t r ue  t h a t  any of  t he  sp i c u l e  t h e o r i e s  can be a da p t ed  to 

f i b r i l s .
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There  have been a va r i e ty  of sp i cule  models  p r e s en t e d  over  the 

year s .  Ea r l i e r  r e v i e w s  and d i s c u s s i o n s  of s e ve ra l  of  the  model s  

have been publ i shed  by Becke r s  ( 1 9 68 ,  1972) ,  Bray and Loughhead 

(1 974 ) ,  and Campos  (1984) .  Th is  s e c t i o n  wi l l  su m m a r i z e  the o lde r  

model s ,  and r ev i e w  newer ,  numer ica l  models .

Spicu le  m o d e l s

a) Shock Theor i es

The idea t h a t  sp i cu l e s  r e s u l t  f rom the  pa s sage  of  shock wa ves  

in t he  ch rom os phe re  has  been  advanced  by s eve ra l  worke r s .  The 

e a r l i e s t  p ropo sa l s  by Unno and Kaweba t a  ( 1955)  and Uchida (1961 )  

de a l t  only w i th  hydrodynamic shocks.  The i nco rpora t ion  of magne t i c  

f i e l d s  in shock wave  t h e o r i e s  of sp i c u l e s  w a s  su g g e s t e d  by Uchida 

( 1961 ) ,  and advanced by Os te rb rock  (1961 )  in the f i r s t  MHD t heo r i e s  

of sp i cu l es .  The advan t age  of  MHD t h e o r i e s  i s  t h a t  t hey  provide a 

na tu r a l  exp lana t i on  f o r  t he  obse rved  a s s o c i a t i o n  of sp i c u l e s  w i t h  

t he  sup e rg ra n u l e  bounda r i e s ,  w he re  t he  c h r o m o s p h e r i c  mag ne t i c  

f i e l d  i s  enhanced.  P a r k e r  ( 1 9 6 4 )  and Wentze l  and So l i n ge r  ( 1967)  

i d en t i f i ed  t he  sp i cu l e  w i th  t he  gas  behind t he  shock. This  idea has  

d i f f i c u l t i e s  expla in ing  some general  f e a t u r e s  of s p i c u l e s ,  such as  

t h e i r  r e l a t i v e ly  c o ns t a n t  ve loc i t y  and t h e i r  abrupt  d i s appea rance  a t  

t he  end of t h e i r  l ives .  Gibson (1972 )  a l so  po int s  out  t h a t  the Pa rke r  

( 1 9 6 4 )  model  f a i l s  to exp l a in  t he  f l a t  t e m p e r a t u r e  p ro f i l e  of
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spi cu l e s .  The shock mechan i sm  may work  in the  ch romosphe re ,  but  

not  in t he  corona ,  s i nce  shocks  would h e a t  t he  coronal  ga s  so t h a t  

t he  sp i cu l e  would be h o t t e r  t han  the  corona.  Also,  sh oc ks  would 

only a l l ow the  r a t i o  of sp i cu le  to coronal  d e n s i t i e s  to reach  4  (if the 

r a t i o  of  s p e c i f i c  h e a t s  i s  5 / 3 ) .  In f a c t ,  s p i c u l e  and corona l  

t e m p e r a t u r e s  a re  104 and 106 K, r e s p ec t i v e ly ,  and t he  r a t i o  of t he i r  

d e n s i t i e s  i s  103.

b) Thermal  I ns t ab i l i ty

T he r e  have been s u g g e s t i o n s  t h a t  s p i c u l e s  a r e  d r iven  via 

t he rma l  i n s t a b i l i t i e s  in t he  s o l a r  a tmosphe re .  Kuperus and Athay 

( 1967 )  argue  t h a t  r ad i a t i v e  l o s s e s  (in t he  l o w e r  t r a n s i t i o n  region) 

a lone cannot  ba lance  t he  downward  hea t  conduct ion  f lux f rom the 

hot  corona.  They sugges t  t he  k ine t i c  t r a n s p o r t  of chromospher i c  gas 

in t he  fo rm  of s p i c u l e s  a s  an add i t i ona l  energy sink.  Kopp and 

Kuperus (1968 )  ex tend  t h i s  idea  to the m ag ne t i c  s o l a r  a tmosphe re .  

In t h e i r  p i c tu r e ,  t he  imba l ance  be tween  t he  conduct ive  f lux from 

the  corona  the and t he  r ad i a t i on  e x i s t s  only above the supe rg ranul e  

bounda r i e s  whe re  t he  m ag n e t i c  f ield  i s  c o nc e n t r a t e d .  The excess  

energy  i s  m a n i f e s t e d  in s p i c u l e  mo t ions .  Over  t he  su pe rg ran u l e  

c e l l s ,  howeve r ,  nea r l y  ho r i zon t a l  ( c anopy- l ike )  f i e l d s  r e s t r i c t  the 

conduc t i ve  f l uxes  and the  k i n e t i c  mo t ions  in t he  ch romos ph e re  so 

t h a t  t he  condu c t i ve  f luxes  can be ba lanced  by r a d i a t i o n ;  t hu s  no 

sp i c u l e s  a re  r equ i red  as energy s inks  in t h e s e  regions.
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Some phys i ca l  Ins igh t  as  to how the  t he rma l  energy could be 

t r a n s f o r m e d  i n to  sp icule  mo t i ons  can be drawn f ro m  a numer i ca l  

model  by Bes se y  and Kuperus (1970).  They depos i ted  hea t  in a model  

i so thermal  s o l a r  a tm osphe re ,  resu l t i ng  in a p r e s su re  gradient  wh i ch  

gave  r i s e  t o  a dr iving f o r c e  on t h e  c h r o m o s p h e r i c  m a t e r i a l .  

Un for tuna t e ly ,  i t  is d i f f i c u l t  to r e l a t e  t he  r e s u l t s  of  t h i s  model  to 

t h e  s o l a r  a t m o s p h e r e ,  s i n c e  the mod e l  n e g l e c t s  s e v e r a l  key 

i ng red i en t s .  T h e s e  i nc lude  magne t i c  f i e l d ,  t he  t r u e  t e m p e r a t u r e  

s t r u c t u r e  (and t he  t r a n s i t i o n  region in pa r t i c u l a r ) ,  r ad i a t i ve  l o s s e s ,  

and i on iza t ion  l osse s .  F u r t h e r  numer ica l  c a l cu l a t i o n s ,  amended to 

i nc lude  some  of  the l i s t e d  o m i s s i o n s ,  could p e r h a p s  p roduce  a 

p l aus ib l e  s p i c u l e  model ,  a l t hough  such a model wou ld  probably be 

s i m i l a r  to t h e  models  d i s c u s s e d  in s e c t i o n  h b e lo w .  However ,  

Beckers  ( 1 9 7 2 )  poin ts  out  t h a t  the l o w e r  t r a n s i t i o n  region model  

sugges t ed  by Kopp and Kuperus  (1968)  (a p r e d e c e s s o r  to the model  of 

Gabriel  1976)  c o n f l i c t s  w i t h  observed  t r a n s i t i o n  region  s p e c t r a l  

l ine  emi s s ions .  Also,  Jo r d a n  (in p roceed ings  to a t a l k  by Wlthbroe  

1976)  has s t a t e d  t ha t  o bs e rv a t i o ns  i nd i ca t i ng  t h a t  r ad i a t ion  l o s s e s  

a r e  more i m p o r t a n t  than h e a t  conduct ion in coronal  holes  r u l e s  out  

t he  proposal  o f  Kuperus and Athay (1967 ) .  Rabin and Moore ( 1 9 8 0 )  

r e ach  a s i m i l a r  conclus ion,  s ince  a s p i c u l e  ge ne ra t i n g  mec han i sm  

b s s e d  on h e a t  conduct ion  f r om  the c o ro na  f a i l s  t o  expla in  t h e  

r e l a t i v e  s i m i l a r i t i e s  of  s p i c u l e s  in q u i e t  sun end coronal  ho l e  

r eg ions  d e s p i t e  t he  f a c t  t h a t  the  conduc t ion  flux i s  s u b s t a n t i a l l y  

l o w e r  in the corona l  holes.
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The rm a l  i n s t a b i l i t i e s  have a l so  been s u g g e s t e d  as  sp i c u l e  

s o u r c e s  by De fouw ( 1 9 7 0 )  and Hood and P r i e s t  ( 1 9 8 0 ) .  No 

p r ed i c t i o n s  of sp e c i f i c  s t r u c t u r e  r e s u l t i ng  f rom t h e s e  su gg e s t i o n s  

w e r e  made.

c) Magnet ic  Reconnect ion

A n o t h e r  c l a s s  of  s p i c u l e  t h e o r i e s  e m p l o y s  m a g n e t i c  

a n n i h i l a t i o n  via  r e c o n n e c t i o n  a s  t he  dr i v ing  f o r c e  f o r  s p i c u l e s  

(P ike lne r  1969,  1971a;  Uchida,  1969).  These  t h e o r i e s  a re  based  on 

o b s e r v a t i o n s  of  m a g n e t i c  ne u t r a l  p o i n t s  in t h e  c h r o m o s p h e r i c  

n e t w o r k  (Bray and Loughhead 1974 ) ,  wh ich  a r e  i n t e r p r e t e d  as  

r eg io n s  w he re  t he  r econnec t i on  and subsequen t  sp i cu l e  genera t i on  

occu rs .  In t he  P ike lne r  model ,  supe r g ran u l a t i on  f i e l d s  of oppos i te  

p o l a r i t y  ore  p r e s s e d  t o w a r d  each  o t h e r  by p h o t o sp h e r i c  g r anu l e  

mot ions .  Th i s  r e s u l t s  in co mp re s s i on  of p l a s ma  gas  b e tw e e n  t he  

f i e l d s ,  and t he  s u b s e q u e n t  hea t i ng  of t h i s  gas.  The c o m pr e s s io n  

s i m u l t a n e o u s l y  Induces  cool ing  of t he  ga s  v ia  r a d i a t i o n .  Th i s  

d e s t r o y s  the  h yd ro s t a t i c  equi l ibr ium in the  region be tw een  the  f ield  

l i ne s ;  the r e s po nse  is t h a t  the cooled compres sed  gas  f a l l s  and the  

f i e l d  l ines  c l o s e s t  to each o the r  wi l l  r econnec t .  Some of t h e s e  f ield 

l i n e s  w i l l  r e c on f igu re  t h e m s e lv e s  end r i s e  upward  in r e s po nse  the  

t h e  m agne t i c  f o r c e s  ( s ee  Figure 1.1). The region b e tw ee n  the  f i e l d  

l i ne s  becomes  ev acua t ed  (i.e. the  gas  p r e s s u r e  i s  r educed)  and the 

m ag n e t i c  f i e l d  l i ne s  again move c lo s e r ,  inducing a r e p e t i t i o n  of the  

p r o c e s s .  T h i s  c o n t i n u e s  unt i l  a l l  t he  f i e l d  in t h e  r eg io n  i s
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annih i la t ed .  This  t heory  would not  gene ra t e  sp i cu l e s  be low a height  

of  about  1000  or  2 0 0 0  km, s i nce  mag ne t i c  p r e s s u r e  would  not be 

able  to f o r ce  t he  f i e l d s  t o g e t h e r  owing to t he  g r e a t e r  ga s  p r e s su re  

a t  l o w e r  h e ig h t s .  Such  a m e c h a n i s m  may  be c o n s i s t e n t  w i t h  

obse rva t i on s  of gaps a t  t he  base of sp icu le s  (Gaizauskas  1984).

Blake and S tu r r oc k  (1985)  have  pe r fo rmed  a one -d imens iona l  

n u m er i c a l  s i m u l a t i o n  of  t he  P i k e l n e r  t ype  m ec h an i sm .  Using a 

s i m p l e  m a g n e t i c  f i e l d  g e o m e t r y ,  t hey  f i nd  t h a t  t he  k i n e m a t i c  

a s p e c t s  of sp i c u l e s  can  be reproduced.  A key f e a t u r e  i s  the "se l f  

s t a b i l i z i n g"  f e a t u r e  of t he  a cc e l e r a t i o n  of t he  model ,  wh ich  keeps  

t he  gas ve loc i t y  near ly  con s t an t  during the g rowth  and decay phase  

of t he  model  spicule.  Th i s  s t a b i l i t y  a r i s e s  because  s t r ong  magne t ic  

f i e l d s  l ead  t o  an i n c r e a s e  in p l a s m a  v e l o c i t y  and a r e s u l t i n g  

d e c r e a s e  in ga s  d e ns i t y .  This  d e n s i t y  r e d u c t i o n  d e c r e a s e s  t he  

m a g n e t i c  f i e l d  s t r e n g t h  ( s i nce  i t  Is  " f rozen  in”; s e e  C ha p t e r  2),  

l e ad ing  to a d e c r e a s e  in t he  a c c e l e r a t i o n .  Conve rse ly ,  when t he  

m ag ne t i c  f i e l d  becomes  too weak ,  t h e  p l a sma  d e c r e a s e s  i t s  speed,  

l eading  to an Incr ease  in p l asma  dens i t y ,  r e s u l t i n g  in an i nc r ea se  in 

magne t i c  f i e l d  s t r e ng th ,  and a consequent  i n c r e a s e  in a cce l e r a t ion .

A mo d i f i c a t i o n  to t he  P ike lne r  mec han i sm  su g ge s t e d  by Blake 

and S tur rock  (1985)  i s  t h a t  the sp icu l e  t r a j e c t o r y  is  de te rmined  by a 

second s e t  of  magne t i c  f i e l d  l ines  s i t u a t e d  t r a n s v e r s e  to t he  dr iving 

r e c o n n e c t e d  f i e l d  l i ne s .  They f u r t h e r  c l a i m  t h a t  su c h  a f i e l d  

c on f igu ra t i on  1s su g ge s t e d  by a su rge  ( ch romosphe r i c  j e t  s t r u c t u r e  

of a l a rg e r  s c a l e  than sp i c u l e s )  o b se rv a t i on  d i sp l ayed  in t he  s ame
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paper .  (They pur sue  the p o s s i b i l i t y  t h a t  s p i c u l e s  and su rg e s  a re  

dr iven by s i m i l a r  mechanisms. )

A d i f f i cu l t y  w i t h  the  m ag ne t i c  r econnec t i on  s c e n a r i o s  is t ha t  

sp i c u l e s  s eem to be more  common than  magne t i c  f ie ld  neu t r a l  points  

in t h e  s u p e r g r a n u l a t i o n  ne tw o rk  (Becke rs  1972) .  It i s  pos s ib l e ,  

h o w e v e r ,  t h a t  t he  r equ i r ed  f i e l d  p o l a r i t y  r e v e r s a l s  and neu t r a l  

p o i n t s  e x i s t  on s c a l e s  s m a l l e r  t han  t h e  r e s o l u t i o n  of t he  

o b s e r v a t i o n s .  The  work  of Bl ake  and S t u r r o c k  ( 1 9 8 5 ) ,  whi l e  

en l igh ten ing ,  has  to be developed f u r t h e r  be fo r e  c lose  compa r i s ons  

w i th  sp i c u l e s  can be made.  T he i r  work is l i m i t e d  to cold sp i cu les ;  

t hus  t h e r e  i s  no d i s c u s s i o n  of  p r e d i c t e d  t e m p e r a t u r e  p r o f i l e s  or  

heat ing .  It would be d i f f i c u l t  to c a r ry  out  numer ica l  o r  ana ly t i c a l  

c a l c u l a t i o n s  w i t h  t h e  magne t i c  f i e l d  g e om e t r y  su g ge s t e d  by Blake 

and S t u r r o c k ,  a s  su ch  a t a s k  wou ld  r e q u i r e  t h r e e - d i m e n s i o n a l  

cons ide ra t i ons .

d) Model of Athay (1984)

Athay  (1984)  v i ew s  sp i cu l es  as  the m an i f e s t a t i o n  of one leg of 

a m a s s  f l ow  cyc l e  i nvolving t h e  corona ,  t r a n s i t i o n  r eg io n ,  and 

ch romosphe re .  The u l t i m a t e  dr iv ing  mec han i s m  is  a s e t  of large  

amp l i t ude  f l uc t ua t i o ns ,  in both space  and t ime ,  of the hea t ing  r a t e  in 

mag ne t i c  flux tubes .  The cycle beg ins  wi th  m a s s  downf low f rom the 

corona i n s t i g a t e d  by a heat ing d e c r e a s e  along a magne t i c  f lux tube. 

When t h e  heat ing i s  decr ea sed ,  t he  t e m p e r a t u r e  drops,  l ead ing  to an
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i n c r e a s e  in p l a s m a  d e n s i t y  unde r  t he  a s s u m p t i o n s  of p r e s s u r e  

b a l a n c e  and f r o ze n  In f i e l d  co nd i t i o ns .  The r a d i a t i o n  r a t e  is 

propor t iona l  to the square  of the  dens i ty ,  t hus  t he  t e m p e r a t u r e  drop 

r e s u l t s  in t he  gas  r ad i a t i ng  away  more  heat ,  end becoming denser ,  

l eading to even more  r ad i a t i on ,  and so on. This  cooled  ( t em p e r a tu r e  

T= 105 K), dense  coronal  gas  wi l l  then  f low down along t he  f i e l d  

l ines .  Lef t  behind by the  downf lowing  p l asma w i l l  be an evacu a t ed  

flux tube.  Athay t hen  a s s u m e s  t ha t  a l a rge r  hea t i ng  r a t e  is r e s t o r e d  

to t he  f lux tube.  The hea t ing  induces  a large p r e s s u r e  g r ad ien t  nea r  

the base  of t he  f lux tube.  This  p r e s s u r e  g r ad ien t  d r i ve s  an upf low.  

It i s  an t i c i p a t e d  t h a t  the gas wi l l  move upward w i t h  a ve loc i t y  a t  or 

g r e a t e r  than the  sound speed,  and t h a t  the  p r e s su r e  gr ad i en t  wi l l  be 

su bhy d r os t a t i c ,  a s  is  the  c a se  in sp i cu l es .  So t h e r e  is  a po s s ib i l i t y  

t h a t  t he  r i s i n g  ga s  wi l l  r e s e m b l e  sp i cu l e s .  Numeri ca l  s t u d i e s  

s u b s t a n t i a t i n g  or  r e j e c t i n g  t he se  i dea s  have yet  t o  be performed.

T h i s  p rop osa l  by Athay  ( 1 9 8 4 )  i s  a t t r a c t i v e  in t h a t  t he  

a tm os p h e re  i s  a s su m ed  to be highly inhomogeneous-  t h i s  may be in 

l ine w i t h  obse rv a t i on s  such as  t hose  d i s cus sed  by Dowdy, Rabin and 

Moore (1 986 ) .  Moreover ,  t he  i dea  of c o n s t a n t  changing  of  t he  

t e m p e r a t u r e  s t r u c t u r e  in t he  model  s e e m s  na tu r a l  in v iew of  the  

dynamic  and e v e r  changing na tu r e  of t he  l o w e r  s o l a r  a tm osp he re .  

Add i t i ona l l y ,  Athay  p o in t s  out. t h a t  t he  model  o f f e r s  a na tu r a l  

expl ana t i on  f o r  t he  appa ren t  pauc i t y  of sp i cu l e s  in a c t i ve  r eg ions ,  

where  c o n s i s t e n t  h igher  hea t ing  r a t e s  may prevent  downf lows  in the 

f i r s t  leg of the  cycle.  Also,  sp i cu l e s  would avoid l ow magne t i c  f ie ld  

a r e a s ,  such  as  su pe rg ran u l e  cel l  c e n t e r s ,  s ince  t h e r e  would be no
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e a sy  channel f o r  the  fluid mot ions .  Anothe r  pos s ib l e  suc ce s s  of the  

model  Is t h a t  i t  may o f f e r  an exp lana t i on  to a n o t h e r  ou t s t an d i ng  

en ig m a  in s o l a r  p h y s i c s - t h e  e m i s s io n  m ea su re  s t r u c t u r e  of t he  

l o w e r  t r a n s i t i o n  region.  (Br i e f l y ,  e m i s s i o n  m e a s u r e  g ive s  an 

i nd i ca t i on  of t h e  amount  of  m a t e r i a l  e m i t t i n g  r a d i a t i o n  a t  a given 

t em p e r a t u r e .  S t andard  model s  of the t r a n s i t i o n  r eg ion  f i t  observed  

e m i s s i o n  m e a s u r e  c u r v e s  f o r  t e m p e r a t u r e s  g r e a t e r  t h a n  

a p p r o x i m a t e l y  2.5 x 105 K, but  fai l  a t  l o w e r  t e m p e r a t u r e s .  See  

A th ay  1982.)  However ,  o t h e r  m o d e l s  which  i nvoke  a s p i c u l e  

p roducing  sou rc e  a t  the b a s e  of the f l ux  tube (c.f. Chap t e r  4),  and 

a s s u m e  the m a t e r i a l  to r e t u r n  to the photosphere  via  t he  u l t r a v io l e t  

downf lows  may explain the  emi ss ion  m ea su re  prof i le  equal ly wel l .

The m ec ha n i s m  s t i l l  l e av es  open t h e  ques t ion  of  the na tu r e  of 

t he  f lux tube hea t i ng  source.  Addi t iona l ly ,  the mec han i sm  s e em s  to 

r e q u i r e  a c l o sed  c i r cu i t  b e t w e e n  the corona  and t he  chromosphe re ,  

and t hu s  s e e m s  t o  fail  to o f f e r  an explana t ion  fo r  t h e  obse rva t i ons  

of s p i c u l e - l i k e  s t r u c t u r e s  on smal l  l oops  which have  been observed  

by so m e  (Moore 1986).  Ano the r  ques t ion  i s  w h e t h e r  o r  not  t h e r e  is  

enough m a s s  in t he  corona t o  suppor t  t h i s  m e c h a n i s m  (see  nex t  

s ec t ion) .

e) Coronal Condensat ion

Krat  and Kra t  (1971)  and Mamedov and Orudzhev (1978)  have 

exp lor ed  the pos s ib i l i t y  t h a t  sp icu le s  o r i g ina t e  f rom a condensa t ion
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of coronal  p l asma .  If t he  or i g ina l  coronal  gas  has  some  angul a r  

m om en tu m,  t hen  Krat  and Kra t  no t e  t h a t  t he  c o n d en sa t i o n  could 

r e s u l t  in t he  obse rved  ro t a t i o n  of sp i cu le s .  They a lso  sugg es t  t h a t  

t he  m e c h a n i s m  wou ld  not  n e c e s s a r i l y  c o n t r a d i c t  t h e  a p p a r e n t  

u p w a r d  m o t i o n s  of  s p i c u l e s  ob se rv ed  on t h e  l imb,  s i n c e  t h e s e  

o b se r va t i o n s  may r e p r e s e n t  a p r og re s s iv e  cool ing of sp i c u l e s  form 

the  base  upward.  These  paper s  do not  p r e s en t  any e labo ra t i on  of the  

s u g g e s t e d  m e c h a n i s m ,  so no c o m p a r i s o n s  w i t h  obse rv ed  sp i c u l e  

p r o p e r t i e s  can be made.

A key que s t i on  to be r a i s e d  r ega rd ing  any t heo ry  of sp i cu l e  

f o r m a t io n  out  of t he  corona i s  w h e t h e r  o r  not  t h e r e  e x i s t s  enough 

m a s s  in t he  corona to supply t he  m a s s  of sp i cu l es .  T h a t  t h i s  i s  a 

ques t ion  of s e r i o us  concern can be seen  f rom the  fo l lowing  e s t im a t e .  

Let  t h e  t o t a l  m a s s  of t he  q u i e t  sun a long a s p i c u l e - s u p p o r t i n g  

magne t i c  f ie ld  column be Mc. Then,

w he r e  Ac i s  t he  c r o s s - s e c t i o n a l  a rea  of the  m agne t i c  f i e l d  column,  

p0c i s  t he  m a s s  i s  t he  m as s  dens i t y  a t  t he  base  of such reg ions ,  Ac is

of t h e  ba se  and top of the corona,  r e spec t i ve ly .  Now if  m o s t  of the  

coronal  m as s  i s  w i th in  a f ew t e n t h s  of a s o l a r  r ad iu s  of the sur face ,  

t he  g r av i t a t i on a l  a cc e l e r a t i o n  can be approx imated  as  co n s t a n t ,  g = 

2.72 x 104 cm s"2, in e s t im a t i n g  the  in tegra l .  So,

top

bolt

the  s c a l e  he ight ,  z i s  ve r t i c a l  he ight ,  ' bo t t '  and ’top'  a re  the  z value



If t he  f i r s t  exponent ia l  i s  taken to  be 1, and t h e  second 0, then

M c ~ A c P 0 c A c

The dens i ty  of sp i cu l e s  is  r e l a t i v e ly  c o n s t a n t  over  t h e i r  he igh t s ,  so 

t he  sp i cu le  m as s  is  j u s t  Ms » Ac pos (height )  = Ac (10“ 13 g cm"3 ) ( 1 0 9 

cm) = 10"4Ac grams.  So Ms/Mc = 10"4 /  p0 c Ac. The s c a l e  height  f o r  

t h e  i on i zed  corona  i s  Ac = 2 k T / g m H, w h e r e  k and m H are  t he

Bol tzmann c o n s t a n t  and the  hydrogen m a s s ,  r e s pe c t i v e ly .  Taking a 

t e m p e r a t u r e  of 106 K, one has Ac = 6 x 104 km. Using p0c = 8 x 10"16 

g e m -3 (see,  f o r  example ,  P r i e s t  1 9 8 2 ) ,  y i e lds  Ms/Mc » 20.  Thus i t  is 

d i f f i c u l t  to  s ee  how the  co rona  could be t h e  m a s s  sou rce  f o r  

sp icu le s .

f) T w i s t e d  Flux Tubes

Ts l ru l ' n i k  ( 1983)  ha s  a t t e m p t e d  to d e sc r i b e  sp i c u l e s  in t e r m s  

of t he  un t w i s t i n g  of mag ne t i c  f lux tubes .  He numer i ca l ly  solved t he  

non l i nea r  MHD equa t ions  and found t h a t  some  of the energy  used to 

m a i n t a i n  t h e  t w i s t s  w a s  t r a n s f o r m e d  i n to  m a s s  u p f lo w s .  For  

m o d e r a t e  i n i t i a l  t w i s t s  in t he  f i e l d  (Bx / B z  s  1), he f i nds  t h a t

s p i c u l e - l i k e  s t r u c t u r e s  a re  genera t ed .  A s l o w  shock i s  found to
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form a t  t he  ba se  of t he  f lux tube.  The shock l e a d s  to some  shock 

heat ing.  The d i s s i p a t i on  of t he  shock may lead to  addi t ional  heat ing 

of the  gas.  However ,  Ts i rul ' n ik  (1963)  f a i l s  to include the expansion 

of t he  m agne t i c  f lux tube w i t h  he igh t  in the ch romosphe re ,  t hus  a 

m a j o r  d i f f i c u l t y  w i t h  the model  is  t h a t  l arge magne t i c  f i e l d s  (Bz =

1000 G) a r e  a s sumed ,  w h e r e a s  ne tw ork  f i e l ds  a r e ,  as d i s c u s s e d  in 

t h e  In t r od u c t i o n ,  t h ough t  to  be a t  l e a s t  an o r d e r  of m ag n i t u d e  

weake r .  It i s  no t  c l e a r  i f  t he  shocks  provide  enough h e a t i n g  to 

ove rcome  the  a d i a ba t i c  cool ing a s s o c i a t e d  w i t h  the e x p ec t e d  flux 

tube  expansion.  Ts i ru l ' n i k  a l so  n e g l e c t s  d i s s i p a t i o n  t e r m s  in his 

equat ions .  Thus even more ex t r e me  condi t i ons  would be r equ i r ed  to 

dr ive  real  sp i c u l e s  by t h i s  method.  Final ly,  i t  i s  not  c l e a r  how the 

i n i t i a l  t w i s t s  would  be ma in t a ined  on open f i e l d  l ines,  or  how the 

u n t w i s t i n g  of t he  f i e l d  l i ne s  would be i n i t i a t e d  w h e t h e r  t hey  are  

open or  closed.

o l A c o u s t i c  Gravi tu Wave Model of Camoos (1984)

Campos (1984 )  has co ns t ruc t ed  an ana ly t i c a l  model of sp i cu l e s  

a s  a c o u s t i c  g r a v i t y  wa ve s  channe l l ed  along m a g n e t i c  f i e l d  l ines.  

The wa ves  would be driven by pho to sphe r ic  mo t io ns  wi th  pe r i o ds  of 

3 0 0 s .  (The sun o s c i l l a t e s  a t  t h i s  pe r i o d  due t o  the " 5 - m i n u t e  

osc i l l a t ions . " )  Campos d e m o n s t r a t e s  t h a t  such w a v e s  can c a r r y  the 

r equi r ed  m as s  f lux into t he  upper  a tm osphe re ,  even a l lowing f o r  the 

po s s ib l e  l a rge  ev anescence  of t he  w a v e s  in t he  chromosphere .  He 

c a l c u l a t e s  t he  m a s s  f lux by mu l t i p ly in g  the  d e n s i t y  p e r t u r b a t i o n
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a s s o c i a t e d  w i t h  the wa ve s  by the ve loc i t y  of g r anu l a r  mo t ions  in the 

p h o t o s p h e r e .  A t e m p e r a t u r e  p r o f i l e  f o r  t he  model  s p i c u l e  is 

g e n e r a t e d  by ba l a nc i ng  t h e  d o m i n a t e  h e a t i n g  so u r c e ,  v i s c o u s  

da mp ing ,  w i t h  t he  d o m i n a n t  e ne r gy  l o s s  m e c h a n i s m ,  t h e r m a l  

r ad i a t i on .  The he ight  of  t he  sp i cu l e  i s  i d e n t i f i e d  as  t he  v i s cous  

d i s s i p a t i o n  height ,  wh ich  coinc ides  w i t h  the he igh t  over  wh ich  the 

a c o u s t i c  g r av i t y  waves  p ropaga te  p r i o r  to s t e ep e n i n g  into shocks .  

Campos c l a im s  t h a t  the  shocks  Induce t he  sp icule  m a t e r i a l  to  break 

m a g n e t i c  c o n f i ne m e n t .  The  upwa rd  v e lo c i t y  of  t he  s p i c u l e  is 

i den t i f i e d  as  the  phase ve loc i t y  of t he  acous t i c  g r av i t y  waves ;  t h i s  

ve loc i t y  is  g r e a t e r  than t he  sound speed.

The  Ca mp os  ( 1 9 8 4 )  model  r e s u l t s  a g r e e  w e l l  w i t h  

obse rva t i ons .  However ,  t he  e f f e c t s  of  t he  wa v es  on the t r a n s i t i o n  

r eg ion  w e r e  not  d i s c u s s e d .  More d e t a i l e d  ( p e r h a p s  n u m e r i c a l )  

model s  may show the  s o l a r  a tm osp he re  to r e spond  to t he  a co us t i c  

g r a v i t y  w a v e s  in a m a n n e r  s i m i l a r  t o  t h e  r ebound  shock model ,  

d i s cu s se d  in t he  next  s ec t i on .  The sp i cu l e  would then  co ns i s t  of the 

m a t e r i a l  be low an up l i f t ed  t r an s i t i o n  region r a i s e d  by the a c o u s t i c  

g r av i t y  w a v e s ,  in p r e f e r e n c e  to the  a c o u s t i c  g r a v i t y  wave  model  

whe re  t he  sp i cu le  c o n s i s t s  of the wa v es  t hemselve s .

h) Nonl inear  Numerical  Models

Re ce n t  non l i nea r  m o d e l s  of s p i c u l e s  exp l a in  the  o b se r v e d  

sp icu l e  p r o p e r t i e s  w i th  vary ing  degrees  of succe s s .  These t h e o r i e s
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all  involve i den t i fy ing  m a t e r i a l  below a r a i s e d  t r a n s i t i o n  region a s  

t he  sp i cu le .  Hol lweg,  J a c k s o n ,  and Ga l loway  (1 98 2 )  co ns id e r  t he  

ro l e  of  n o n l i n e a r  Alfven w a v e s  and f a s t  shocks  in l i f t i n g  t h e  

t r a n s i t i o n  r eg ion .  T h e i r  model  y i e ld s  d e n s i t y  p r o f i l e s  w h i ch  

r e s e m b l e  t h o s e  of sp i c u l e s ,  but  the c a l c u l a t e d  t e m p e r a t u r e s  a r e  

much  t oo  l o w  due to  t h e  ne a r l y  a d i a b a t i c  c o o l i n g  of t h e  

chromospher i c  ma t e r i a l  be low the r a i s ed  t r a n s i t i o n  region.

This  low t e m p e r a t u r e  problem also occu r s  in t he  sp i cule  model  

of Sue ma t su  e t  al. (1982).  They cons ider  t he  role of a s i ngl e  upward  

p ropaga t ing  s l o w  shock in l i f t i n g  the t r a n s i t i o n  region.  The shock 

r e s u l t s  f r om a sudden p r e s s u r e  e n h a n c e m e n t  a t  t h e  base  of a 

mag ne t i c  flux t ube  wi th  c o n s t a n t  c ro s s  s ec t i on .

The model  due to Hol lweg (1982)  ov e rc om es  t h e  t e m p e r a t u r e  

p r o b l e m  by u t i l i z i n g  a t r a i n  of a c o u s t i c  sh oc ks  t o  h e a t  t h e  

ch romosphe r i c  gas  benea th  t he  upl i f t ed  t r a n s i t i o n  region.  The shock 

t r a i n  r e s u l t s  f r o m a s i ng le  i n i t i a l  i m pu l s iv e  energy sou r ce  a t  t he  

ba se  of t he  model  (a t  ph o to sphe r i c  l eve l s ) .  In l i n e a r  t heory ,  t he  

i m p u l se  r e s p o n s e  ( see  C h a p t e r  3) of t he  l o w e r  s o l a r  a tm o sp h e r e  

c o n s i s t s  of a w a ve f ro n t  f o l l owed  by an o s c i l l a t i n g  wake  as  has been 

known f o r  a long t ime  (e.g., Morse and Feshbach  1953;  St e in  and 

S c h w a r t z  1972;  Rae and Robe r t s  1982). The wake  a r i s e s  as  fol lows.  

Some of the m a t e r i a l  d i sp l aced  upward by t h e  in i t i a l  wa ve f ro n t  f a l l s  

due t o  gravi ty .  The momen tum  of t h i s  f a l l i n g  m a t e r i a l  r e s u l t s  in 

c o m p r e s s i o n  of  t h e  m a t e r i a l  in t he  a t m o s p h e r e  b e lo w  it .  The 

c o m pr e s s e d  m a t e r i a l  then "rebounds," g e ne r a t i ng  a new wave.  This
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p r oc e s s  r e p e a t s  s evera l  t i m e s ,  giving r i s e  to t he  o s c i l l a t i n g  wake.  

Nonl inear ly,  t he  wav e f ron t  and wake  s t e ep e n  into a shock t ra in .  The 

sh oc ks  r e s u l t i n g  f rom th e  wake  a re  t h e r e f o r e  be r e f e r r e d  to as 

"rebound shocks."  The shocks  are  channeled along a s t r ong  magne t ic  

f i e l d  of v a ry in g  c r o s s  s e c t i o n  end r e p e a t e d l y  i n t e r a c t  w i th  t he  

t r a n s i t i o n  reg ion ,  r e su l t i ng  in an upward ve loc i t y  of t he  t r an s i t i o n  

region which  i s  roughly c o n s t a n t ,  and in su b s t a n t i a l  ch romospher i c  

heat ing.  Th is  i s  a s i g n i f i c an t  depar tur e  f rom the model  of Suemat su  

e t  al. ( 1 98 2 )  wh ich  c o n s i d e r s  only a s i ng l e  shock i n t e r a c t i o n  and 

t h u s  i n d u c e s  b a l l i s t i c  m o t i o n s  of t h e  t r a n s i t i o n  r eg ion  and 

i n s u f f i c i e n t  hea t i ng .  The  model  due to  Ho l lweg  (1 98 2 )  w i l l  

subsequen t ly  be r e f e r r ed  to a s  the  rebound shock model

Obse rva t i ons  of v e lo c i t y  v a r i a t i o n s  in s p i c u l e s  noted in the  

above  s e c t i o n  on sp i cu l e  m o t io ns  may be c o n s i s t e n t  w i th  t i m e -  

dependen t  a c c e l e r a t i o n  i nduced  along t h e  ax i s  of t he  sp icu le  in 

a s so c i a t i o n  w i t h  the wake,  as  predic ted by the rebound shock model.

i) Other  Sugges t ions

There  have  been add i t i onal  su g ge s t i ons  for  sp i c u l e  generat ion.  

An idea p r e s e n t e d  by S c h a t t e n  and Mayr (1986 )  i s  t h a t  sp i cu l e s  a re  

m a t e r i a l  e j e c t e d  f rom the  convec t ion zone via the i n t e n se  magne t i c  

f l ux  t ubes  a t  t h e  su r f ace .  They explore  t h i s  i dea  by cons ider ing  

" s o l a r  wind"  s o l u t i o n s  f o r  m a t e r i a l  f l o w s  on t h e  s u b s u r f a c e  

m a gn e t i c  f lux tubes .  It ha s  a l so  been su g ge s t e d  t h a t  sp i cu l e s  can



40

r e s u l t  f rom t h e  p ropaga t i on  of s o l i to n s  on m a g n e t i c  f lux t u b e s  

(Rober t s  1983) .  Both of t h e s e  su gg e s t i o ns  m u s t  be developed in to  

model s  which can be compared w i t h  sp icule  obse rva t ions .

T h i s  c o n c l u d e s  a r a t h e r  e x t e n s i v e  r e v i e w  of t he  many 

publ ished sp i cu l e  producing su gg es t i ons  and models .  Without  h igher  

r e s o l u t i o n  o b s e r v a t i o n s ,  i t  i s  d i f f i c u l t  to  r u l e  out  any s p e c i f i c  

t heo ry ,  a l t hough  some  s t a n d  on s t r o n g e r  ground t han  o t he r s .  In 

Chap t e r  4, t he  rebound shock model  ( s ec t i on  h) wi l l  be ex tended and 

e l abo ra t ed  upon. This  wi l l  include a s tudy of  i t s  l on g - t ime  behavior ,  

and a s tudy of t he  model ' s  s e n s i t i v i t y  to inpu t  p a r a m e t e r  va r i a t i ons .  

Among the  r e s u l t s  w i l l  be t h a t  t he  model  i s  c apab le  of producing 

sp i c u l e s  w i t h  many f e a t u r e s  in common w i t h  t he  obse rva t i ons .  Of 

co u r se  not  all  observed  sp icu le  f e a t u r e s  w i l l  be reproduced.  This  

need not  unduly worry  the t h e o r i s t .  Pa r aph ra s ing  Franc i s  Crick (?),  

no theory need f i t  all the  data,  s i nce  some of da t a  a re  wrong.

Fibril  m o d e ls

While t h e r e  hove been many  a t t e m p t s  to  model  s p i c u l e s ,  

t h e o r e t i c a l  mo de l s  of f i b r i l s  a r e  qui te  s c a r c e ,  and to  t he  au tho r ' s  

knowledge,  t h e r e  ha s  been only one a t t e m p t  to c r e a t e  a numer i ca l  

model  of f ibr i l s .

P ike lne r  ( 1971b )  s t ud i ed  t he  abso rp t ion  of f i b r i l s  when seen  

a g a i n s t  the s o l a r  disk,  and t h e i r  emi s s ion  when  seen  a t  the  l imb. In
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t h i s  way he deduced s e ve r a l  p r o p e r t i e s  of  a model  f i b r i l .  Foukal 

( 1 9 7 1 b )  s u g g e s t e d  t h a t  t he  P a r k e r  ( 1 9 6 4 )  shock m ec h an i sm  f o r  

producing s p i c u l e s  may be appl icabl e  to f i b r i l s .  Fu r the rmore ,  he 

n o t e s  t h a t  t he  s i nce  m agne t i c  f i e l d s  a re  s t r o n g e r  in f i b r i l s  than in 

sp i c u l e s  (according to hfs m eas u r em en t s ) ,  the shock mechan ism may 

be, i f  anything,  more  approp r i a t e  f o r  f i b r i l s  than sp i cules .

Marsh ( 1 9 7 6 )  has  s u g g e s t e d  a very s i m p l e  f i b r i l  producing 

m ec h an i sm  Involving f l o w s  along a s t r a i g h t ,  but  i nc l i ned ,  r i g id  

magne t i c  f lux tube.  If m a t e r i a l  i s  impul s ive ly  i n j e c t e d  in to  the t ube  

at  a ve loc i ty  v0, and d e c e l e r a t e s  only under  t he  i n f luence  of gravi ty ,

then t he  l i f e t i m e  ( the t i m e  fo r  t he  f ibr i l  to ex tend  and r e t r a c t )  i s  

given by

w he re  1 i s  t he  maximum p ro j ec t ed  l ength  of the  f ibr i l .

Using a ve loc i t y  v0 = 3 4  km s~1, Marsh (1 97 6 )  found t h a t  t he  

l i f e t i m e  v e r s e s  l eng th  behav io r  of t he  model  f i br i l  p r e d i c t e d  by 

equat ion  (1.1) i s  in good agreemen t  w i th  the  observed data .

S u e m a t s u  (1 985 )  deve loped a non l i n ea r  num er i ca l  model of 

f i b r i l s  ba sed  on t he  S u e m a t s u  e t  el. ( 1 9 8 2 )  sp i cu l e  model  ( s e e  

Sec t ion  h above).  The model  is  a l so  s i m i l a r  to t he  sp icu l e  model due

(i . i)
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to  Ho l lweg  ( 1 9 8 2 ) .  S u e m a t s u  m o d i f i e d  t h e  s p i c u l e  code f o r  

a p p l i c a t i o n  to a l ow- ly ing  m a g n e t i c  loop. The loop s t a r t s  in the 

p h o t o s p h e r e ,  r i s e s  up t h rough  t he  c h r o m o s p h e r e  and t r a n s i t i o n  

r eg ion  into the corona,  then de scends  i nto  t he  t r a n s i t i o n  region and 

u l t i m a t e l y  i n to  p h o t o s p h e r e  aga in  a t  t h e  f a r  end of  t he  loop. 

S ue m a t su  found t h a t ,  as  in t he  sp i cu le  c a se ,  t he  t r a n s i t i o n  region is 

l i f t e d  by shocks  r e su l t i ng  f r om  an impu l s ive  p r e s su r e  pu l se  in the 

pho t o sp he re .  The  c h ro m o s p h e r i c  m a t e r i a l  behind t h e  d i sp l aced  

t r a n s i t i o n  r eg ion  moves  a long t he  loop i n to  t he  corona ,  producing 

f i b r i l - l i k e  s t r u c t u r e s .  The shock  con t i nues  along the loop ahead of 

t he  di sp l aced  t r a n s i t i o n  region and i s  p a r t i a l l y  r e f l e c t e d  by the the 

t r a n s i t i o n  region a t  the f a r  end of the loop. It t u rn s  out  t ha t  the 

r e f l e c t e d  shock does  not d i s r u p t  the model f ib r i l  s ign i f ic an t ly .  The 

co ron a l  m a t e r i a l  b e t w e e n  t h e  two  t r a n s i t i o n  r eg i on s  i s  near ly  

a d i a b a t i c a l l y  c o m p r e s s e d  by t h e  model  f i b r i l ,  and p r o m o t e s  the 

r e t r a c t i o n  of t h e  f i br i l  even when i t  goes  beyond the  apex  of the 

loop.

A sh o r t c o m i n g  of t he  S u e m a t s u  ( 1 9 8 5 )  model  i s  t h a t  the 

p r ed i c t e d  t e m p e r a t u r e s  are only about  1000 K, which is much lower  

t h a n  obs e rved  va lue s .  The  rebound s h o c k s  which  l ed  to the  

t e m p e r a t u r e  I n c r e a s e  in s p i c u l e s  in the  work  of Hol lweg (1982)  do 

not  p lay  an i m p o r t a n t  role in t h e  Sue ma t su  (1 9 85 )  work  s i nce  the 

rebound  shocks  wh i ch  developed along h i s  l oops  we re  too weak to 

make  a s i gn i f i c an t  con t r i bu t i on  to  the  dynamics  of the sy s t e m .  The 

consequences  of t h e  low t e m p e r a t u r e s  a re  even  more s e r i ou s  in l ight  

of t he  f a c t  t ha t  t h e  sys tem s tu d i e d  neg lec t s  d i ss ipa t ion .
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In c h a p t e r  6 of t h i s  t h e s i s ,  a new  nonl inear  numer i ca l  model  

f o r  f i b r i l s  wi l l  be developed.  It is to be based on t h e  Hollweg (1982 )  

w o r k  on s p i c u l e s ,  and t h u s  sha r e s  f e a t u r e s  w i t h  t he  S u e m a t s u  

(1 985 )  work.  The new work involves t h e  s tudy of a c o u s t i c  w a v e s  on 

a f lux tube  w h i ch  i s  i n i t i a l l y  ve r t i c a l ,  then  t u r n s  hor izont a l  f o r  a 

d i s t a n c e ,  and f i n a l l y  t u r n s  ve r t i ca l  ag a in  and h e a d s  out  i n to  t he  

o u t e r  so l a r  a tmosphe re .  It wi l l  be s een  t h a t  t h i s  geome t ry  l e a ds  to 

som e  physical  r e s u l t s  d i f f e r e n t  f rom the  loop mode l  of S u e m a t s u  

(1985) .
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(a) (b)

Fig. 1.1. Spicule producing mechanism of Pikel'ner (197l).Magnetic fields 
pressed together in (a) lead to heating and subsequent radiation, cooling, 
condensation, and fallingof plasma. This is accompanied be Held line 
reconnection and the ejection of material upward, (b) and (c), giving rise to 
a spicule.



CHAPTER 2  

THE EQUATIONS OF MHD

Introduction

The s t u d y  of s o l a r  p hy s i c s  r e q u i r e s  a d i s c u s s i o n  of energy,  

momentum,  and m as s  t r a n s f e r  in a p la sma .  A de sc r i p t i o n  of t he se  

phenomena can be car r i ed  out  f o r  the s o l a r  a tmosphe re ,  v iewing i t  as 

an i onized f l u id  capable  of suppor t i ng  w a v e s  and i n t e r a c t i n g  w i t h  

m a g n e t i c  f i e l d s .  Such a v i e w  i s  t a k e n  in t h e  d i s c i p l i n e  of 

magne tohydrodynamics  (MHD) applied to t he  sun.

The e qu a t i o n s  of MHD a re  s i m i l a r  to t hose  of f lu id  dynamics .  

The d i f f e r e n c e  r e s id e s  in t h e  addi t ional  dr iving f o r c e s  in the MHD 

equa t i ons  due t o  t he  e l e c t r i c a l  and m a g n e t i c  c h a r a c t e r  of the MHD 

fluid.

The t h r e e  ba s i c  MHD f lu id  e q u a t i o n s  a re  s t a t e m e n t s  of the  

cons e rva t i on  of m as s ,  momentum,  and energy.  With t h e  addi t ion of 

Maxwel l ’s e qu a t i ons  and an equat ion  of s t a t e ,  the d i s c ip l i n e  of MHD 

can be co mple t e ly  fo rmu la ted .  In t h i s  c h a p t e r  a d e sc r i p t i o n  of each 

of the t h r ee  f lu id  equat ions  w i l l  be given,  a long w i th  a d i scuss ion  of 

som e  MHD conse qu en ces  of Maxwel l ' s  equa t ions .  Add i t iona l ly ,  the 

ba s i c  phys i cs  of  shocks  propaga t ing  para l l e l  to a magne t i c  f ield wil l



46

be d i s c u s s e d ;  such sh oc ks  occur  in t he  numer i ca l  c a l c u l a t i o n s  of 

Chapters  4  and 6.

Re fe r ences  for  t h i s  ma t e r i a l  a re  numerous ;  some examples  are 

Chen (1974) ,  Ferraro and Plumpton (1961) ,  and P r i e s t  ( 1982) .  Other  

r e f e r e n c e s  w i l l  be c i t ed  in the text .

The MHD Fluid Equations

In t h i s  t h e s i s ,  s p i c u l e s  and f i b r i l s  wi l l  be v iewed as  f l ows  

guided  by m a g n e t i c  f i e l d  l ines .  Along w i t h  the  g e n e r a l  MHD 

equa t ions ,  t he  equa t ions  fo r  f l ow along a m ag ne t i c  flux t ube  w i th  

vary ing  c r o s s - s e c t i o n a l  a r ea ,  A, w i l l  be w r i t t e n  in a s t a n d a r d  

"conserva t i on  form” wh ich  i s  convenient  fo r  numer tca l  so lu t i on  via a 

" f l u x -c o r r ec t e d  t r anspor t , "  or  FCT, code.

The Mass Conservat ion Equation

The f i r s t  MHD f l u id  equa t ion  t o  be d i s c u s s e d  i s  t h e  m a s s  

cons e rv a t i o n  equat ion.  Given a f luid in a volume V, conserva t i on  of 

m a s s  demands  t h a t  t he  d e c r em e n t  of  t he  a mo un t  of m a t e r i a l  (of 

dens i t y  p ) i n  V be equal t o  the  su r f a ce  in tegral  of the f lux out  of V. 

Thus



The volume V is bounded by the c l o s e d  su r face  S. Employing Gauss'  

l aw,  (2.1) can be w r i t t e n

(2 .2)

w he re  t he  d e r i v a t i v e  and i n tegral  c an  be i n t e r changed  on t h e  l ef t  

hand side (LHS) if t he  volume e l e m e n t  is fixed. The i n t e g r and s  can 

be combined under  one integral ,

Since  t h i s  r e s u l t  ho lds  for  an a r b i t r a r y  volume,  t h e  i n t eg rand  must  

van i sh ,  and t he  m o s t  general  f o r m  of the m a s s  c o n s e r v a t i o n  is 

obtained:

For t h e  pu rp ose s  of th i s  t h e s i s ,  a useful  f o r m  of t h e  m as s  

co n se r va t i o n  equat ion  can be o b t a in ed  di rec t ly  f r o m  (2.1). Cons ider  

a " tube” of ve loc i t y  vec t o r s ,  analogous to a "magne t i c  flux tube." The 

t ube ' s  c r o s s - s e c t i o n a l  a rea  wil l  be deno t ed  A, and i t s  length w i l l  be 

denoted ds,  whe re  s i s  dis tance a long  the  veloci ty  vector .  Thus  dV =

(2.3)
v

^ - +  V -(p v ) = 0. (2.4)
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A ds.  The In t eg r a l  on the r i gh t -hand  s i d e  (RHS) of (2 .1)  is,  to  f i r s t  

o r d e r  in ds,  j u s t  [d(pvA)/ds]ds ,  where  v i s  the s - c o m p o n e n t  of v. 

T hus  (2.1) be comes

w h e r e  A may be  a f unc t i on  of s and t .  Equat ion (2.5)  is  in t he  

c on se r va t i o n  f o r m  r e f e r red  t o  above. In t h i s  form one finds on t he  

LHS a t ime  d e r i v a t i v e  of s o m e  quant i ty  plus  a s p a c e  de r i va t i ve  of 

t h e  f lux of t h a t  quant i ty .  The  sou rce s  appea r  on t h e  RHS; in t h i s  

c a s e  the  sou rce s  a re  zero.

The Maxwel l  equa t i on  V B  = 0 m a y  be t r e a t e d  in t he  s a m e  

way.  The r e s u l t  i s

w h e r e  A and s  now r e f e r  to t h e  magne t i c  flux tube,  and B is t he  s -  

co mponen t  of B. If v end B a r e  ev e ry wh e r e  pa ra l le l ,  then (2.5) and 

(2.6)  combine i n to

Jt(pA)+̂ (pv A ) = 0 (2.5)

i - ( BA) = ° (2/6)

( 2 .7 )

The Momentum Conservat ion Equat ion
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The MHD momen tum co n se r va t i o n  equat ion  i s  a s t a t e m e n t  of 

Newton' s  second law:

Dv
p—  = Forces per volume. (2,8)

where  r  and v are  f unc t i ons  of space  and t ime.

The upper  c a s e  D's of (2.8) r e p r e s e n t  t he  de r i va t i ve  in the 

f r ame  of r e f e r e n c e  of t he  moving p l a sma .  This  i s  the convective  

derivat ive  and may be w r i t t e n

£ G , * L + ( v. V , G  (2.9)

f o r  an a r b i t r a r y  v e c t o r  quan t i t y  G. Equat ion (2.9) can be der ived in a 

s t r a i g h t f o r w a r d  fashion by regarding t he  LHS as  t he  t ota l  de r i va t i ve  

of G, and applying t he  chain  rule.  The  physica l  i n t e r p r e t a t i o n  of 

(2.9) is  t h a t  the  f i r s t  t e r m  on the RHS i s  the va r i a t i on  in t im e  of the 

q u a n t i t y  G i t s e l f ,  I.e. t h e  i n t r i n s i c  t i m e  change in G, The second 

t e r m  r e p r e s e n t s  t he  change  in G due to i t s  movem en t  through  a 

gradient  a t  ve loci ty  v.

Next ,  t he  f o r c e s  of equa t ion  (2 .8 )  wi l l  be cons ide r ed .  By 

analogy w i t h  hydrodynamics ,  f o r ce s  wh ich  a re  i m p o r t a n t  a r e  those  

due to g r av i t y ,  pg, and p r e s s u r e  g r ad i en t ,  -VP. The only o t h e r  force 

of concern in t h i s  t h e s i s  i s  the  Lorentz  fo r ce
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F. = — J  x B (2.10)^ c

whe re  c i s  the  spe ed  of l ight  and J  i s  t he  c u r r e n t  de ns i t y .  The 

for ce s  due to the  e l e c t r i c  f ie ld  have been neg lec t ed ;  according to the 

p r i nc ip le  of q ua s i n ea u t r a l i t y ,  t h i s  i s  an e x c e l l e n t  approximat ion  in 

the s o l a r  a tmosphere .

C o l l e c t i n g  t o g e t h e r  t he  t e r m s  in t h e  above  p a r a g r a p h s ,  

equat ion (2.8) is

P ^ - P  V x(Vx v) + p V ^ - =  -Vp + pg  + - J x B  (2.11)

where  a v e c t o r  i d e n t i t y  has  been used  to give t h e  second and th i rd  

t e rm s  on t he  LHS.

Equat ion (2.11) can be put  in to  " conserva t ion  form" by invoking 

the " thin f lux tube  approximat ion."  Consider  a magne t i c  f lux tube.  

The p l a s m a  can f l ow f r ee ly  along t he  magne t i c  f i e l d  l ines ,  and the 

flux t ube  can also expand or  c on t r a c t  in t ime in r esponse  t he  var ious  

f o r c e s  a c t i n g  on it.  The  p l a sma  i s  t i ed  to t h e  magne t i c  f i e l d  in 

v i r tue  of t he  " f rozen- in  t heorem" ( s e e  below),  and the expans ion  or 

c on t r a c t i o n  wi l l  induce ve loc i t y  components  normal  to B. However ,  

if the t ube  i s  very th in ,  then the  normal  ve loc i t y  component  due to 

expans ion  or  c o n t r a c t i o n  wi l l  be neg l i g ib le  in compa r i son  t o  the 

f i e l d - a l i gne d  pa r t  of t he  f low.  In t h a t  case  i t  i s  poss ib le  to r e t a i n
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t e r m s  involving 3A/ d t  whi le  dropping t e r m s  wh ich  exp l i c i t l y  involve 

t h e  n o r m a l  v e l o c i t y  c o m p o n e n t s .  T h i s  i s  t h in  f l ux  t ube  

approximat ion ,  and i t  a l lows  the fo l lowing procedure  to be fol lowed.  

Dot (2 .11)  w i t h  t he  uni t  v e c t o r  along t h e  m a gn e t i c  f i e l d  l ine s ,  6, 

giving

dv dv dp
p 3r + p v a r = ' 3 s p s » <212)

Multiplying (2.12)  t hru  by A and combining w i th  (2.5) y ie lds

lr(PvA)+̂ (pv2A>='Alr+pgsA (2-13)

w h e r e  again A i s  a f unct ion  of s and t. The momentum equat ion  as 

de r i ved  here  ha s  t w o  sou rce  t e r m s  on t he  RHS. For t he  numer i ca l  

c a l c u l a t i o n s  of Chap t e r s  4  and 6, and t he  ana ly t i c a l  c a l cu l a t i on  of 

Ch ap t e r  3, an add i t i onal  f or ce  t e rm  wi l l  be added to the  RHS. This 

a d d i t i o na l  t e r m  wi l l  r e s u l t  in an add i t i ona l  t e r m  in t h e  energy 

equa t ion  (2.20) to be der ived in the  fo l lowing  sec t ion.  The ana ly s i s  

involving the  addi t i onal  fo r ce  t e rm  i s  s t r a i g h t f o r w a r d  and wi l l  not 

be included in t h i s  chapter .

The Energy Conservat ion Eouation



The f i r s t  equa t i on  u sed  in t he  de ve lo pm e n t  of the ene rgy  

conserva t ion  equat ion  is  t he  ad i aba t i c  hea t  equat ion.  This equa t ion  

i s  a s t a t e m e n t  of the  conse rva t i on  of en t ropy  ( P r i e s t  1982),

^•(p/pT) = 0 (2.14)

w he re  y = cp /  c v is  the  r a t i o  of sp e c i f i c  hea t s .  Combining (2 .14)  

w i t h  (2.4) and (2.9) yields

Making g e o m e t r i c a l  s i m p l i f i c a t i o n s  l ike t h o s e  made f o r  t he  

m as s  and momen tum equat ions ,  the heat  equat ion (2 .15)  is

It i s  impor t an t  to  note t h a t  (2.16)  has a s sumed  t h a t  A is  independent  

of  t i m e ,  imp ly ing  t h a t  t he  m ag n e t i c  f i e l d  i s  r i g id .  Thus t e r m s  

involving v a r i a t i o n s  of t he  m ag n e t i c  energy  wi l l  not  be included.  

T h i s  m ea ns  t h a t  only hyd rodynamic  m o t i o n s  gu ided  by a r i g id  

magne t i c  f i e l d  w i l l  be cons idered .  J u s t i f i c a t i o n  f o r  t h i s  p rocedu re  

wi l l  be given below.

Now the  momentum equat ion  wi l l  be modi f i ed  to a form which  

makes  a s t a t e m e n t  about  k ine t i c  energy.  Mult iplying (2.13) by v and 

sub t r a c t i n g  v2/ 2 t i m e s  (2.5) y i e lds

(2.15)

J^(P A) + J^-(pvA) = -(y- 1) p J j (v A). (2.16)
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^<Tpv2A)+Ji-4pv3 A)=‘A(vlr -p v®.) (2-17)

Combining t h i s  w i t h  (2.16)  gives  t he  des i r ed  form of t he  MHD energy

conserva t ion  equat ion:

J^(EA) + j ^ ( E v  A) = p v g s A ~ ( p vA) (2.18)

where

E = i p v2 + J -  (2.19)
2  y .  1

The phys i ca l  i n t e r p r e t a t i o n  of (2 .18)  can be r ea l i z ed  a f t e r  

i n t r odu c in g  t he  g r a v i t a t i o n a l  p o t e n t i a l ,  <(>, via gs = -d<j)/ds. Some

manipu la t ion  of (2.18)  then yields

J^(eA)+J^-(evA) = ~ ( p v A )  (2.20)

where

e = i p v 2 + — +p<|> (2.21)
2 y - 1

Th i s  i m p l i e s  t h a t  e, t h e  sum of  t h e  k i n e t i c ,  t h e r m a l ,  and 

g r av i t a t i o na l  ene rg i es ,  changes  in r e sponse  to t he  work  done on t he
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fluid by t he  p r e s su r e ,  p, which  appea rs  as a source  t e r m  on the RHS 

of (2.20).

Note t h a t  t h e  m o m e n t u m  eq u a t i o n  ha s  i g no red  v i s c o s i t y .  

S i m i l a r l y ,  t h e  ene rgy  e qu a t i on  ha s  i gno red  v i s c o s i t y  and o t h e r  

en t ropy-produc ing  t e r m s  such as hea t  conduct ion,  joule  heat ing ,  and 

r ad i a t i on .  It w i l l  be a s s u m e d  t h a t  t h i s  ap p r ox im a t i on  i s  va l id  

e v e r y w h e r e  exce p t  a t  shocks ,  w he re  s t e e p  g r a d i e n t s  develop and 

v i s c o s i t y  o r  hea t  conduct ion  can become  impor t an t .  However ,  the  

shocks  wi l l  be handled in a d i f f e r e n t  manner ,  as wi l l  be seen in the  

f inal  s e c t i o n  of t h i s  chap t e r .  The e f f e c t s  of hea t  conduct ion  and 

r ad i a t i o n  have been examined  numer i ca l l y  by Mariska and Hol lweg 

(1985 ) ,  f o r  f l ow condi t ions  r e l a t e d  to t he  sp i cule  f l o ws  which a re  to 

be s t u d i ed  here.  They found t h a t  t he  d i s s i p a t i v e  e f f e c t s  of hea t  

conduct ion and r ad i a t i on  reduced the  ve loc i t y  amp l i t ud es  by about  a 

f a c t o r  of  tw o .  The  h e a t  c o n d u c t i o n  and r a d i a t i o n  did no t  

f u n d a m e n ta l l y  a l t e r  t h e  ba s i c  dyna mics  of the  prob l em.  In t h i s  

t h e s i s ,  i t  wi l l  be a s sumed  t h a t  the bas i c  dynamics  can be adequa te ly  

exp lo r ed  via t he  v a s t l y  s i m p l e r  ( f r om th e  num er i ca l  s t a nd p o i n t )  

d i s s i p a t i o n l e s s  equat ions .

The Frozen In Theorem

A b a s i c  conse qu en ce  of MHD, known as t he  Frozen In Flux 

Theorem,  fo l l ow s  when t he  e l e c t r i c a l  conduct iv i ty  can be considered  

i n f i n i t e l y  large.  The t heorem a s s e r t s  t h a t  the p l a sma  and magne t i c
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f i e l d  l i n e s  move t o g e t h e r  in t he  fo l l o win g  s e ns e :  C o n s i d e r  an

a rb i t r a r y  c losed  curve  C, and l et  t he  magne t i c  f lux encompassed  by C 

be O. Now fol low the  mot ions  of  t he  pa r ce l s  of ga s  or ig ina l l y  lying 

on C. At some  l a t e r  t i m e  t he se  pa r c e l s  def ine  a new curve c v Then 

t he  mag ne t i c  flux en compassed  by C, wi l l  s t i l l  be O. Thus mo t ions  

a long  t h e  f i e l d  a r e  a l l o w e d  w i t h o u t  c o n s t r a i n t ,  but  m o t i o n s  

t r a n s v e r s e  to the f i e l d  mu s t  be accompanied by t r a n s v e r s e  mo t i ons  

of the f i e l d  l ines ,  and vice  versa .  If t h i s  w e re  not  t rue ,  t hen  the 

c u r r e n t  a s s o c i a t e d  w i t h  moving a con du c to r  a c r o s s  the  m a g n e t i c  

f i e ld  l i ne s  would be i n f i n i t e ,  i f  t he  c o nd uc t i v i t y  i s  i n f in i t e .  The 

r e s u l t i n g  emf  would immed ia t e ly  r e s t o r e  a s i t u a t i o n  where  t h e r e  is 

no mot ion  a c r o s s  the  f i e l d  l ines.  One a rgumen t  d e m o n s t r a t i n g  t h i s  

t heo rem wi l l  be given here.  See a l so  P r i e s t  ( 19 82 ) ,  Rober ts  ( 1967 ) ,  

and Pa r ke r  (1979).

Ohm's l aw can be s t a t e d

j  = a(E  + - ^ ^ )  (2.22)
c

w he re  J  i s  the  cu r r en t  dens i ty  and a  i s  the e l e c t r i c a l  conduct iv i ty .  

When combined wi th  t he  Maxwell Induct ion equat ion

1 r)R
V x E + — 5— = 0, (2.23)c at

equat ion (2 .22)  becomes
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-S— = Vx (v x B) (2.24)
dt

unde r  the a s su m pt io n  of i n f i n i t e  conduct iv i ty .  This  can be conver t ed  

to a s t a t e m e n t  about  magne t i c  flux by i n t eg ra t i ng  ove r  a sur face  S:

Vx(vxB)*dS = 0 .  (2.25)
s s

Via Stokes '  t h eo re m,  this  i s

J Ĵ- B dS  - j) vxB-dl = 0, (2.26)
s c

The f i r s t  i n t eg r a l  i s  the t i m e  de r i va t ive  of  the m a g n e t i c  flux due to 

changes  of B w i t h  t ime,  wh i l e  the second i s  the  r a t e  of change of the  

m ag n e t i c  flux a c r o s s  S due to  the movemen t  of the boundary of S a t  

v e lo c i t y  v. (See  P r i e s t  1982 fo r  a more  de ta i l ed  d i s c us s ion  of the  

second  in tegral . )  Thus (2.26)  says  t h a t  t he  tota l  t im e  de r i va t ive  of 

t he  magne t i c  f lux i s  zero,  and so the t o t a l  magnet ic  f lux is cons t an t  

in t i m e  and the  f rozen  In s t a t e m e n t  is sub s t an t i a t ed .

The e q u a t i o n s  given above  have a s s u m e d  t h a t  v and B a r e  

ev e r y w he r e  p a r a l l e l .  This  a s s um pt ion  i s  a l l owed by t h e  f r ozen - in  

t h e o r e m ,  s i nce  mo t ion  a long B Is uncons t r a ined .  However ,  i t  has  

a l s o  been i m p l i c i t l y  a s sum ed  t h a t  t h e r e  a re  no m o t i o n s  a c ro s s  B, 

s i n c e  the c r o s s - s e c t i o n a l  a r ea ,  A, of t he  f low tube o r  magne t i c  f lux 

t u b e  w a s  a s s u m e d  to  be i n dep enden t  of  t ime.  T h i s  i s  only an
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approximat ion ,  which  r equ i r e s  f u r t h e r  j u s t i f i c a t i o n .  One approach is 

as fo l lows :  Suppose the  p r e s s u r e  inside a f lux tube  i s  enhanced,  due 

to t h e  p a s s a g e  of a sound w a v e  fo r  exam p le ,  by Ap. To r e s t o r e  

p r e s s u r e  ba l a n ce  w i t h  i t s  s u r r o u n d i n g s ,  t he  t u b e  w i l l  expand 

dec r ea s ing  both i t s  t he rmal  p r e s s u r e  p end magne t i c  p r e s su r e  B2/8rc. 

The t ube  wi l l  again be in equi l ibr ium w i t h  i t s  sur roundings  when

d (p + B2 / 8 ri) = - Ap

or

dp + B d B / 4 i t  = -Ap (2.28)

If t he  t ube  s imply expands l a t e r a l l y  one has

dB dp
B P ( 2 ' 2 9 )

in v i r t ue  of t he  f r ozen - in  t heorem.  And i f  t he  expansion is ad iaba t i c  

one has

(2.30)dp p

Put t i ng  t h i s  all t o g e t h e r  gives
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(2.31)

where vA and c s a re  t he  Alfven and sound speeds ,  r e spec t i ve ly :

Now Ap wi l l  genera l ly  be l e s s  than or  comparab l e  to p i t s e l f ,  and one 

then ha s ,  roughly,

In the s o l a r  m agne t i c  f lux t ubes  i t  i s  obse rved  t h a t  vA2 -  c s2 in the 

pho to sphe re ,  but  vA 2 >> c s2 in t he  ch rom os phe re  and corona.  Thus 

IdB l/B w i l l  be s m a l l  in t he  c h r o m o s p h e r e  and corona ,  and the 

m a g n e t i c  f i e l d  c a n  be a p p r o x i m a t e d  a s  be ing  r i g id  t h e r e .  

For tuna t e ly ,  the i n t e r e s t i n g  dynamics  t o  be explored  in t h i s  t h e s i s  

occurs in t he  chromosphere ,  and i t  i s  a n t i c i p a t e d  t h a t  t he  r ig id  f ield 

a s sum pt ion  is  a good one.

2 „ 2 . A vA = B / 4 up (2.32)

(2.33)

Equat ions  (2.5),  (2.13),  and (2.18),  a long w i th  t he  f rozen in flux 

condi t ion (which w i l l  be a s sumed  valid) compr i s e  t he  bas ic  t o o l s  to 

be used in t he  subsequent  chap t ers .
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Sh o c k  Analys is

Shocks  a re  an i m p o r t a n t  e l e m e n t  of t he  num er i ca l  m od e l s  

deve loped  in C h a p t e r s  4  and 6. T h e r e fo r e ,  an o ve rv i ew  of shock 

p ro p e r t i e s  wil l  be given here.

A shock fo rm s  f rom the  s t e epen ing  of a l a rge  ampl i tude  wave.  

By " la rge  ampl i tude"  i t  i s  m e a n t  large enough for  non l inear  f e a t u r e s  

of t he  wave  d i s t u rbance  to be impor t an t .  The s t e epen ing  s t ops  when 

the non l i near  e f f e c t s  inducing t he  s t e epen ing  come in to  balance w i th  

the co mp e t i n g  e f f e c t s  of v i s c o u s  d i s s i p a t i o n  and h e a t  conduct ion.  

These  l a t t e r  two  e f f e c t s  depend s t rongly upon spa t i a l  g r ad i en t s ,  and 

thus g row  in impor t ance  as t h e  wave  s t e epens .  Al though the e f f e c t s  

of v i s c o s i t y  and h e a t  conduc t i on  a re  i m p o r t a n t  i n s i d e  the  shock 

r egion,  t he  usual  p rocedure  f o r  a n a ly s i s  i s  to e v a l u a t e  the  m as s ,  

momentum,  and energy conserva t ion  equa t i ons  in r eg ions  where  the 

d i s s i p a t i o n  t e r m s  can be ignored.  The shock "jump condi t ions"  t hus  

do not  involve v i s c o s i t y  or  hea t  conduct ion expl ici t ly .

F i r s t ,  pure  hyd ro dy nam ic  sh oc ks  w i l l  be d i s c u s s e d .  The 

a n a l y s i s  i s  ge ne ra l l y  c a r r i ed  out  in the  shock f r am e  of r e f e r en c e ,  

w i th  t h e  region ahead of t h e  shock r e f e r r e d  to as  region  one, and 

t ha t  behind  the  shock r e f e r r e d  to  as  r eg ion  two.  The  s t eady s t a t e  

eq u a t i o ns  of m a s s ,  mome n t um,  and ene rgy  c o n se r v a t i o n  are  t hen  

i n t e g ra t e d  ac ro s s  t he  shock boundary.  Regions one and two  are  t aken
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to  be un i fo rm ,  and so v i s c o s i t y  and h e a t  c o n d uc t i o n  make  no 

c o n t r i b u t i o n  in t h e s e  reg ions .  The r e s u l t s  may be e x p r e s s e d  as  

fol lows:

P2 V2 = Pi vi <2-35)

P2+P2V2 = Pl+Pi V1

^  (2.37)
2  Z r v .  1 \ n  2  1(Y -1)P2 z ( Y - l ) p !

These  equa t ions  a re  known as  t h e  Rankine-Hugoniot  r e l a t i o n s .  Thei r  

nont r iv ia l  so lu t ions  a re

P 2_  (y +1)M? 

P i 2 + (y -1)

v2 2 + ( y - 1)

v i (y + D m J

p2 2 y m |  - (Y ~ 1) 

Pi y + 1

(2.38)

(2.39)

(2.40)

whe re  M, = v t /  c sl i s  the  Mach number.  Su bs c r i p t s  1 and 2 r e f e r  to 

region one and t w o  qu an t i t i e s ,  r e s pec t i v e ly .  Thus c st i s  the  sound 

speed in t he  u ps t r eam  region,  e tc .
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Note t h a t  t he  LHS‘s of ( 2 . 38 ) - (2 .40 )  a re  all  1 when M,2 = 1.

These  LHS ex p re s s ion s  may be e i t h e r  l e s s  than or  g r e a t e r  than 1 for  

d i f f e r e n t  va lue s  of so,  f o r  example ,  t he  den s i t y  change a c r o s s

the  shock i n t e r f a c e  (going f rom r eg ion  one to r eg ion  two )  can be 

e i t h e r  f rom high to low o r  low to high. However ,  the  addi t ion of the 

ent ropy condi t ion

s2 £ s, (2.41)

r e s t r i c t s  the a l l owed  so lu t ions  to t hose  c o n s i s t en t  w i t h

m J ^ I .  (2.42)

Thi s  means  t h a t  p2 > p, ,  p2 £ p t , and v2 s v , .  Detai l s  of the  deduct ion 

of t h e s e  r e s u l t s  can be found in Fe r r a ro  and P lumpton  (1 96 1 )  and 

P r i e s t  (1982).

The work in the  upcoming c h a p t e r s  a c tu a l l y  i nvo lve s  shocks  

p ropaga t ing  pa r a l l e l  to m agne t i c  f ield l ines .  In t h i s  c ase ,  the bas ic  

f e a t u r e s  of the  hydrodynamic  shocks  a r e  r e ta ined ,  bu t  i t  t u rn s  out 

t h a t  the  ent ropy condi t ion (2.41)  mus t  be r ep l aced  by a s t r onge r ,  so 

c a l led  " evo lu t ionary ,” condi t ion.  A non -evo lu t i ona ry  shock t ends  to 

b reak  up into mu l t i p l e  shocks.  Sa t i s fy ing  the  evolu t ionary  condi t ion 

i n su re s  t h a t  t h i s  does not  occur.  The evo lu t ionary  condi t ion  f o r  the  

shocks  of I n t e r e s t  in t h i s  t h e s i s  is ( s ee  e.g., Landau,  L i f sh i t z ,  and 

P i t aevsk i i  1984)
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VA1 > Vj > csl (2.43a)

and

min (cs2,va2) > v2 (2.43b)

This  cond i t i on  is  s a t i s f i e d  by t he  shocks  to be encoun t e r ed  in the  

fo l l ow ing  c h a p t e r s .  (Shocks  s a t i s f y i n g  t h e  co nd i t i on  2 .43  a r e  

r e f e r r ed  to as  "slow shocks.")

As i n d i c a t e d  e a r l i e r ,  the shocks  in t h i s  t h e s i s  develop in the 

numer i ca l  mo de l s  to be exp lor ed  in the  upcoming c h ap t e r s .  The 

probl em of handl ing shoc ks  nu m er i c a l l y  is  no n t r i v i a l .  P ro b l em s  

occu r  in m o s t  conven t iona l  f i n i t e  d i f f e r e n c e  numer i ca l  s c h em e s ,  

s i nce  they r e ly  on expans ions  of qu a n t i t i e s  in t e r m s  of exp re s s io ns  

such as 8p/p,  in the c a s e  of the  m a s s  conserva t ion  equat ion (2.4). If 

Sp =p,  as  i s  t he  c ase  n e a r  s t e ep  g r ad i en t s  and shocks ,  t he  t r unca t i on  

e r r o r s  in t he  code a re  as  la rge  as  t he  so lu t ions ,  t hus  precluding t he  

e f f e c t i ve  u se  of such schemes .

The code  in t h i s  t h e s i s  u s e s  a d i f f e r e n t  app roach  to t he  

p r ob l em of  mod e l i ng  shocks .  The  code,  name d  SHASTA, w a s  

developed by Bor is  and Book ( 1 9 7 3 ,1 9 7 6 ;  see  a l so  Book, Boris ,  and 

Hain 1975).  It i s  a l so  a f i n i t e - d i f f e r e n c e  a lgo r i t hm,  but  u t i l i z e s  a 

t echnique  ca l l ed  "flux cor rec t i on , "  and the  r e s u l t i n g  code i s  one of 

the  FCT co des  r e f e r r ed  to above. Such codes  c i r c um ve n t  t he  s t e ep  

g r ad i en t  p r o b l e m s  by u t i l i z i n g  o t he r ,  phys i ca l ,  p r o p e r t i e s  of the
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q u a n t i t i e s  of i n t e r e s t .  A de s c r i p t i on  of SHASTA's ope ra t ion  wil l  be 

given using t he  example of  the mass  co nse rva t i on  equation.

The a lg o r i t h m  is  composed  of  tw o  s t a g e s ,  the f i r s t  being a 

t r a n s p o r t  s t a g e  and the second a co r r e c t i ve ,  o r  an t i d i f fu s ive ,  s tage.  

The f i r s t  s t a g e  i m p l e m e n t s  a t r a n s p o r t  of m a s s  s u b j e c t  to the 

r eq u i r e m e n t  t h a t ,  in add i t i on  to co nse rva t i o n  of mass  a t  t he  given 

t i m e s t e p ,  the  va lue  of t h e  mass  r em a in  pos i t ive .  This p o s i t i v i t y  is 

f o r ce d  on ( the  i n i t i a l l y  po s i t i ve )  s y s t e m  at  e l l  l oca t i ons ,  including 

t h o s e  where  s t e e p  g r a d i e n t s  or s e v e r e  ev ac u a t i o n s  occur .  A by­

p r o d u c t  of t h i s  f i r s t  s t a g e  is  t h e  i n t r o d u c t i o n  of s y s t e m a t i c  

n u m e r i c a l  e r r o r s  into t h e  newly c a l c u l a t e d  quant i ty .  Th i s  is  

c o r r e c t e d  in t h e  second s t a g e .  The c o r r e c t i o n  is  c a r r i ed  out  in a 

f a sh ion  which p revent s  gene ra t i on  of  new m ax im a  or m in im a  in the 

so l u t i o n ,  or  t h e  a c c e n t u a t i o n  of e x i s t i n g  e x t r e m a ;  s u c h  new or 

a c c en tu a t e d  e x t r e m a  migh t  induce nega t i ve  va lu e s  into t h e  solut ion.  

The co r r e c t i on  i s  nonl inear  in t ha t  i t s  value depends  on t h e  value of 

the  m a s s  f r om  point  t o  point .  The  FCT c o d e s  are c ap a b l e  of 

suppo r t i ng  s t e e p  g rad i en t s  and shocks.  Spec i f i ca l l y ,  l arge  j umps  in 

q u a n t i t i e s  over  one grid po in t  can be maint a ined .

In t he  e q u a t i o n s  o f  t h i s  t h e s i s ,  t h e r e  are  no e x p l i c i t  

d i s s i p a t i v e  t e r m s  such a s  v i s c os i t y  o r  heat  conduct ion even  though, 

as  i n d i c a t e d  e a r l i e r ,  s u c h  t e r m s  a r e  i m p o r t a n t  in t r u e  shock 

fo rma t ion .  The shocks  w h i ch  form in the  numer i ca l  mod e l s  can be 

t hough t  of in one of two ways .  The f i r s t  is t h a t  the shock  r e s u l t s  

f rom an e f f e c t i v e  v i s co s i t y :  Imp leme n ta t i on  of  the a n t i d i f f u s i o n
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s t a g e  of t he  FCT code y i e lds  a non l inear  r es i dua l  t e rm ,  wh ich  can be 

i n t e r p r e t e d  as  t h i s  e f f e c t i v e  v i scos i t y .  The s econd  way to i n t e r p r e t  

t he  shocks  i s  t h a t  t hey  a re  r e p r e s e n t a t i o n s  of  a c tua l  s o l u t i o n s  to 

t he  Rankine-Hugoniot  r e l a t i ons .  Such d i s con t i nuous  s o l u t i o ns  exis t  

and are  known as weak so lu t ions  ( s e e  J e f f r ey  and Taniut i  1964).  In 

a physical  s y s t e m  such a s  the so l a r  a tmosphe re ,  however ,  t h e  shocks 

would  r e s u l t  f rom the  d i s s i p a t i v e  e f f e c t s  of  v i s c o s i t y  and heat  

conduct ion.

The p a r t i c u l a r  FCT code used in the c a l cu l a t i on s  of t h i s  t hes i s  

i s  e x p l i c i t l y  based  on t he  " c o n s e r v a t i o n  f o r m s "  of t h e  mass ,  

momen tum,  and energy equat ions .  Thus  equ a t i on s  (2.5),  (2 .13) ,  and 

(2 .2 0 )  a r e  t h e  ones  u se d  in a l l  t he  f o r t h c o m i n g  n u m e r i c a l  

ca l cu l a t i ons .



CHAPTER 3

LINEAR EVOLUTION OF ACOUSTIC GRAVITY WAVES ON
STRONG FLUX TUBES

I n t r o d u c t t o n

As a f i r s t  a na l y s i s  of the  MHD eq ua t i ons  and t h e i r  po s s ib l e  

connec t i on  w i t h  sp i cu l e s  and f i b r i l s ,  a l i nea r i z ed ,  ana ly t i c a l  s tudy 

wi l l  be pur sued  in t h i s  chap t e r .  As d i s cus s ed  in t h e  In t roduc t ion ,  

s p i c u l e s  and f i b r i l s  a r e  n o n l i n e a r  p h e n o m e n a ,  t h u s  a t r u e  

m a t h e m a t i c a l  de sc r i p t i on  of t hese  f e a t u r e s  is  expec t ed  to r equi r e  a 

full  non l i nea r  t r e a t m e n t .  Such a t r e a t m e n t  w i l l  be c a r r i e d  out  in 

Ch ap t e r s  4  and 6,  u t i l i z i ng  numer i ca l  t echniques .  It wi l l  t urn  out 

t h a t  t h e  a n a l y t i c a l  l i n e a r i z e d  w o r k  of t h i s  c h a p t e r  w i l l  y ie ld  

c o ns i d e r a b l e  i n s i gh t  i n to  t hose  fo r t h com ing  num er i ca l  n o n l i n e a r  

s t ud i es .

A n a l y s i s

The p r ob l em to be examined  i s  f o r m u l a t e d  as f o l l o w s .  A 

m ag ne t i c  f lux t ube  wi l l  be taken to be ve r t i c a l  and have c o n s t a n t  

c ro s s  s e c t i on  in a s t r a t i f i e d  a tmosphe re .  An impu l s iv e  fo r ce  i s  to 

be i m p a r t e d  a t  t he  base  of t he  flux t ube ,  and t he  r e s u l t i n g  mo t i on s  

of t h e  a tm o s p h e r e  wi l l  be deduced.  The  a na l y s i s  wi l l  lend i n s igh t  

in to  t he  rebound shock model  f o r  p roducing  s p i c u l e s  i n t roduced  in



66

Chapte r  1 (Sect ion h) and to be analyzed  in d e t a i l  in Chapt e r  4. The 

r e s u l t s  a re  also appl icab l e  to the f i br i l  model of  Chapter  6.

T he  m a g n e t i c  f l ux  t ube  w i l l  be t a k e n  to be r i dg ed ,  

c o n s e q u e n t l y ,  c r o s s - f i e l d  m o t i o n s  w i l l  be p r o h i b i t e d .  The 

a t m o s p h e r i c  p la sma ,  to  be v i ewed  a s  an MHD fluid,  w i l l  t hen  be 

channe l l ed  along t h e  magne t i c  f lux tube.  Th i s  i s  a r e s u l t  of the 

f rozen in assumpt ion .  The i n i t i a l  a tm o sp h e r e  i s  i so th e rm a l  and in 

h y d r o s t a t i c  equi l ibr ium under  a c o n s t a n t  g r av i t a t i ona l  a cc e l e r a t i on ,  

g. The t r an s i t i o n  r eg ion  i s  omi t t ed  f rom the analys i s .  The equat ion 

of s t a t e  i s  taken to be

P = p R T ,  (3.1)

where  p i s  the gas  p r e s s u r e ,  R i s  t h e  gas c o n s t a n t ,  and T i s  the 

t e m p e r a t u r e .  These  a s s u m p t i o n s  Imply a v e r t i c a l  a t m o s p h e r i c  

dens i ty  prof i l e  de scr i bed  by

P(z) = P0( 0 ) e zg/RT (3.2)

where  p0(0)  i s  the a tm os ph e r i c  dens i t y  a t  the ba se  of the f lux tube.

In o r d e r  to  l i n e a r i z e  t he  MHD e q u a t i o n s ,  sma l l  a m p l i t u d e  

d i s t u rb an c es  will  be a s su m e d  so t h a t  i t  i s  su f f i c i e n t  to t ake

p = Pq(z) + 8p(z,t) (3.3a)
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p = P q ( z )  + 8p(z,t) (3.3b)

v = 0 + 5v(z,t) (3.3c)

The s u b s c r i p t  'O' de n o t e s  zero  o r d e r  q u a n t i t i e s  and t he  p ref ix  'S' 

d e no t e s  f i r s t  o r d e r  p e r t u r b a t i o n  q u a n t i t i e s .  The i n i t i a l  v e r t i c a l  

v e l o c i t y ,  v, i s  t ake n  to be zero .  The l i n e r a r i z e d  MHD m a s s ,  

momentum,  and energy equat ions  are  then

9  d d Pn
¥ sp+p° 3 r 5v+8vi r =0 0.4)

P0 I^Sv = --JLsp - g 6p + f(z,t) (3.5)

| ( « p - c J a p )  + p l « v i ( ^ ) - 0  (3.6)

where  c s = (yp0/ p 0) ]/2 i s  t he  sound speed,  w i th  y the r a t i o  of spec i f i c  

hea t s .  The t e rm  f (z , t )  i s  an exp l i c i t  r e p r e se n t a t i o n  fo r  some volume 

force  which  d r i ves  t he  a tmosphe re  from the  base.  Combining (3.4) - 

(3.6) y i e lds  t he  wave  equat ion

+ (3.7)
dt dz

where  co8C = yg / (2c s). Also,
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Q = Pg 2(z) 8v. (3 .8)

Equat ion (3.7) i s  a Klein-Gordon equat ion  w i t h  an addi t iona l  

d r i v ing  f o r c e  t e rm .  Since  t h i s  i s  a wa v e  e q u a t i o n ,  i t  c an  be 

conc luded  t h a t  a f o r c e  i m p a r t e d  on to  t he  MHD f lu id  w i l l  dr ive  

waves .  The c h a r a c t e r  of the w a v e s  wi l l  be s i m i l a r  to sound waves ,  

s i n c e  t he  c h a r a c t e r i s t i c  speed  in (3.7) i s  t he  sound speed.  But the 

a c t u a l  w a v e s  w i l l  d i f f e r  s i n c e  the  e f f e c t  of g r a v i t y  m a k e s  a 

con t r i bu t i o n  via t he  second t e r m  on the RHS of (3.7)  The r e s u l t i n g  

wa v e s  a r e  known as  a c o u s t i c  g rav i ty  w a v e s ,  and a r e  d i s c u s s e d  by 

severa l  au tho rs ,  including P r i e s t  (1982).

Some f e a t u r e s  of  (3.7) may be deduced  by t ak ing  f = 0 and 

looking a t  i t s  Four ier  t r an s fo rm.  Take Q ~ e 1kz" 1<Bt. One then has

9 2 2 9
Csk =®-°>L (3-9)

T h i s  i s  a d i spe rs i on  r e l a t i on .  Wave propaga t ion  e x i s t s  when k > 0,

i.e. when co > o)ac Evanescence  occu rs  when to < coac. The f requency o}ac

is known a s  the  acou s t i c  cutof f  f requency.

Equat ion (3.7) may be so lved  fo r  a va r i e t y  of  input  f o r c e s ,  

f (z, t ) .  In t he  work here ,  t he  fol lowing form wil l  be chosen:

f(z,t) = f0 5(z) H(t), (3.10)
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whe re  f 0 is a co n s t a n t ,  5(z) i s  the d i r a c - d e l t a  func t ion  in z, and H(t) 

the Heaviside s t e p  funct ion.  With the i n i t i a l  condi t ions

^ ( z , 0 )  = Q(z,0) = 0, (3.11)

equat ion  (3.7) may be solved via Laplace t r an s fo r m s .  The so lut ion  is 

Q(z,t) = [f(/2csPo/2(0)] JQ (c2 t2 - z2)1/2] H(t - - )  (3.12)
Cs Cs

f o r  z > 0. Th is  so lu t i on  i s  t he  s ame  a s  t h a t  ob t a ined  by Rae and 

Rober ts  (1982)  in a s i m i l a r  l i nea r  ana lys i s .  Note t h a t  t h e i r  solut ion,  

as  (3.12) ,  is not  t he  r esponse  local ized to  an impul s ive  fo r ce  as  they 

c la imed,  but  r a t h e r  cor r e sponds  to a f o r ce  which i s  l oca l i zed  a t  z = 

0, t u r n s  on a t  t  = 0,  and r em a in s  on a t  all  s u bs equ en t  t im es .  The 

for ce  (3.10)  is only imp l i c i t l y  included in t he  ca l cu l a t i on  of Rae and 

Robe r t s  via t h e i r  de r i va t i v e  in i t ia l  condi t ion  on Q (Rae and Rober ts  

1982,  eq. 16).

A form of f ( z , t )  of more  re l evance  to the  rebound shock model 

i s  a pul se  which t u r n s  on a t  t im e  t  = 0, r ema ins  c o n s t a n t  f o r  a shor t  

t ime ,  b, and then t u rn s  off:

f(z,t) *  a 5(z) [H(t) - H(t - b)], (3.13)

whe re  a i s  the pu l s e  ampl i tude .  Since equat ion  (3.7)  i s  l inear ,  the 

t he o r e m  f o r  su p e r p o s i t i o n  of so lu t i o ns  holds.  One may t h e r e f o r e
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solve  (3.7)  us ing  t he  two  t e r m s  on t he  RHS of (3 . 13)  s e pa r a t e ly .  

Then using (3.12) ,  the  so lu t ion  to  the pu l se  problem can be w r i t t e n  

down:

Figure  3.1 p lo t s  the so lu t i on  (3.14) a t  t i m e  t  = 9 m in u t e s  as  a 

f unct ion  of he ight ,  z. The numer i ca l  va lues  of the  p a r a m e t e r s  are cs 

= 8.12 km s “ ' and a>ac = 2.77 x 10"2 s " 1. (These  va lue s  cor respond  to 

the ‘r e f e r e nc e  mode l ’ to be d i s c us se d  in Chapte r  4.) The value of b is 

27 s, chosen  for  I l l u s t r a t i v e  pu rposes  only. Apparent  in t he  f igure  is 

a wave  f r o n t  a t  z = 4 400  km fo l lowed  by t he  "pulse  r eg io n” a t  the 

f r on t  of t he  so lu t i on  be tween  z = 4 1 8 0  km and z = 4 4 0 0  km, which 

w a s  l aunched  b e t w e e n  t ime  t  = 0 and t  = b. An o s c i l l a t i n g  wake 

appea rs  a t  l o w e r  he ights ;  I t  r e s u l t s  f rom a supe rpos i t i on  of the two 

Bessel  f unc t i ons  in the  solut ion (3.14).

The e x i s t e n c e  of the wake  r e s u l t i n g  f rom equa t ion  (3.7)  may 

have been a n t i c i p a t e d  by examining  t he  group ve loc i t y  of t he  waves .  

Using (3.9),  t h i s  i s

(3.14)

f o r  z > o.



This  f u n c t i o n  i n d i c a t e s  t h a t  i n f o r m a t i o n  i s  p r o p a g a t e d  a t  all  

v e l o c i t i e s  l e s s  t han  the  sound speed.  Th is  i s  c h a r a c t e r i s t i c  of a 

wake behind a wave  f ront  t r ave l i ng  a t  the sound speed.

It  i s  i n t e r e s t i n g  to note  t h e  t ime  deve lopmen t  of the pul se  

region of the  so lut ion .  This i s  dep i c t ed  in Figure 3.2. (The example 

in Figure 3.2 i s  of  t h e  same so lu t i o n  as  t h a t  of Figure 3.1.) In the 

f i r s t  f r a m e ,  3.2a,  t he  solut ion i s  shown a t  an ear l y  t i m e ,  t = 2.26 

min. The  pulse r eg ion  of the  so lu t i o n  is po s i t i v e  and sh o w s  l i t t l e  

s t r u c tu r e .  Osc i l l a t i o ns  appear  in t he  region a t  a l a t e r  t ime ,  t  = 18 

min. (Figure 3.2b). At an even l a t e r  t ime,  t  = 72.2 min. (Figure 3.2c) 

i n t e rna l  s t r u c t u r e  domina te s  t he  region.  As t i m e  advances ,  t he re  i s  

a pi l ing up of o sc i l l a t i o n s  in t he  "pulse region." This  behavior  can 

a lso  be seen  f rom equat ion (3 .14)  by not ing t he  value of the f i r s t  

t e rm  a t  z = cs( t - b )  (which i s  t he  he igh t  a t  wh ich  the  second t e rm

becomes  non-zero  a t  t ime  t). For  l a rge  t, and t hus  large z, t h i s  value 

v a r i e s  a s  J 0[toac( 2 t b ) , /2 ], i n d i c a t i ng  t h a t  an i n c r e a s in g  number  of

o s c i l l a t i o ns  wi l l  oc cu r  in the "pulse region" as  t im e  i ncr ease s .

It i s  also i n t e r e s t i n g  to examine  the behav io r  of t he  wake wel l  

behind t he  pulse reg ion ,  i.e. at  z << c s( t -b)  and o)oc( t -b )  >>1. From the

a s y m p t o t i c  behav io r  of the Besse l  f unc t i ons ,  i t  i s  r e ad i l y  deduced 

t h a t  t he  t w o  B e s se l  f unc t i ons  in equat ion  (3 .14)  can combine  to 

r e i n f o r c e  or  p a r t i a l l y  cancel  t h e  d i s t a n t  wa k e ,  depending  on t he
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value  of  b. Re info r cemen t  occur s  when coocb 3rc, etc. ,  i.e. f or  b » 

1 13, 3 4 0 s ,  e t c ,  if a>oc = 2.77 x 10“2 s ” 1. On t he  o t h e r  hand, pa r t i a l  

c anc e l l a t i on  can occu r  when a acb »2ic, 4 jc, etc. ,  i.e. f o r  b *=> 227 ,  454s ,  

etc.  None of t he s e  spec i a l  c a s e s  wi l l  occu r  in t he  model s  cons ider ed  

in t h i s  t he s i s .
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Fig. 3.1. L inear  r e sp on se  of MHD f lu id  on a s t r on g  magne t i c  
flux t ube  to an i n i t i a l  a cce l e r a t i on  pulse  as  given by Equat ion (3.10) 
at  t  = 9 min. The  pu l se  w a s  t u rned  on f o r  a t ime  b = 2 7 s  and has 
evolved Into t he  ' pu l se  region* b e t w e e n  z = 1.9 and z = 2.0 on the 
ho r i zon t a l  ax i s  s ca l e .  The ' r e f e r e n ce  model '  va lues  f o r  the  sound 
speed and a co us t i c  cu to f f  f requency;  viz. c s = 8.12 km s " 1 and coQC = 
2.77 x 10- 2 s " ’, w e r e  chosen.
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Fig. 3.2.  Same as Fig. 3.1, excep t  at a) t  = 2.3 min, b) t  = 18.0 
min.  c) t  = 72 .2  min. T h i s  f igure  i l l u s t r a t e s  t he  deve l op men t  of 
s t r u c t u r e  in t he  'pulse region '  of t h e  solut ion (3.10)  as a f unc t i on  of 
t ime .



CHAPTER 4

THE REBOUND SHOCK MODEL FOR SOLAR SPICULES: 
DYNAMICS AT LONG TIMES

I n t r o d u c t i o n

In t h i s  c h a p t e r  t he  rebound shock model ,  in t roduced  in Chapter  

1 Sec t i o n  h, i s  ex t en ded  and f u r t h e r  deve loped .  The  model  as  

p r e s e n t e d  by Hol lweg (1982 )  i s  capable  of expla in ing  s eve ra l  key 

f e a t u r e s  of sp i cu le s .  For  example ,  the  model o f f e r s  an explana t ion  

fo r  t he  t he  r e l a t i v e ly  cons t an t  upward  ve loc i t y  of s p i c u l e s  -  in the  

model ,  a roughly c o n s t a n t  spicule  ve loc i ty  r e s u l t s  f rom the  r epea ted  

i n t e r a c t i o n  of t he  rebound sh o c ks  w i th  t he  TR. Also,  t he  model 

y ie lds  a hot  sp icule  via the  heat  inpu t  from shock heat ing.

Some qu e s t i on s  regarding t h e  rebound shock  model ,  however ,  

s t i l l  r emain .  The Hol lweg ( 1 9 8 2 )  s tudy did not  i n v e s t i g a t e  the  

l o n g - t i m e  b e hav io r  of  t he  model ;  t h a t  s t u d y  conc luded  w i t h  t he  

model  sp i c u l e  s t i l l  r i s ing.  But a s  pointed ou t  in C h a p t e r  1, t he  

qu e s t i o n  of t he  s p i c u l e  f a t e  i s  I m p o r t a n t  in u n d e r s t a n d i n g  t h e  

dynamics  of t he  s o l a r  a tmosphe re ,  and so the  long t e rm development  

of the model  i s  a point  of i n t e r e s t .  Addi t ional ly ,  Hollweg (1982)  did 

not  i n v e s t i g a t e  t he  va r i a t i on  of t h e  model s p i c u l e ’s p r o p e r t i e s  in 

r e s p o n s e  to i npu t  p a r a m e t e r  v a r i a t i o n s .  The  o b j e c t i v e  of t h i s  

c h a p t e r  is  to gain some insight  i n to  t hese  ou t s t and ing  Issues .
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The f i r s t  ques t ion  a d d re s s e d  in t h i s  c h a p t e r  i s  t h a t  of the 

l o n g - t i m e  b e h a v i o r  of t h e  model .  The o r i g in a l  goal  of  t h i s  

i n ve s t i ga t i o n  w a s  to learn  how the  model  sp icu le  m a t e r i a l  r e t u r n s  

to t he  s o l a r  su r f ace .  However ,  as  wi l l  be seen  be low,  i t  w a s  found 

t h a t  a t  long t i m e s  the  model  p r ed i c t s  t h a t  the sp icu l e  m a t e r i a l  does 

not  r e t u r n  to  t he  su r f a c e .  The t r a n s i t i o n  r eg io n  (TR) and the  

m a t e r i a l  be low i t  r ema in  r a i s e d  and a new h y d r o s t a t i c  equi l ibr i um 

a t  a h i g h e r  t e m p e r a t u r e  i s  approached.  Th i s  r e s u l t  c am e  as  a 

s u r p r i s e ,  and m ea n s  t h a t  t he  ques t ion  of the  sp i c u l e  f a t e  i s  l e f t  

una nsw er ed  by t he  model s i nce ,  as  d e m o n s t r a t e d  in Chap te r  1, m as s  

f lux c o n s i d e r a t i o n s  r equ i r e  t h a t  m o s t  of t he  m a t e r i a l  in a c tua l  

sp i c u l e s  r e t u rn  t o  t he  s o l a r  su r face .  It i s  now unde rs tood  t h a t  the 

m a t e r i a l  in the  model  r e m a i n s  r a i s ed  due to a t r a n s f e r  of  energy 

f rom th e  i n i t i a l  impu l se  i n to  o t h e r  f o r m s  of energy.  S ince  no 

d i s s i p a t i v e  t e r m s  a re  i ncorpora ted  in t he  model ,  t he  only ava i l ab l e  

channe ls  f o r  t h i s  energy a re  g r av i t a t i ona l  and t he rma l  energy of the 

chromospher ic  gas  which c o n s t i t u t e s  t he  spicule.

The new h y d r os t a t i c  equ i l ib r i um approached by t he  model  can 

be rough ly  c h a r a c t e r i z e d  a s  c o n s i s t i n g  of t h r e e  l a ye r s .  In a 

r e p r e s e n t a t i v e  example  whe re  t he  in i t i a l  condi t ions  a re  t he  s a m e  as 

t hose  given in Hol lweg (1 982 ) ,  t he s e  l a y e r s  include:  i) a reg ion  of 

near ly  un d i s t u rb ed  ch romo sph e r i c  gas  be low some  1200 km; i i)  an 

i n t e r m e d i a t e  region of shock hea t ed  ch ro m o s p h e r i c  gas  w h i ch  is 

i den t i f i ed  w i t h  t he  spicule ;  and i i i )  nea r l y  und i s t u rbed  coronal  gas 

a t  he igh t s  g r e a t e r  than approximate ly  18,800 km.
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Fur the r  I n ve s t i g a t i o ns  in t h i s  c h a p t e r  involve the behavior  of 

t he  model ' s  c h a r a c t e r i s t i c s  as  t he  i n i t i a l  i npu t  p a r a m e t e r s  a re  

var ied.  Spec i f i c a l l y ,  the  va r i a t i on  of t he  TR's upward ve loc i t y ,  and 

of t he  sp i cu le ' s  f ina l  dens i ty ,  t e m p e r a t u r e ,  and he igh t  as  f unc t i ons  

of t he  magni tude  of the  i n i t i a l  impul se ,  i t s  loca t i on ,  and the  i n i t i a l  

TR he igh t  i s  s tud i ed .  It wi l l  be seen  t h a t  a v a r i e t y  of f inal  sp i cu le  

c h a r a c t e r i s t i c s  can r e s u l t  f rom d i f f e r e n t  input  p a r a m e t e r s .  Th i s  is 

an i m p o r t a n t  r e s u l t  in v i ew of t he  l ow v e l o c i t i e s  and d e n s i t i e s  

ob t a ined  by Hol lweg (1982 )  in his  model .  The work  of t h i s  c ha p t e r  

wi l l  l ead to the  conclus ion  t h a t  t he  low va lue s  he ob t a ined  a re  a 

consequence  of t he  i n i t i a l  p a r a m e t e r s  chosen,  and do not  r e f l e c t  an 

i n t r i n s i c  f a l l i n g  of  t he  rebound  shock  model .  In p a r t i c u l a r ,  

r e a so na b l e  he igh t s ,  d e n s i t i e s  and v e lo c i t i e s  can be ob t a ined  if  the 

i n i t i a l  energy sou rc e  i s  l oca ted  a f ew  hundred km below the  height  

w h e r e  t 5000 = 1, and if  the In i t i a l  he ight  of the  TR is  l o w e r  then in

the  model s  of Hol lweg (1982) .

As in t he  c a s e  of the Hol lweg paper ,  the c a l cu l a t i on s  here  are  

very  i dea l i zed ;  t he  e f f e c t s  of non - shock  hea t ing ,  hea t  conduct ion,  

r ad i a t i o n ,  and Ioni za t i on  a re  not  included.  Thus t he  emphas i s  is  on 

t h e  dy na mics  of t h e  s y s t e m .  The r e s u l t s  should  be of value in 

u n d e r s t a n d i n g  t h e  dy n am ics  of  t he  s o l a r  a t m o s p h e r e  in va r i ous  

c i r c u m s t a n c e s ,  bu t  c e r t a i n l y  a t r ue  model  of s p i c u l e s  wi l l  have to 

a w a i t  a more  c o m p l e t e  c a l cu l a t i o n  inc luding t he  above -men t ioned  

f ac t o r s .  However ,  t he  t e rm  "spicule" wi l l  no ne th e l e s s  be cava l i e r ly  

used when desc r i b ing  the  model r e su l t s .
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The fo l lowing  s e c t i o n  r e v i e w s  the  rebound shock model ,  upon 

w h ic h  t he  su b s eq u e n t  r e s u l t s  a r e  based.  Al so  s t u d i e d  a re  t he  

e n e r g e t i c s  of  the model .  S e c t i o n s  Ilf and IV a re  devo t ed  to the  

s y s t e m ' s  long  t i m e  b e h a v i o r  and t he  v a r i a t i o n  of t h e  s y s t e m ' s  

c h a r a c t e r i s t i c s  as  t h e  i nput  p a r a m e t e r s  a re  changed.  The r e s u l t s  

a r e  f u r t h e r  d i s cus sed  in Sec t ion V.

Rebound  S h o c k  Model

Th i s  s e c t i o n  r e v i e w s  t he  rebound shock  model  o f  sp i cu l e s  

(Hol lweg 1982) .  The model  s t ud i e s  t he  evolut ion of a pe r tu rbed  MHD 

f l u i d  guided by a m a g n e t i c  f lux tube.  Only ve r t i c a l  m o t i o n s  are  

cons idered .  The flux t ube  i s  taken to  be rigid.  Hol lweg pointed  out 

t h a t  t h i s  ap p rox im a t ion  i s  valid f o r  he igh t s  in ex ce s s  of  = 1 0 3 km 

above  the  t5000 = I s o l a r  su r f a ce .  These  h e i g h t s  a r e  t he  mo s t  

i m p o r t a n t  rega rd ing  sp i c u l e  f o rm a t io n ,  and so  t he  r i g id  f lux tube 

a s s u m p t i o n  w a s  emp lo yed  in t h e  o r ig ina l  mode l ,  and w i l l  be 

employed throughout  t h i s  chapter .

The b a s i c  e q u a t i o n s  so lve d  a re  t he  MHD m a s s  (eq.  2.5),  

momentum (eq. 2.13),  and energy (eq. 2.20) conserva t i on  equa t i ons  of 

Chap t e r  2, exp re s sed  in t he  fol lowing form:
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J^ (p  A) + ̂ ( p v A )  = 0 (4.1)

(p v A) + ~  (p v2 A) = -A ( | ^  + pg) + F p A h(z,t) (4.2)

(4.4)

The a cc e l e r a t i o n  of of g rav i ty ,  g, is taken to  be 2.7 x 104 cm s -2. A 

pe r f ec t  g a s  is a s sum ed  w i th  y = 5 /3 .  The var i able  z i s  height  in t he  

so l a r  a t m o s p h e r e ;  t h i s  r e p l a c e s  the v a r i a b l e  s w h i c h  r e p r e s e n t s  

d i s t ance  along the f lux tube used  in Chap te r  2. The he igh t  where  z = 

0 in t he  model s  in t h i s  c h a p t e r  co inc ides  roughly w i t h  z = 0 in the  

HSRA/VAL model s o l a r  a tm osph e re  (Gingerich et  al. 1971;  Vernazza ,  

Avret t ,  and Loeser  [VAL] 1973).  However,  t h e  ambient  chromosphere  

in the p r e s e n t  mode l s  is  i so th e rm a l ,  but  i t  provides a r ea sonab le  f i t  

to the he ig h t  va r i a t i o n  of ch romosphe r i c  dens i t y  in t he  HSRA/VAL 

model.  The  form of t he  c r o s s - s e c t i o n a l  a r e a .  A, chosen  i s  i nd ica t ed  

in f igure  4.1,  which d i sp l ays  [A(z) /A(0)]1/2 in the range  - 8 8 0  km < z 

< 6600  km,  whe re  t h e  g r e a t e s t  a rea  v a r i a t i o n  oc cu r s .  At h i g h e r  

he igh t s ,  A(z) r e m a i n s  c o n s t a n t .  Figure 4.1 r e p r e s e n t s  the a r e a  

f a c to r  u s e d  by Hol lweg (1982) ,  and is a co r r e c t i o n  to Figure 1 wh ich  

appears  In t h a t  paper.  Above z = 0, the c r o s s  s ec t i onal  a rea  expands  

by a f a c t o r  of a p p r o x i m a t e ly  150,  r a t h e r  t han  2 0 0  a s  s t a t e d  in 

Hollweg (1982) .  Consequent ly ,  a f ield s t r e n g t h  of 1500  gauss  a t  z r  

0 co r r e sponds  to a coronal  f i e l d  s t r eng th  of  10 gauss.  The r e ad e r  i s
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r e f e r r e d  to the or ig ina l  Hol lweg (1982 )  paper  f o r  add i t iona l  d e t a i l s  

of t he  i n i t i a l  so l a r  a tmosphere  in the  model .  At t im e  t=0,  a qu as i -  

impul s ive  ve r t i ca l  body force  l oca l i zed  to t he  v i c in i ty  of a f ew  grid 

p o in t s  ne a r  z = 0 i s  impa r t ed  to the f lux tube.  Th is  body fo rce  is 

r e p r e s e n t e d  by t he  f inal  t e r m s  in e qu a t i ons  (4.2) and (4.3).  The 

l oca l i z ed  sp a t i a l  ex t en t  and t he  q u a s i - im p u l s i v e  t im e  va r i a t i on  of 

the  fo rce  a re  con ta ined  in h(z, t ) .  In t h i s  chap t e r ' s  model s ,  the  t ime  

va r i a t i on  of h is one half  of a s inusoidal  cycle  l a s t i ng  90 .26  seconds.  

The f a c t o r  F i s  t he  ampl i tude  of t he  a cc e l e r a t i o n  of t he  body force.  

(The e f f e c t s  of changing the  l oca t i on  of t he  body for ce  and the  value 

of F a re  i n ves t i ga t ed  in Sec t ion IV.)

Equat ions  ( 4 . 1)-(4.3)  a re  so lved  nu m er i ca l l y  us ing SHASTA -  

t he  fu l ly  non l i ne a r ,  f l u x - c o r r e c t e d  t r a n s p o r t  code  d e s c r i b e d  in 

Chap t e r  2. The code publ i shed by Bor is  ( 1 9 7 6 )  w a s  used  w i t h  the 

Euler ian grid opt ion fo r  all t h e  or iginal  model  c a l cu l a t i on s ,  as wel l  

a s  f o r  t he  c a l c u l a t i o n s  in t h i s  t h e s i s .  F l o w - t h r o u g h  boundary 

cond i t i ons  a re  a l so  used fo r  all  c a l cu l a t i ons .  These  condi t i ons  are 

im p l e m e n te d  by i n s i s t i n g  t h a t  t he  value of a given quan t i t y  beyond 

t he  boundary  e q u a l s  t he  va lue  of t h a t  q u a n t i t y  j u s t  i n s id e  t he  

boundary.  The value on the boundary i s  t he  aver age  of t h e s e  two,  and 

is  t h e r e f o r e  t he  s a m e  as t he  va lue  j u s t  i n s ide  t he  boundary.  These  

boundary cond i t i ons  a l l ow fo r  t he  f r e e  f l ow  of p l a s m a  out  of t he  

numer i ca l  domain.  These  condi t i ons  have been t e s t e d  by launching 

sound w a v e s  onto t he  uppe r  and l o w e r  bounda r i e s .  The energy 

r e f l e c t e d  by the  boundar ies  w a s  a lway s  found to be l e s s  than a few 

pe rcen t  of the  i nc iden t  energy.
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In t he  model  c a l c u l a t i o n s ,  t he  g r a v i t a t i o n a l  a c c e l e r a t i o n  is 

c o n s t a n t  t h r o u g h o u t  t h e  r e g i o n  w h i c h  r e p r e s e n t s  t h e  so l a r  

a tmosphe re .  However ,  in the p r e s enc e  of g r av i t y ,  the f l ow- th rough  

boundary c o n d i t i on s  would  a l l o w  m a t e r i a l  to  con t i n uo u s ly  flow 

downward  through t he  sy s t e m ,  t hus  prec luding a s t a t i c  equi l ibr ium.  

This  p r ob l em  has  been  c i r c u m v e n t ed  by i n t roduc ing  t w o  regions ,  

above and below the  model  a tm o sp he re ,  in wh ich  the g r av i t a t i ona l  

a cc e l e r a t i o n  is  smooth ly  t aper ed  to zero.  T e s t s  have been appl ied to 

insure  t h a t  t hese  r eg ions  do not  r e f l e c t  more  than a few p e rc e n t  of 

any i nc i den t  energy,  and t h a t  they a re  not  so u rc e s  of any s i gn i f i c an t  

d r i f t s  o r  energy f luxes .  (In all f i gure s  in t h i s  chap t er ,  the r eg ions  of 

varying g rav i t y  are  excluded.)

The ac tua l  num er i ca l  c om pu t a t i o n s  used  a conveni en t  s e t  of 

d i m e n s i o n l e s s  v a r i a b l e s .  Howeve r ,  in p r e s e n t i n g  t h e  r e s u l t s ,  

e v e r y t h i n g  has  been  c o n v e r t e d  back  to p h ys i c a l  ( d im en s io na l )  

quan t i t i e s .  This  a cc o u n t s  for  t he  unusual  u n i t s  which a p p e a r  in all 

Figures of t h i s  chapter .

As d e m o n s t r a t e d  in Chapte r  3, the r e sp on se  of the s y s t e m  to 

the  i m p a r t e d  Impulse  a t  t  = 0 i s  an upward  propaga t ing  w a v e  front ,  

fo l lowed  by an o sc i l l a t i n g  wake.  Due to the nonl inear  n a tu r e  of the 

nu mer i ca l  c a l c u l a t i o n s  in t h i s  ch ap t e r ,  t he  wa v e  f ron t  and wake 

evolve i n to  a t ra i n  of upward  propaga t ing  rebound shocks.  The  shock 

t ra i n  i n t e r a c t s  wi th  and r epea t ed ly  l i f t s  the TR, which is mode l ed  as 

a smoo th ly  varying change  over  a na r row region in densi ty ,  p re s su re ,
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and t e m p e r a t u r e .  (This Is a change f rom the  Hol lweg,  1982 work 

w h i ch  r e p r e s e n t e d  t he  TR by d i s c o n t i n u o u s  j u m p s . )  The TR is 

r ega rded  a s  t h e  top of t he  spicule .  Figure 4.2 sh o w s  the he igh t  of 

t he  TR as a f unc t i on  of t ime .  The s e r i e s  of da shed  l ines  i n d i c a t e s  

t h e  t r a j e c t o r i e s  of t he  rebound shocks .  Each s ub s eq ue n t  shock  

p r ev en t s  t he  TR from fo l lowing  t he  b a l l i s t i c  pa th  i n s t i g a t e d  by the 

p r ev io us  shock .  The r e s u l t  i s  a r e l a t i v e l y  s m o o t h  ( compa red  to 

b a l l i s t i c )  u p w a r d  t r a j e c t o r y  of t he  TR a t  a v e l o c i t y  of so m e  16 

k m / s .  Figure 4.2 i s  ba sed  on the s y s t e m  r e s pon se  to a body fo r ce  

l oc a l i z ed  in s p a c e  to a f e w  grid p o i n t s  n ea r  z = 110 km. The 

p a r a m e t e r s  used  in producing Figure 4.2 are the  s a m e  as t hose  used 

to produce Figure  3 of Hol lweg (1982) .  The s l i gh t  d i f f e r en ce s  in TR 

he igh t  vs. t i m e  in the tw o  f i gu re s  i s  accounted  f o r  by the i nc lus ion  

of t he  force  t e r m  in the energy  equat ion  ( las t  t e r m  in equat ion 4.3); 

t h i s  t e rm  w a s  i nadve r t en t l y  omi t t ed  in t he  Hollweg (1982)  work.

The k i ne t i c  (Ek1n), t he rma l  (Ether), and g r av i t a t i o na l  (Egrav)

ene rg i e s  in t h e  f lux tube,  normal ized  to  the c r o s s - s e c t i o n a l  a r e a  at  

t he  top,  Aiop, a re  f o rmu la ted  as fol lows:

(4.5)
Zi

w he re  <> is t he  g r av i t a t i ona l  po tent ia l  ( t aken to be ze ro  at  z = 0),  and
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22
E^Ct) = (y - l ) '1 A^p J  A(z) 5p(z,t) dz + Ft(t) (4.6)

zi

12
Ekin(t) = 0.5 A'tJp J  A(z) p(z,t) 5v2(z,t) dz + Ffc(t) (4.7)

zi

The q u a n t i t i e s  8p, 8p, and 8v r e p r e s e n t  t he  de ns i t y ,  p r e s s u r e ,  and 

v e lo c i t y  d e v i a t i o n s  f rom t h e i r  i n i t i a l  va lues .  The l i m i t s  z ,  and z2

a re  in the r eg ion  of uni form gravi ty.  Now any wave  mot ions ,  shocks ,  

o r  f l o w s  i ndu ced  by t h e  sou rc e  ( l o c a t e d  in a l o c a l i z e d  r egion  

b e t w e e n  z ,  and z 2) wi l l  y i e ld  a n o n - z e r o  energy  f lux out  of the 

r eg ion  of i n t eg r a t i on .  The t e r m s  Fg(t ) ,  Ft (t) ,  and Fk(t) a re  added to 

compensa t e  f o r  t hese  f l uxes ,  and are  given by

2 *
Fg(t) = a ; ' ] T  (-1)1 A<zi> j  Sv(V ') p(z.,t') <5)(z.) dt- (4.8)

* “ i o

2 *

F t< l > =  A t l p  Y ( Y “  D ’ 1 Z J  5 v(zi ^  d t '  ( 4 -9 )
i= 1 o

Fk(t) = 0.5 a;*p £  (-1 / A(Zj) J  p(z.,t') 8v3(z.,t') dt’ (4.10)
i = i i

The q u a n t i t i e s  given by equa t i ons  (4.5) -  (4.7) a re  p l o t t e d  in 

Figure  4.3 f o r  t h e  case  w h e r e  z ,  = 0 and z2 = 19 ,400  km. The two

la rge  ampl i tude  o s c i l l a t i o n s  r ep r e se n t  t he  g r av i t a t i ona l  and t he rmal



84

e n e r g i e s  pe r  c r o s s - s e c t i o n a l  a r e a ,  and t he  l i g h t  so l i d  curve  

r e p r e s e n t s  the k ine t i c  energy per  c ro s s  s ec t iona l  area .  The t hermal  

and g r a v i t a t i o n a l  en e rg i e s  o s c i l l a t e  ou t  of phase  w i t h  each other ,  

and both ,  being f i r s t  o r d e r  q u a n t i t i e s ,  domina t e  t h e  s econd  order  

k i n e t i c  energy t e rm .  Also  i n d i ca t ed  in Figure 4.2 i s  t he  t i m e -  

behav io r  of the sum Ek1n(t)  + Egr6V(t) + Ether(t)  denoted by Elol(t).  Note 

t h a t  Etot(t) is conserved  to  wi th in  a f e w  percent .  This  g ives  one the 

con f idence  to ex t end  t he  numer i ca l  c a l cu l a t i o n  to  s t udy  t h e  long­

t ime  development  of the model .

Long Time B eh av i or

The or ig ina l  work on t he  rebound shock model  conduc ted  by 

Hol lweg (1982)  concluded w i t h  the que s t i on  of t he  model  sp i cu le ' s  

f a t e  unresolved .  The TR w a s  s t i l l  moving  up a f t e r  18 m in u t e s ,  a t  

wh ic h  t i m e  t h e  c a l c u l a t i o n  concluded.  The m o d e l ' s  l o n g - t i m e  

behav io r  wi l l  now be addressed .

T h e  p r i n c i p a l  r e s u l t  i s  d e p i c t e d  in F igure  4.4,  w h i c h  is 

i den t i c a l  to t he  so l id  l ine in Figure 4.2,  bu t  con t i nued  out  to  t  = 75 

minut es .  The TR cont inues  to r i s e  unt i l  a maximum he igh t  i s  reached 

-  in t h i s  case ,  so m e  14 ,500  km. T h i s  occur s  a f t e r  about  t  = 26 

minu t e s .  At l a t e r  t im e s ,  t he  TR r e m a i n s  r a i s ed ,  o s c i l l a t i n g  about  

the  a ve r ag e  max imum he igh t  in r e s p o n se  to con t inued  i n t e r a c t i o n  

w i th  t h e  upward propaga t ing  t ra i n  of p r og re s s i ve ly  w e a k e r  rebound 

shocks.
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The  seme g e ne r a l  f e a t u r e s  are  a p p a r e n t  in Figure 4.5,  which 

sh o w s  densi ty  a s  a funct ion of  height .  Each p rof i l e  co r r e spo nds  to 

the r e s u l t s  a t  a d i f f e r e n t  t i m e ,  the l o w e s t  being a t  t  = 180.54 

seconds .  Each sub se qu e n t  p lo t  occur s  180 .54  seconds  a f t e r  the one 

immed ia te ly  below i t .

The  spicule i s  approaching a new h y d r o s t a t i c  equi l ibr ium.  This 

is i n d i ca t e d  mos t  c l e a r l y  by t h e  energy vs.  t i m e  plot  in Figure 4.6. 

This  f igure  is t he  t i m e  extended vers ion of Figure  3, exce p t  here z 2,

the u p p e r  l imi t  of  i n t e g r a t i o n  in equat ions  (4.5)  -  (4.7) ,  i s  at  z = 

3 4 , 1 0 0  km. The a m p l i t u de s  of a l l  the energy o s c i l l a t i o n s  approach 

zero a t  long t im e s .  Note t h a t  Etot(t )  i s  c on se r ve d  to w i t h i n  some

20%;  t h i s  i s  a m e a s u r e  of  t h e  i n a c c u r a c y  of t h e  l o n g - t i m e  

ca lcul a t ions .

As  d i s c u s s e d  in t h i s  c h a p t e r ' s  I n t r o d u c t i o n ,  t h e  new 

equi l i b r i um s t a t e  c o n s i s t s  of t h r e e  l ayers :  i) near ly und is t u rbed  

chromosphere ,  i i )  an i n t e r m e d i a t e  layer  w h i c h  i s  to be a s s o c i a t ed  

wi th  t h e  spicule,  and ii i) nea r l y  undi s t urbed  corona. T h es e  layers  

are c l e a r l y  vi s ib le  in the t e m p e r a t u r e  vs. h e ig h t  plot  of  Figure 4.7. 

The p l o t  is  a t  t he  t i m e  i nd i ca ted  by the a r r o w  in Figure 4.4,  i.e. t  = 

63.2 minut es .  In t h i s  example,  t h e  spicule r eg ion  has a t e m p e r a t u r e  

of 5 - 7  x 104 K i f  t h e  m o le c u l a r  we igh t  i s  0.5.  The h e a t i n g  is a 

consequence  of t he  rebound shocks .
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Ul t ima te ly ,  the shock heat ing expla ins  why t he  spicule  r ema ins  

r a i s ed :  a po r t ion  of the energy  from the  in i t i a l  impu l se  is depos i t ed  

i n to  the  sp i c u l e  as t he rma l  energy via the  shock heat ing.  Since  the 

model  c on t a in s  no f u r t h e r  d i s s i p a t i o n  mec han i sm  fo r  t h i s  energy ,  

t h e  thermal  ene rgy  r e m a in s  in the  sp i cu l e  and a c t s  to ba lance  the 

g r a v i t a t i o n a l  ene rgy  a s  t h e  new  h y d r o s t a t i c  e q u i l i b r i u m  is  

approached.

It has  been  ve r i f i ed  t h a t ,  a t  long t i m e s ,  t h e  dens i ty  of  the  

i n t e r m e d i a t e  l a y e r  v a r i e s  w i t h  he igh t  very n e a r l y  in the m a n n e r  

ex p ec t ed  fo r  a ga s  in h y d r o s t a t i c  equ i l ib r i um w i t h  t he  t e m p e r a t u r e  

sh ow n  in Figure  4.7. There  a r e  however ,  some sm a l l  dev ia t i ons  f rom 

h y d r o s t a t i c  equi l i b r ium due to t he  mo t i ons  wh i ch  a re  p r e s e n t  even 

a t  long t imes .  For  example ,  t he  top of t he  sp i cu l e  o s c i l l a t e s  w i t h  a 

v e l o c i t y  a m p l i t u d e  of s o m e  16 km s " 1 ( see  F igure  4.4),  wh ic h  i s  

s m a l l  compared  to the sound speed of 40  km s " 1. The v e lo c i t i e s  at  

l o w e r  heights  a r e  even sma l l e r .

Examinat ion  of p l o t s  o f  dens i ty  vs. t ime  a t  a given c o n s t a n t  

h e i g h t  r e v e a l s  t h a t  a f t e r  t he  s h o r t  t i m e - s c a l e  o s c i l l a t i o n s  a re  

a v e r a g e d  o u t ,  t h e r e  a r e  no l a r g e  s y s t e m a t i c  d r i f t s  (<105?, 

app rox ima te ly )  in average dens i t y  a f t e r  t he  TR has  pas sed  t h a t  given 

he igh t  (Figure 4.8a).  Densi ty  f l uc tu a t i o ns  of around a f a c t o r  of two 

on s h o r t  t ime  s c a l e s  (a f e w  hundred seconds)  a re  s een  a t  ear ly  t i m e s  

in r e sponse  to t h e  s t i l l  r e l a t i v e ly  s t rong  rebound shocks ,  but a t  l a t e r  

t i m e s  the a m p l i t u d e  of t h e  f l u c t u a t i o n s  d e c r e a s e s  due t o  t he  

p r og re s s i ve  weaken ing  of t h e  rebound shocks.  The t e m p e r a t u r e  vs.
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t i m e  p lo t  a t  t h e  s ame  he igh t  (Figure  4.8b) sh o w s  some s i m i l a r  

f e a t u r e s .  The change  in aver age  t e m p e r a t u r e  f r om the  t im e  t he  TR 

p a s s e s  unt i l  t h e  end of t h e  c a l c u l a t i o n  i s  abo u t  5 0 * ;  t he  t i m e  

ave rage  t e m p e r a t u r e  is  about  5 x 104 K. The t e m p e r a t u r e  i n c r e a s e s  

s l o w l y  due to t he  shock heat ing.

Figure 4.8 sh o w s  t h a t  t he  a m p l i t u d e s  of t he  f l u c t u a t i o n s  of 

d e n s i t y  and t e m p e r a t u r e  change  w i t h  t ime.  Most no tab l e  a r e  the  

changes  which occu r  in both Figure 4.8a and Figure 4.8b a t  t  « 9 0 0 s .  

T h i s  amp l i tude  change co r r e sponds  to the  p a s sa ge  of the TR a t  the 

he igh t  for  which  t he  plot  w a s  ca l cu l a t ed ,  z = 11,200 km. Figure 4.8a 

a l so  shows  a d i scon t i nuous  change  in t he  amp l i t u de  of the dens i t y  

f l u c t u a t i o n s  a t  t  = 1985s .  (A change  in t he  a m p l i t u d e  of  the  

t e m p e r a t u r e  f l u c t u a t i o n s  i s  a l so  p r e s e n t  in Figure  4.8b,  but  i t  is 

l e s s  apparen t . )  It has  been found t h a t  t h e s e  amp l i t u de  changes  

cor re spond  to a de c r ea se  in the  s t r e n g th  of t he  rebound shocks.  It is 

not  known why t h i s  t r an s i t i on  occurs .

S y s t e m  R e sp on s e  to  Input P a r a m e t e r  Va r ia t i o n s

Of key I n t e r e s t  i s  the va r i a t i on  of the  sp i cu le  veloci ty ,  and the 

phys i ca l  p r o p e r t i e s  of  the  s y s t e m  in i t s  new equ i l i b r i um s t a t e ,  as  

va r i ous  input  p a r a m e t e r s  are  changed.  For  compar ison  purposes ,  the  

model  run by Hol lweg (1982)  d i s c us se d  in Sec t i ons  II and III wi l l  be 

r e f e r r e d  to os t he  " r efe r ence  model .”
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Tab l e  1 show s  t he  r e s u l t s  of  varying F, t h e  amp l i t ude  of the 

i n i t i a l  a cc e l e r a t i o n  in equa t ions  (4.2)  and (4.3).  This  am p l i t ude  is 

given in column 1, normal ized  to t h e  corresponding  amp l i t ude  in the 

r e f e r e n c e  model ( deno t ed  by s u b s c r i p t  ’RIT). Negat ive  va lue s  of F 

denote  an acc e l e r a t i o n  in the ne ga t i ve  d i r ec t i on ;  t he  i n i t i a l  f or ce  of 

t he  r e f e r e n c e  model w a s  applied in t he  pos i t ive  di rec t ion.  Note t ha t  

n e g a t i v e  va lue s  of F a r e  as e f f e c t i v e  in p roducing  s p i c u l e s  as 

po s i t i v e  values.  In t h e  second co lumn  of Table  1, a r e p r e s e n t a t i v e  

d e n s i t y  of the  s p i c u l e  m a t e r i a l  a f t e r  t he  m ax i m um  h e i g h t  is 

a ch ieved  i s  given. The  value w a s  d e t e r m i ne d  a t  t he  m id - h e ig h t  of 

the sp i cu le .  This  h e i g h t  wa s  d e t e r m i n e d  f rom the  t e m p e r a t u r e  vs. 

he igh t  p rof i le  a t  l a t e  t i m e s  using a v i sual  e s t i m a t e .  Column 3 gives 

the  sp i cu le  t e m p e r a t u r e  a t  the mid-he igh t .  The average  f inal  height ,  

column 4, wa s  obta ined  from TR he igh t  vs. t ime  p lo t s  s i m i l a r  to t ha t  

of Figure 4.4.

The  a p p r o x i m a t e  ave r ag e  u p w a r d  v e l o c i t y  of t h e  TR is 

t a b u l a t e d  1n the f i na l  column. T h i s  ve loc i t y  w a s  d e t e r m in e d  in a 

fash ion  analogous  to  t h a t  used by Hol lweg (19 82 ) ;  i.e., t he  quoted 

f i gu re s  r ep r e se n t  a t im e - a v e r a g e d  upward  ve loc i t y  of the  TR during 

roughly t he  f i r s t  15 m in u t e s  of the  sp i cu le  development .

A compar i son  of  t h e  columns of  Table  1 r e v e a l s  some t rends .  

The t e r m in a l  he ight  o f  t he  TR I n c r e a s e s  as  t h e  magn i tude  of  the 

i nput  f o r c e  Inc r e a se s .  S imi la r l y ,  t h e  t e m p e r a t u r e  of t he  sp i cu l e  

i n c r e a s e s  wf th  t he  i n p u t  fo rce  magn i tude .  Al though  all  of  the  

t e m p e r a t u r e  values in t h e  table  a r e  su b s t a n t i a l l y  g r e a t e r  than those
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obse rved  In sp i cu l e s ,  t he  amount  of t h i s  energy  which would  be 

d i s s i p a t e d  by o the r  p r o c e s s e s  is  not  taken into account  by t he  model.  

Fur ther  d i s cus s ion  of t h i s  point  is  included in t he  fol lowing sect ion.

T h e s e  t r ends  r e f l e c t  t he  f a c t  t h a t  the  i n c r e a se d  input  energy 

d i s t r i b u t e s  i t s e l f  in such a manne r  t h a t  the  magn i tudes  of Egrov and 

Etherboth  increase .  The magni tude  of Ek1n al so  i n c r e a s e s ,  but  Table  1 

i n d i c a t e s  t h a t  t he  f ina l  d e n s i t i e s ,  wh ich  a r e  a l r e ady  l ow in the 

r e f e r e n c e  model  c a s e  compa red  to ob se rv a t i o n s ,  d e c r e a s e  a s  F is 

i nc reased .  This  dens i t y  d e c r ea se  occur s  b e cau se  roughly t he  same 

amount  o f  m a t e r i a l  i s  sp r e ad  out  ove r  a l a r g e r  he igh t  whe n  F is 

i nc r eased .  However,  s i nce  t he  magni tude  of Ekjn i n c r e a s e s  w i t h  F,

the wave  v e lo c i t i e s  m u s t  be cor r espondingly l arger .  The i nc r ea sed  

v e lo c i t i e s  lead to s t r o n g e r  shocks  which  in t urn  produce h igh e r  TR 

ve loc i t i e s .  The t rend  of i nc r ea sed  TR ve loc i t y  w i th  i nc r ea sed  force 

ampl i tude  i s  borne out  by Tabl e  1.

The  Table  1 r e s u l t s  a re  useful  v i s - a - v i s  s o l a r  dynamics ,  but 

none of t h e  spec i f i c  c a s e s  conforms  very c lo se ly  to the p ro p e r t i e s  of 

observed  sp i cu l es .  The d e n s i t i e s  and t o t a l  m a s s  c o n t e n t s  of the 

model  s p i c u l e s  a r e  p a r t i c u l a r l y  low;  o b s e r v a t i o n a l l y ,  sp i c u l e  

de ns i t i e s  e r e  of the  o rder  of 1 0 ' 13 gm c m ' 3. In o rder  to produce  high 

enough d e n s i t i e s ,  t he  t r e n d s  of Table 1 i nd ica t e  t h a t  the input  force  

am p l i t ude  would have  to be s o m e w h a t  l o w e r  t han  the  r e f e r e n c e  

model c a s e ,  but  such  a model  would  have u n a cc ep t a b ly  l ow TR 

ve loc i t ies .
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The d e n s i t i e s  e re  i n c r e a s e d  s u b s t a n t i a l l y  whe n  the  i n i t i a l  TR 

he ight  i s  dec r ea sed .  Table 2 gives  t he  r e s u l t s  f o r  t h r ee  c a s e s  of 

t h i s  type .  The amoun t  of r e d u c t i o n  of  t he  TR h e i g h t  f r om the 

r e f e r e n c e  model he igh t  of 2 2 0 0  km is  given in column 2 in t e r m s  of 

amb ien t  (i.e. a t  t  = 0) ch ro mo sp he r i c  s c a l e  he ig h t s ,  H; f or  t h e s e  

model s ,  t he  a m b ie n t  i so t he r m a l  sca l e  he igh t  H = p0/ p 0g = 147 km.

The r e m a in i n g  c o lu m ns  of  T ab l e  2 a r e  d e t e r m i n e d  in the s a m e  

m a n n e r  a s  t he  co r r e s p on d in g  ones  in T ab l e  I. All  o t h e r  i n i t i a l  

p a r a m e t e r s  r ema in  unchanged.  The sp i cu l e  dens i ty  i n c r e a s e s  in all 

c ase s ,  because  t he  dens i ty  on t he  l ower  s i de  of t he  TR is  i nc r ea s ed  

when t h e  i n i t i a l  he igh t  o f  t he  TR i s  l o w e re d .  A dd i t i o na l  

c o n s e q u e n c e s  a r e  l o w e r  f i na l  TR h e i g h t s  and l o w e r  upward  TR 

ve loc i t i es .  This  behavior  r e s u l t s  f rom th e  Increased sp i cu l e  dens i ty .  

The s a m e  amoun t  of  energy  i m p a r t e d  t o  the  d e n s e r  co lumn of 

m a t e r i a l  wi l l  not  r a i s e  the m a t e r i a l  as high as in t h e  l owe r  de ns i t y  

case.  Also,  i n ves t i ga t i on  of t h e  d i s t r i b u t i o n  of energy  in the model  

via p l o t s  s i m i l a r  to  Figure 4.6 r eveal s  t h a t  the s ame  por t ion of  the 

energy goes  into k ine t i c  energy  in both t h e  Table 1 and the Tab l e  2 

cases .  Thus ,  s i nce  the dens i ty  1s higher in t he  l a t t e r  c a se ,  the wave  

v e lo c i t i e s  mu s t  be l o w e r  t han  in the former .  The r e s u l t  i s  w e a k e r  

shocks  and a l o w e r  upward TR veloci ty.

All t he  r e s u l t s  p r e sen t ed  so  f a r  w e r e  deduced w i t h  the i n i t i a l  

force a t  a he ight  of  110 km. Th e re  is,  however ,  no a p r io r i  r e a son  to 

re ly  on t h i s  he igh t  value.  Thus ,  the consequences  of  varying t he  

source  l oca t i on  have  a lso been i n v es t i g a t e d ,  and t he  r e s u l t s  a p p e a r  

in Table  3. The sou rce  l oca t i on  i s  given in column 2 in km above the
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t5ooo = 1 su r face .  The i n i t i a l  he igh t  of t he  TR Is the s ame  as  in the 

r e f e r e n c e  model.  The o the r  columns  in the  Table  a re  t he  s ame  as  the 

cor responding co lumns  in the  previous  Tables .

For a c o n s t a n t  input  force ,  t he  sp icule  t e m p e r a t u r e  and dens i ty  

show no c l e a r  t r end  as the source  locat ion i s  lowered.  However ,  the 

f inal  TR height  and TR ve loc i t y  both i nc r e a s e  w i th  the  dec r eme n t  of 

sou rce  l oca t i on  he igh t  ( see  nex t  Sect ion).

The c a l c u l a t i o n s  we r e  con t i nued  moving the  sou rc e  l oca t i on  

be low the  su r face .  The mos t  i n t e r e s t i n g  r e s u l t s  f rom the  s t andpoin t  

of compar ing  w i t h  observed sp i cu l e  p r o p e r t i e s  we re  obt a ined  when 

t he  i n i t ia l  TR he igh t  was  a l so  reduced.  The r e s u l t s ,  given in Table  4, 

include  the  va r i a t i on  of the  input  source  l oca t i on  for  t he  ca se  where  

t he  TR is l o we red  to 2.3H be low tha t  of t h e  r e f e r e n c e  model  case.  

All the  column headings  a re  t he  s am e  as  t h ose  in Table 3. The t r ends  

in TR he ight  and ve loc i t y  noted f o r  the Tab l e  3 r e s u l t s  cont inue  to 

hold t r u e  fo r  t he  model s  runs  in Table  4. The r e s u l t s  t a b u l a t e d  in 

r o w  4  of Table  4  give d e n s i t i e s  (6 x 10"14 gm cm-3) and v e lo c i t i e s  

( 2 4  km s -1) which  compare  r e l a t i v e ly  wel l  w i t h  t hos e  of observed  

s p i c u l e s  (= 10"13 gm c m ' 3 and * 25  km s ’ 1, r espec t ive ly ) .  From the  

r e s u l t s  t abu l a t ed  in Tables  1-4,  t he  fo l lowing g e ne ra l i z a t i o ns  of the 

behavior  of t he  rebound shock sp icu le  model can be made.

A: The f inal  spicule  d e n s i t i e s

I. d e c r ea se  as  |F I I n c r ea se s

II. i n c r e a s e  as t he  i n i t i a l  TR he igh t  de c r ea se s
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i li .  show no c l e a r  t r end  as t he  source he igh t  dec r ea se s

B: The upward  ve loc i t y  of the TR

i. i n c r e a s e s  as  |F I i nc r ea se s

ii. d e c r e a s e s  as  t he  ini t ia l  TR height  d e c r e a s e s

iii.  i n c r e a s e s  as  t he  source he igh t  de c r ea se s

C: The t e rm ina l  TR he igh t

i. i n c r e a s e s  as |F I i n c r e a s e s

ii. d e c r ea se s  as  t he  ini t ial  TR height  d e c r e a s e s

iii. i n c r e a s e s  as  t he  source he igh t  de c r ea se s

D. The f ina l  r a i sed  sp i cu l e  t em pe ra tu r e

i. i n c r e a s e s  as  |F I i nc r ea se s

ii. d e c r e a s e s  as t he  ini t ia l  TR height  d e c r e a s e s

ill. s h o w s  no c l e a r  t rend  as t he  source  he igh t  decreases .

D i s c u s s i o n

The goal o f  t h i s  c h a p t e r  has  been  t o  p r e s e n t  some  new 

dynamica l  a s p e c t s  of the sp i c u l e  model due to Hol lweg (1982) .  The 

model  u t i l i z e s  a s e r i e s  of r ebound  s h o c k s  to l i f t  t h e  TR and 

under ly ing  chromosphe re .  The shocks  r e s u l t  f rom a s i n g l e  qu as i -  

im p u l s i v e  source .  The m a t e r i a l  be low t h e  r a i s ed  TR i s  found to 

p o s s e s s  s p i c u l e - l i k e  p r o p e r t i e s .  Chief  among t h e  ne w  r e s u l t s  

i n v o lv e s  t he  b e h a v i o r  of t h e  model  a t  long t i m e s ;  t h e  TR, and
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t h e r e f o r e  the pu t a t i v e  sp icule ,  r ema ins  r a i s ed  end a new th r e e  l aye r  

h yd ro s t a t i c  equi l ibr ium condi t ion is  approached.  A key p ro b l em  

wh ich  m o t iva t ed  t h e s e  l o n g - t i m e  s t u d i e s  r e m a in s  unsolved:  by wha t  

mechan i sm  does t he  spicule m a t e r i a l  r e t u rn  to the  so l a r  s u r f a c e ?  It 

has  been de t e rmined  t ha t ,  when only shock hea t i ng  and dynamics  are 

cons ider ed ,  t he  sp i c u l e s  in t he  rebound shock model  do not  r e tu rn  to 

t he  s u r f a c e ,  but  r a t h e r  a s i t u a t i o n  i s  r e ache d  whereby  t he  energy 

input  in to  t he  sp i cu l e  from the  shock hea t ing  ba lances  t he  new level 

of g r av i t a t i ona l  energy.  Nothing more  concre t e  can be sa id  about  the 

f a t e  of s p i c u l e s  us ing  t he  r ebound  shock model  w i t h o u t  f u r t h e r  

m o d i f i c a t i o n s  to t he  model .  However ,  some  s p e c u l a t i o n s  can be 

made.  As su gge s t e d  by Hol lweg (1982) ,  hea t i ng  and Ion i za t i on  may 

lead to t he  fading of sp i cu l es  f r om chromospher i c  l ines ,  such as Ha,

f o l l o w e d  by e m i s s i o n  In t h e  UV. The mode l  s p i c u l e ’s f i na l  

t e m p e r a t u r e  r e s u l t i n g  f rom shock hea t ing  is  genera l ly  around 5 -7  x 

104 K. The imp l ied  hea t ing  r a t e s  a re  probably not  enough t o  ful ly 

i on ize  t h e  s p i c u l e ,  e s p e c i a l l y  when  r a d i a t i v e  l o s s e s  a r e  a lso  

considered.

T h e r e  may,  h ow ev e r ,  be  a d d i t i o n a l  h e a t i n g  m e c h a n i s m s  

avai lab l e .  The t h r e e  l aye r  s t r u c t u r e  which r e s u l t s  f rom the  model 

c a l c u l a t i o n s  s u g g e s t s  a method by which Alfven wa ve s  t r apped  in a 

r e s o n an t  c av i ty  could  lead to UV e m i t t i n g  t e m p e r a t u r e s  i ns ide  the 

cavi ty .  The r e s onance  cavi ty  wou ld  be fo rmed  by t he  sp icu le ,  wi th  

r e g i o n s  of d i f f e r i n g  A l fven  s p e e d s  ( t h e  c h r o m o s p h e r e  and 

p ho to sphe re  be low end the corona  above) f o rming  the  Al fven wave
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r e f l e c t i n g  regions .  This mechani sm wi l l  be p r e s en t ed  and developed 

in t he  fol lowing chapter .  (Also see  S te r l i ng  and Hol lweg 1904.)

However ,  i t  Is d i f f i c u l t  to s ee  how f u r t h e r  hea t i ng  of t he  

sp icu l e  could accoun t  for  t he  u l t im a t e  t endency of t he  spicule to fal l  

to  l o w e r  he igh t s ;  j u s t  the oppos i t e  would be expected.  The r e tu rn  of 

t h e  s p i c u l e  m a t e r i a l  c o u l d  c o n c e i v a b l y  be e f f e c t e d  by t h e  

p r e f e r en t i a l  r a d i a t i o n  of t h e r m a l  energy f rom the bo t t o m  por t ion of 

t he  spicule.  Re la t i ve ly  un i fo rm  hea t ing  of the sp i cu l e  (as  i nd ica t ed  

by Figure 4.7) could not ba lance  the high r ad i a t i on  r a t e  nea r  the ba se  

of t he  spicule  due to the h igh e r  r ad i a t i ve  cooling r a t e  t he re  (Av re t t  

1981) .  The e ne r gy  balance  of  the sp i c u l e  i nd i c a t e d  by Figure 4.6 

wou ld  no l o ng e r  hold n e a r  t h e  s p i c u l e ’s base ,  and t he  e l e v a t e d  

sp i cu le  could no l onger  be suppor ted.  The spicule  m a t e r i a l  may then  

r e t u r n  in the fo rm  of the  UV do wn f l ow s  obse rved  in the TR (e.g., 

Pneuman and Kopp 1978; Gebbie et  al. 1981;  Roussel -Dupre  and Shine 

1982;  Athay e t  al.  1983; Dere e t  al. 1984) .  It is aga in  emphas i zed ,  

howeve r ,  t h a t  t h e s e  con s id e r a t i o ns  a re  whol ly  sp e c u l a t i v e  a t  t h i s  

point .

Also s u b j e c t  to s p e c u l a t i o n  i s  t h e  ac t ua l  so u r c e  of  t h e  

sp i cu l es .  Granu la r  buf fe t ing  (Rober t s  1979)  of m ag n e t i c  flux t ube s  

ha s  been s u g g e s t e d  as a p o s s ib l e  mechan i sm .  An e s t i m a t e  of t he  

v e l o c i t i e s  needed to ge ne ra t e  sp i cu l e s  f r om pho to sph e r i c  mo t ions  

ha s  been  made  by Hol lweg (1982 ) .  He found t h a t  t he  e ne r gy  

co n t a ined  in 2 km s -1 v e l o c i t i e s  b e tw e e n  z = 0 and z = 300  km i s  

s u f f i c i e n t  to g e n e r a t e  a sp i c u l e  wi th  p=  10"13 gm c m -3 and a he igh t
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of 0 9 0 0  km. If t h e  s ame  v e lo c i t i e s  w e r e  impa r t e d  a t  l o w e r  l eve ls ,  

w he re  the dens i t y  Is g r e a t e r ,  even more  en e rge t i c  sp i c u l e s  could be 

produced.  This  w a s  the c a s e  in model s  of t h i s  chapt er :  h igher  f inal  

TR h e ig h t s  and l a r g e r  upward  TR v e l o c i t i e s  w e r e  found when the  

s o u r c e  he igh t  w a s  l o w e re d  ( see  Ta b l e  4). Howeve r ,  i t  i s  s t i l l  

unknown w h e t h e r  t he  r equi red  energy source  e x i s t s  a t  low l eve ls ,  or  

w h a t  i t s  na tur e  is.

By running  t he  r ebound  shock  model  w i t h  v a r i o u s  i nput  

p a r a m e t e r s ,  i t  h a s  been found p o s s i b l e  to p roduce  a v a r i e t y  of 

sp i cu l es .  A point  of note i s  t h a t  downward  fo r ce s  a re  as wel l  su i t ed  

f o r  producing s p i c u l e s  in t he  model  a s  upward  fo r ce s .  Thus  the  

p o s s ib i l i t y  t h a t  f a l l ing  ch romosphe r i c  ma t e r i a l  i nduces  sp i c u l e s  is  

l e f t  open. The  f a l l i ng  m a t e r i a l  could  be a s s o c i a t e d  w i t h  the  

fo r ma t ion  of t he  magne t i c  f lux tubes  in the  network.

The case  given  in r ow 4 of Tabl e  4  ( source  l oca t ion  - 4 4 0  km, 

TR he igh t  1860 km)  gives d e n s i t i e s  and v e lo c i t i e s  c l o s e s t  to those  

obse rved .  But t h e r e  Is no obvious r ea son  to f a v o r  t h i s  p a r t i c u l a r  

c a s e  ove r  any of  t he  o t he r s .  It can  be sa id ,  h ow ev e r ,  t h a t  the 

r ebound shock model  is  c apab l e  of g e ne r a t i ng  s p i c u l e s  c o n s i s t e n t  

w i t h  ob se rva t i ons  (wi th  the  except ion  of  the t em pe r a tu r e )  when only 

the  dynamics  i s  considered.

W i t h o u t  t h e  i n c l u s i o n  of t h e  a d d i t i o n a l  e n e r g y  l o s s  

m e c h a n i s m s  of I on i za t i on  and r ad i a t i o n ,  t he  s t udy  of t he  rebound 

shock  model  c an  in no way  be c o n s t r u e d  as be ing  c om pl e t e ;  the
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ob j ec t i v e  w a s  to s tudy some  of t he  pr inc ipa l  dynamics  a s s o c i a t e d  

w i t h  the model .  The r a d i a t i v e  l o ss  r a t e  of s p i c u l e s  i s  not  known.  

However ,  some  e s t i m a t e s  may be made.  If sp i cu le s  have p r o p e r t i e s  

s i m i l a r  to t h e  upper  chromosphere ,  t hen  t he  thermal  r e l axa t i on  t ime  

i s  around 1000  seconds  (Gibson 1972,  p. 191). This  i s  comparab l e  to 

t he  l i f e t i m e  of  the sp i c u l e  i t s e l f ,  and so the  dynamics  ana lyzed  in 

t h i s  c h ap t e r  would be a s  Impor t an t  as  t he  t he rmal  r ad i a t ion  e f f e c t s .  

On t he  o t he r  hand,  i f  the  sp icule  is  a s s um ed  to be opt ic a l ly  thin,  then 

the  e s t i m a t e d  t hermal  r e l axa t i on  t i m e s  can be l e s s  t han  a second.  In 

such a c a se ,  t he  t h e rma l  r ad i a t i on  would  be expec t ed  to domina t e  

t he  dynamics  d i s c u s s e d  here .  The e s t i m a t e d  r e l a x a t i o n  t i m e s  for  

h e a t  conduct ion  are  on t he  o rder  of 106 seconds ,  and so the  rol e  of 

hea t  conduct ion on the sp i cu l e  dynamics  is  expec ted  to be smal l .

As an i n d i c a t o r  o f  w he re  f u t u r e ,  more  c om p l e t e  num er i ca l  

work on t he  model  may lead,  one may not e  the  r e s u l t s  of the work  on 

Al fven i c  p u l s e s  in t he  s o l a r  a t m o s p h e r e  by Mar i ska  and Hol lweg 

(1985 )  which  included t he  e f f e c t s  of  h e a t  conduct ion and r ad ia t i on .  

In t h a t  s t u d y ,  Al fvenic  p u l s e s  no n l i nea r l y  drove a c o u s t i c - g r a v i t y  

w a v e s  p ro pa g a t i n g  a long a mag ne t i c  f lux tube.  These  a c o u s t i c -  

g rav i t y  w a v e s  we r e  w e a k e r  than t hos e  in the  rebound shock model ,  

h o w e v e r ,  s i n c e  t hey  r e s u l t e d  f r o m  h i g h e r  o r d e r  p r o c e s s e s .  

Consequent l y ,  s p i c u l e - l i k e  f e a t u r e s  did no t  develop in the Mariska 

and Hollweg (1 985 )  work,  even In the  c a s e s  w i t ho u t  hea t  conduct ion 

and rad ia t i on .  Moreover,  in the  Mar iska  and Hol lweg (1985 )  s t udy ,  

t h e  source  of t h e  a co us t i c - g r a v i t y  w a v e s  w a s  propaga t ing  upward a t  

t h e  local  Al fven  speed,  in c o n t r a s t  to  t h e  p r e s e n t  work ,  w he re  the
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source  i s  a t  a f i xed  height ,  i t  i s  be l i eved  t h a t  t h i s  q u a l i t a t i v e  

d i f f e r ence  a l so  accoun t s  f o r  t he  absence  of sp i c u l e - l i k e  f e a t u r e s  in 

Mariska and Hol lweg ' s  s tudy.  None th e l e s s ,  t he  TR w a s  found to 

undergo s i g n i f i c an t  mot ions .  The e f f e c t  of t he  addi t ion  of r ad i a t i ve  

l o s se s  and hea t  conduct ion  w a s  t o  d e c r ea se  the  amp l i t u de  of t h e s e  

TR m o t i o n s  by abou t  a f a c t o r  of two.  The Mar i ska  and Hol lweg 

(1985)  r e s u l t s  t h e r e f o r e  s u g g e s t  t h a t  t he  i nc lu s ion  of  add i t i onal  

loss  m e c h a n i s m s  i n to  t he  r ebound shock model  wi l l  l ead  to  some  

d i f f e r e n c e s  in t he  d e t a i l s  of  t h e  r e s u l t s ,  but  p robab ly  no t  so 

s i g n i f i c a n t l y  d i f f e r e n t  as  to d i scoun t  t he  s t u d i e s  of  t he  dynamics  

p r e s en t e d  here.  However ,  t he  e f f e c t s  of i o n i za t i on  have not  been 

ad d re s s ed  in any s t u d y  to d a t e ,  and i t  i s  t hus  not  c l e a r  to w h a t  

ex tent  I on i za t i on  wi l l  a f f e c t  t he  cu r r en t  chap t e r ' s  r e s u l t s .



TABLE 1

Model Response to Input Source Magnitude Variation

fypRM p (g cm'3) T(K)
Final

height(km)

TR
Velocity

(km s '1)

i
(Reference

model)

5.1 x 1015 60,000 14,500 16

1.5 4.5 x 1 0 15 64,000 21,000 18

2 2,3 x 1 0 15 78,000 22,900 20

-1 3.2 x 1 0 15 57,000 12,800 16

-2 2.6 x lO '15 77,000 20,200 19
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TABLE 2

Model Response to Initial TR Height Variation

F</Frm

TR Height 
Reduced by p(g cm'3) T(K)

Final
Height(km)

TR
velocity

(km s '1)

1 0.69H 1.4 xlO '14 56,000 11,900 11

1 2.3H 6.3 x 10'13 11,000 3,900 6

2 2.3H 5.9 x 10'14 50,000 8,800 9
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TABLE 3

Model Response to Input Source Location Variation

Source
F ^ F ,^  Location, z(km) p(gcm'3) T(K)

Final 
Height (km)

TR
Velocity

(km s'1)

2 550 4.6 x 1 015 62,000 11,200 9

2 110 2.3 x 1 0 15 78,000 22,900 20

1 330 3.6 x 10-15 63,000 11,200 10

1 110 5.1 x lO 15 60,000 14,500 16

1 65 4.3 x IQ'15 55,000 15,000 16

1 0 7.6 x lO 15 77,000 31,700 24
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TABLE 4

Model Response to Input Source Location Variation with 
Lowered Initial TR Height

Source
Fq/Frm Location, z(km) p(g cm*3) T(K)

Final
Height (km)

TR
Velocity

(km s '1)

1 0 3.6 x 1 014 52,000 12,000 10

1 -220 4.8 x 10*14 57,000 17,200 16

1 -330 4.9 x 10*14 67,000 21,200 18

1 -440 6.2 x lO *14 73,000 24,200 24
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m a g n e t i c  f lux t ube  w i t h  height .  The c ro s s  s e c t i o n a l  a r e a  is 
normal ized  to i t s  value a t  z = 0.
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C o m p en s a t i o n  has been  made f o r  f luxes  out  of the r eg io n  of 
c a l cu l a t i on  ( see  text ) .  The heavy so l i d  l ine r e p r e s e n t s  the sum of 
the o ther  t h r e e  quan t i t i e s .
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CHAPTER 5

ALFVENIC RESONANCES ON SOLAR SPICULES

Introduction

The o b j e c t  of t h i s  c h a p t e r  is  to poin t  out  a new  a s p e c t  of 

s p i c u l e s  which may account  f o r  some of t h e i r  heat ing ,  and fo r  t h e i r  

o c c a s i o n a l l y  o b s e r v e d  t w i s t i n g  m o t i o n s  ( s e e  C h a p t e r  1). 

S p e c i f i c a l l y ,  i t  w i l l  be sho wn  t h a t  s p i c u l e s  can be r e s o n a n c e  

c a v i t i e s  f o r  Al fvenic  t w i s t s .  The r e sonance  cav i t y  f o r m s  because  

t he  sp i cu l e  i s  bounded above by a region  ( the  corona )  whe re  t he  

Alfven speed Is much l a rg e r  than in the sp i cu le ,  whi le  i t  i s  bounded 

be low by a region ( the  photosphere  and low chromosphere)  whe re  the 

Al fven  speed  Is a r ap idly  i n c r e a s ing  func t i on  of he ight .  Both of 

t h e s e  regions  can r e f l e c t  Alfven waves ,  and t r ap  wave  energy in the  

s p i c u l e ,  f o rming  a r e s on an c e  cav i ty .  It w i l l  be shown  t h a t  the  

s p i c u l e s  a c t  much l ike  a n t i - r e f l e c t i o n  c oa t i n g s  on c a m e r a  l en se s ,  

a l l owing  pho tosphe r i c  d i s t u rbances  of c e r t a i n  r esonance  f r equenc i es  

to p ropaga t e  through the  chromosphere  and i nto  t he  sp i cu l e  w i th o u t  

undergoing s u b s t a n t i a l  r e f l e c t i on .  Moreover,  i t  wi l l  be shown th a t  

t h i s  energy wi l l  hea t  t he  s p i c u l e s ,  i f  a s u i t a b l e  wave  d i s s i p a t i o n  

m e c h a n i s m  i s  p r e s e n t  in t he  sp i cu l e .  It i s  s u g g e s t e d  t h a t  the  

d i s s i pa t i o n  r a t e  may be de t e rmined  by t he  r a t e  at  which  a t u rbu l en t  

c a s cad e  f eeds  energy to h igher  wavenumbers .
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Resona nce  c a v i t i e s  have  been of r e c e n t  i n t e r e s t  in o t h e r  

co n t e x t s ,  p a r t i c u l a r l y  in connec t i on  w i t h  hea t i ng  coronal  a c t i v e  

region loops  (Hollweg 1981,  1984a,b;  lonson 1982,  1984;  Zugzda and 

Locdns 1982).  Th i s  chap t e r  i s  s i m i l a r  to Hol lweg (1984a)  in t h a t  a 

t h r e e - l a y e r  model  i s  used to r e p r e s e n t  t h e  behav ior  of the  Alfven 

speed. However ,  t h e  behavior  of the  Alfven speed a s sume d  in t h i s  

paper  i s  f u n d a m e n ta l l y  d i f f e r e n t  f r om t h a t  a s s u m e d  in Hol lweg 

(1984a) ,  and thus t he  ma th ema t i ca l  d e t a i l s  r equi re  reevalua t ion .

The  a n a l y s i s  of t h i s  c h a p t e r  w i l l  be r e s t r i c t e d  by t he  

s i m p l i f y i ng  a s s u m p t io n  t h a t  t h e  sp i cu l e  is  not  changing in t ime .  

Thus L ( t h e  length of  the c av i t y )  wi l l  be t aken  to be c o ns t a n t ,  and 

pl asma f l o w s  w i t h in  the sp i c u l e  wi l l  be ignored.  In t he  ca se  of a 

developing sp icule ,  t h f s  t u r n s  out  to be a margina l  a s su m p t io n  for  

the fundamen ta l  (i.e. longes t  per iod)  r e sonance ,  s i nce  t he  per iod of 

the fundamen ta l  i s  not  very much  s h o r t e r  than t he  t i m e s c a l e  over  

which t h e  length  of  an ac tua l  sp icu l e  changes .  For  example ,  t he  

period of t h e  fundamenta l  is  approx ima te ly  4 l / v A2, whe re  vA2 i s  t he  

Alfven sp e e d  ins ide  t he  spicule .  Taking L = 7 0 0 0  km and vA2 = 35 7  

km s ' 1 ( ap p r op r i a t e  f o r  a s p i c u l a r  dens i t y  of 10~13 gm cm"3 in a 40 

Gauss f i e l d )  yields  a f undamenta l  period of 78  s econds ,  which  is to 

be c om pe red  to s p i c u l e  l i f e t i m e s  of a f e w  hundred seconds .  The 

approx imat ion  s e e m s  r ea sonab le  f or  the  h igher  ha rmon ics ,  however .  

For example ,  f or  t he  numer ica l  va lues  gfven above,  t he  per iod of the 

f i r s t  ha rmo n ic  i s  only 26 s. However ,  i f  v i ewed  in t e r m s  of t he  

rebound shock  mode l  d i s c u s s e d  in C h a p t e r  4, t h e  s t e a d y  s t a t e
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a n a l y s i s  of t h i s  chap t e r  Is  not a s e v e r e  approximat ion ,  s i nce  i t  was  

found t ha t  t he  spicules  in t h a t  model reached a s t e ady  s t a t e  a f t e r  an 

i n i t i a l  per iod of growth.

Pissipationless Analysis

Re so na n ce s  on s p i c u l e s  w i l l  be a n a l yz e d  s u b j e c t  to t he  

fo l lowing  s impl i fying a ssumpt ions :

1. The  wave f l u c t u a t i o n s  a r e  sma l l  a m p l i t u de .  Hence,  

l i n e a r i z ed  t heory  wi l l  be used.  The t i m e - i n d e p e n d e n t  background 

q u a n t i t i e s  w i l l  be d e n o t e d  by t h e  s u b s c r i p t  ‘O', and t he  wave  

q u a n t i t i e s  by the  pref ix *8*.

2. The magnet ic  f lux tube on which  the sp icu l e  i s  to occu r  wil l  

be taken to have con s t a n t  c ro s s  sec t ion .

3. All quan t i t i e s  a r e  taken to be ex isymmet r i c .  The sym m et r y  

a x i s  i s  v e r t i c a l .  Hence d/dQ = 0,  w h e r e  e i s  t he  a z i mu th a l  angle  

about  the symmet ry  axis .

4. The background magne t i c  f i e l d ,  B0, i s  u n t w i s t e d ,  so Boe = 0.

5. The only nonvani sh ing  co mpo ne n t s  of  5v and 5B a re  5ve 

and 8Be, w h e r e  v and B deno t e  v e l o c i t y  and m a g n e t i c  f i e l d  

r e spec t i ve ly .



6. The e f f e c t s  of v i s cos i t y  and e l ec t r i c a l  conduc t iv i ty  are not  

exp l ic i t ly  cons idered.  However,  some  damping wi l l  be a s sumed  a t  a 

l a t e r  point .

As su m pt io ns  3 and 5 t o g e t h e r  imply t h a t  t he  w a v e s  are  non­

compres s ive .  Hence gr av i t y  and t h e rma l  p r e s su r e  play no role in t he  

mome n tu m and ene rgy  of t he  s y s t e m .  Using b a s i c a l l y  t h e  s a m e  

a s su m pt io ns ,  Hollweg (1984a) combined t he  MHD momen tum equat ion 

(eq. 2 .11) ,  and t he  Induct ion equa t ion  (eq. 2 .24)  i nto  t he  fo l lowing  

exp re ss ion  f o r  the magne t i c  f ie ld  f luc tuat ion:

^ -5B = Bn • V5v (5.1)dt e 0 e

and the fo l lowing  wave  equat ion fo r  the  ve loc i t y  f l uc tua t i ons :

^ T 5ve = vA ^ I Sve <5’2>
3t 9 ds2 9

where  t he  ana ly s i s  has  been r e s t r i c t e d  to nea r  t he  sy m m et ry  axis.

Equat ion (5.2) i s  to be solved fo r  t h r ee  d i f f e r e n t  r eg ions  of t he  

so l a r  a tm o sp h e r e ,  each  w i t h  a d i f f e r e n t  e x p r e s s io n  f o r  the  Alfven 

speed,  vA. The geome t ry  is  given in f igure 5.1. Note t h a t  s I nc r ea se s

downward  i nto  the s o l a r  a tmosphe re .
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Region 1 c o r r e sp o n d s  t o  t he  ph o t o sphe re  and ch rom osphe re ,  

w he re  vA Is taken to  be

w h e r e  h Is a p o s i t i v e  con s t a n t .  Region 2 r e p r e s e n t s  the sp i cu l e  

w h ich  w i l l  be t a k e n  to have  c o n s t a n t  Alfven sp e e d .  Region 3 

r e p r e s e n t s  the  corona ,  which wi l l  a lso be taken to ha ve  a cons tan t ,  

but much higher,  Al fven speed.

The  sou rc e  of  t he  Al fven  w a v e s  i s  a s su m ed  t o  be in t h e  

pho tosphe re ,  so t h e r e  wi l l  be up ward -  and downw ard -p ro pag a t i ng  

w a v e s  in r egions  j and 2, but  only an up w a r d - p r o p ag a t i n g  wave in 

r egion 3. For ha rmonic  waves  varying a s  exp(icot), t h e  solut ions  to 

(5.1) and (5.2) are  e a s i l y  ve r i f i ed  to be:

vA «  exp [ - (s - L) /  2h] (5.3)

Region 3 (s < 0):

8vo = a exp (i 0) t + i kj s) (5.4)

k-
8B0 = a —  BQs exp (i co t + i kj s) (5.5)

Region 2 (0 < s < L):

(5.6)
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®B0 = - - ^ —2i ( b e ' k2S- c e ik2’) e i “ t (5.7)
0 £0

Region 1 (s > L):

Sv = [ d H (01)® + e H ^ ,© ] e 1“ ‘ (5.8)

«Be. = [d r f ” ©  + e H ® © ] e1 “ '  (5.9)
A

w h e r e  \  = 2hco/vA(s); 6' = -0,  k2 = co/vA2# k3 = o>/vA3, and a,b,c,d and e 

a re  complex cons t an t s .

The ma tch ing  condi t ions  a t  s = 0 and s = L r equi r e  t h a t  8v0 and 

5B0 be cont i nuous  a t  t hose  loca t ions .  The re fo r e

k2 -k~
b - - h ^ a  (5.10)

k, + ^3
c = ̂ a  (5.11)

and

e = iUL [(b* + c’) H^Cp) - i (b* - c') H^}(p)] (5.12)

d = '  W>' + c’> ^ ( P )  - i Cb’ - C) H<02)(p)J (5.13)
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where  |3 = 2ho>/vA2 and

■ ik,  L
b' = b e  (5.14a)

i k , L
c' = c c  (5.14b)

Eq ua t i o n s  (5.10) -  (5.13) c o m p l e t e l y  s p e c i f y  fou r  of  the  

c o n s t a n t s  in t e r m s  of the f i f t h .  Here fo u r  c o n s t a n t s  wi l l  be w r i t t e n  

in t e r m s  of a, t h e  a m p l i t u d e  of t h e  wave  l e a v i n g  t he  sp i c u l e  

r e so nance  cav i t y  and e scap ing  into t he  corona.  Equat ions  (5.10) -  

(5.14) can be combined to yield

e = [ ( ^  H ^  + ik j  H ^ )  cos (kj L) - (1  ̂ - i 1^ H^)  sin ( ^  L)]

(5.15)

d = " f(k2 + i *3 H?*) cos (kj L) - H® - i ^  H?>) sin (k2 L)]

(5.16)

where  t he  a rgument  of the Hankel f unc t ions  is p.

Hol lweg (1984a)  showed t h a t  the t i m e - a v e r a g e d  Poynt ing flux 

in region 1, in t he  ne ga t i ve - s  d i rec t i on  (i.e. upward) ,  i s  propor t ional

to Id12 -  l e i 2. He t he r e fo r e  i den t i f i ed  t he  H0(1> p a r t  of (5.8) a s  the

wave wh ic h  p ropaga t e s  upward  f rom the  pho to sphe re ,  whi le  t he  H0<2) 

pa r t  of (5 .8)  w a s  i den t i f i e d  a s  the d o w n w a r d - p r o p a g a t i n g  wave.  

Thus an energy r e f l e c t i o n  c oe f f i c i e n t  can be defined a s



The t r a n s m i s s i o n  c oe f f i c i e n t  a t  the r eg ion  boundary be tween 

r egions  1 and 2 i s

T = 1 - R (5.18)

T and R can be ca l cu l a t ed  f rom (5.15) and (5.16). The a n a l y s i s  so f a r

has only co ns ide r ed  s o lu t i o n s  to equa t i on  (5.2) ,  which c o n t a in s  no 

d i ss i pa t i on .  There for e ,  t he  t r a n s m i t t e d  wave energy  wi l l  f l ow  thru 

the sp i cu le  and out  into t he  corona.

/

Figure 5.2 p lo t s  t he  t r a n s m i s s i o n  c o e f f i c i e n t  T v e r s e s  co. The 

f r eq ue nc i e s  cor re spond  to  per iods  ranging  f rom 7 to 5 0 0  seconds.  

The coronal  dens i t y  was  t aken  to be pc = 3.3 x 10"16 g c m ' 3, which is 

a t ypica l  value f o r  coronal  holes ,  and t he  spicule  dens i ty  u sed  was  ps

= 1 x 10"13 g c m ' 3 (c.f. Becker s ,  1972,  Table 3). The ch romospher ic  

sca l e  he ight ,  h, i s  150 km, t he  spicule  length L = 7 0 0 0  km and Bo = 40

G. The f igure  d i sp l ays  the  a fo rement ioned  t r an s m i s s io n  resonances .  

The per iod of t he  fundamenta l  r e sonance  is about  90  seconds  and the 

per iod of t he  f i r s t  ha rmonic  is  abou t  30  s econds .  The pe r i o d s  are 

c lose ly  approximated  by equat ion (5.21),  below.

F u r t h e r  i n s i gh t  in to  t he  p r o p e r t i e s  of t h e  r e s o n a n c e s  can be

gained by s im p l i fy ing  the  ' ful l '  s o l u t i o n s  ( equa t i ons  (5.15) -  (5.18))
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using approp r i a t e  approximat ions .  It t u rn s  out  t h a t  p i s  qui te  smal l  

f o r  s o l a r  p a r a m e t e r s ,  a t  l e a s t  f o r  the  l o w e r - o r d e r  r e s on anc es ,  so 

t he  smal l  a rgumen t  app rox imat ions  fo r  Hankel f unc t i ons ,  h / 1̂  ->± 

IYj, H0°>'(2> -> 1 ± iY0, and IY, (p)I >> lY0(p)l ,  may be employed.  Also,  

s i nc e  ps »  pc one has  k3 << k2. Using t he s e ,  (5.15) and (5.16) can be 

reduced  to give t he  fol lowing approx imate  exp re s s ion  f o r T :

- 4k i k3 Y iT ~ ------------------------- —  — --------------------  (5.19)
(kj - kg Yt)2 sin2^  L) + k2 Y2 cos2^  L)

w h e r e  t he  a rgumen t  of t he  Besse l  f unct ion  i s  again p. Note t h a t  the 

c o e f f i c i e n t  of  c o s 2(k 2L) i s  l arge .  Thus T is  a m ax im um  when 

cos (k2L) = 0. Thus the  r e sonances  occur  when

k2 L - ( 2 n - l ) i  (5.20)

i.e.,

71 V A2
<ora’* 2 ~ L (-2 n ‘ »  (5-21)

w h e r e  n = 1, 2,  3 . . .denotes the o r de r  of the resonance .  An odd number  

of qu a r t e r -w a v e l e n g t h s  m us t  f i t  i n to  region 2.

The he igh t s  of the  r esonance  peaks  a re  t hus



Using t he  sma l l  a rgum en t  app rox ima t ion  Y , ( p )  = -2/ j tp,  and 

def ining

7r2h K
Ln = - j -  (2 n -1) (5.23)

(5.22)  may be r e w r i t t e n  as

4 L /L
T » ------------2 _  (5.24)max 2

( l + L / L /

Note t h a t  Tmox = 1 when L = Ln. In t h a t  c a s e  waves  can  propagate  

f r om the  p h o t o s p h e re  i n to  t he  sp i c u l e  w i t h o u t  unde rgoing  any 

r e f l e c t i ons .  However ,  for  t he  sp i cule  p a r a m e t e r s  used in Figure 5.2, 

k2 / k 3 = vA3 / v A2 = (p2 / p 3) 1/2  = 17.4 and Ln = 12900 (2n -  1) km if h = 

150 km. Thus Ln > L for  all n and Tmox i s  a lw ay s  l e s s  t h a n  unity f o r  

t h e s e  p a r a m e t e r s ;  t h i s  can be s een  in Figure  5.2. T max could 

approach  unity on longer  sp i cu le s ,  however .

The  a p p r o x i m a t e  fu l l  w i d t h  a t  h a l f  m a x i m u m  of t h e  

t r a n s m i s s i o n  r e s onance  peak,  Aco, can be found f rom (5.19) by not ing 

t h a t  t h e  c o e f f i c i e n t  of c o s 2 ( k 2 L) i s  l a rge ,  and by expanding the  

denomina to r  about  co s 2(k2L) = 0. There r e s u l t s ,  in t e r m s  of Ln,
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(5.25)

The qual i ty  of the  resonance  i s  defined to be

Q = “ res (Ac°)_1

Combining equa t ions  (5.21) and (5.25) y ie lds

L„ L _ n
Q =

2 71 h (Ln + L)

Taking L = 7 0 0 0  km, h = 150 km, and Ln = 1 2 90 0 (2 n - 1 )  km gives Q = 

4.8 fo r  n = 1 and Q = 6.3 fo r  n = 2. Even in t he  absence  of d i s s i pa t i on ,  

t he  sp i cu le  r esonances  a re  not  very high qual i ty .

The energy flux dens i t y ,  F, en t e r ing  t he  sp i cu l e  i s  c a l cu l a t ed  

by a s s u m i n g  t h a t  t he  c o n ve c t i v e  m o t i o n s  launch a n e t  up wa rd -  

p ro paga t i ng  energy flux dens i t y ,  P, in a f r equency  bandwid th  B^.

A f t e r  i n t e g r a t i n g  o ve r  one r e s on an ce  peak  one o b t a i n s  ( s ee  a l so  

Hol lweg,  1984a)

Pa PT Acp K
max B 2 (5.26)

whe re  i t  i s  a s sumed  t h a t  t he  spec t r a l  de ns i t y  is  f l a t  f o r  s impl i c i t y .  

Using (5.24)  and (5.25),  (5.26) can be w r i t t e n
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A 2

I __________________  (5 27)
p ( i + L / y * „ L B i

Take 10_1 s"1; t h i s  co r r e sponds  to a s su m in g  t h a t  the power

is  sp r ead  be tw een  per i ods  of 60  and 1000s.  Using the  s a m e  numbers  

as in t he  p rev ious  examples ,  viz. vA2 = 357 km s ' 1, L = 7 0 0 0  km, h = 

150 km, vA3 = 6210  km s ' 1, Ln = 12900 km (n = 1 r esonance) ,  gives  F/P

= 0.24.  The f lux P is  c a l cu l a t e d  by a ssuming  t h a t  the pho to sphe re  

t w i s t s  the  f i e l d  l ines  w i t h  an rms  ve loc i t y  5vph. Then

P “ PphSv2phB0<4,' l V ' 1/2 (528)

where  the s u b s c r i p t  'ph‘ denote s  photospher ic  values .  Assume pph = 3 

x 10 ' 7 g c m ' 3, 8 vph s 1 km s "1, and B0 = 40 G. Then fo r  t he  f i r s t  o rder  

resonance ,  P = 6.2 x 107 erg cm ' 2 s ' 1. This  i mp l i e s  a flux of F = 1.5 x 

107 erg e r n e s ' 1 en te r ing  t he  spicule .  It i s  Im p o r t a n t  to no t e  t h a t  

t h i s  e s t i m a t e  of  the f lux i s  only app rox ima te ,  and could ea s i l y  be, 

say,  i n c r e a s e d  by a f a c t o r  of two  o r  more  by con s ide r i ng  s l i gh t l y  

l a r g e r  ph o to sp h e r i c  mo t io ns ,  a n d / o r  s l i gh t l y  l a r g e r  va lue s  f o r  B0,

s i nc e  F v a r i e s  a s  the  sq u a re  of both t h e s e  q u a n t i t i e s .  Addi t ional  

energy a l so  becomes  avai l ab l e  when t he  h igher  o r d e r  r e s onances  are 

exci ted.

The ve loc i t y  f l u c t ua t i o ns  in t h e  spicule  can be ca l cu l a t ed  from 

(5.6),  (5.10) and (5.11):
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5v = [kj cos (1^ s) + i kj sin (kj s)] e1 “  \  (5.29)
2

Since k3 «  k2 and s i nce  cos(k2 L) * 0 a t  resonance ,  i t  can be seen  t ha t  

the  am p l i t u de  of t he  f l u c t u a t i o n s  is g r e a t e s t  n e a r  t he  top of  the  

sp i cule ,  w he re  s = 0,  a t  resonance .  This  i s  a r e f l e c t i o n  of t he  f a c t  

t h a t  the  wave  amp l i t ude s  are  much l a r g e r  in the corona  than in the 

c h r o m o s p h e r e  due t o  t he  c o ro na ' s  much  l o w e r  de ns i t y .  As a 

numer i ca l  examp le ,  suppose  t h a t  a f lux F = 1.5 x 107 erg c m - 2  s -1 

f l o w s  t h ro u g h  t he  sp i c u l e  and  i n to  t h e  corona  in one of  t he  

r esonances .  Thus  ( 1 / 2 )  p3 vA3 a 2 =1.5 x 107 and one can deduce a = 

121 km s " 1, i f  B0 = 40  G and p 3 = 3.3 x 10-16; t h i s  i s  the v e lo c i t y

amp l i t ude  a t  t he  top of the  sp i cule .  The ve loc i t y  amp l i tude  a t  the  

bo t tom of t he  sp i cule  (s = L) i s  only 7.0 km s " ’ if k2 / k 3 = 17.4. Thus

the  r e s o n a n c e s  a re  capable  of  inducing l a rg e  t w i s t i n g  mo t ions  on 

spicules .  In f a c t ,  the pr ed i c ted  ve loc i t i e s  n e a r  the top of the sp i cu le  

are  much l a r g e r  than t he  t yp ica l  observed va lues  ( = 2 0  km s~1; e.g. 

P a s a c h o f f ,  Noyes  and  B e c k e r s  1968;  B e c k e r s  1972) .  The  

co n t r ad i c t i on  can be reso lved  by taking wave  damping into account .  

This  i s  done in t he  next  sect ion.

Wave Damning

Once energy has  en t e r ed  a sp i cu le  via a r esonance ,  i t  m u s t  be 

d i s s i p a t e d  in o rde r  f o r  hea t ing  t o  occur.  Wi thout  such  d i s s i pa t i on ,  

the  energy s imply  f l o ws  through t he  sp icule  and into t he  corona.
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In t h i s  sec t i on ,  t h e  e f f e c t s  of  damping on t he  t r a n s m i s s i o n  

c o e f f i c i e n t  of  the A l fven  wa v es  e n t e r i n g  t h e  sp i c u l e  f r o m  the 

c h ro m o s p h e r e  wi l l  be  i n v e s t i g a t e d .  The damping  m e c h a n i s m  is 

unspeci f ied.  Rather ,  so m e  form of l i n e a r  damping wi l l  be assumed.  

The e f f e c t  o f  t h i s  i s  t o  change t h e  sp i cu l e  wa ve  number ,  k2, to a 

complex qu an t i t y .  Thus  w r i t e  k2 = kr + ik1# w h e r e  k1 is ne ga t i ve  if 

damping i s  t o  occur.

In r e d o i n g  t h e  a n a l y s i s  t o  d e t e r m i n e  t h e  t r a n s m i s s i o n  

c o e f f i c i e n t  of  the A l fven  wave  e n t e r i n g  t h e  sp i c u l e  f r o m  the 

ch ro m os p h e r e ,  i t  m u s t  be noted t h a t  t he  cond i t i on  k2 = o>/vA2 no

longer holds.  Equat ions (5.15) and (5.16) are now

e=TnT l(ki +1 “3 Ho’>cos *2 L>**1K2 0)

- ( 4  —  - i k3 H^) sin (1^ L)] (5.30)
co

d = T n r 1 (k3 ^ + 1 ‘' j  ^ cos  (k2 L)

- o4 ^  Hq2) - i kj H f}) sin (k, L)] (5.31)
CO

w i t h  k2 = kr + ikv The a rgumen t  of t he  Hankel f unc t i ons  i s  s t i l l  p.
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The t r a n s m i s s io n  coe f f i c i e n t  is  again given by (5.18). The form 

of kr i s  a s sumed  to be

kr “ ' T ' < 1 - 3 - T ) (5 3 2 )
VA2 k r

which i s  a fa i r l y  genera l  ex p re s s ion  val id  when t he  damping is not  

too s t r o n g  (Hollweg 1984a,  equat ion  64).

Using (5.30) -  (5.32) ,  the  t r a n s m i s s i o n  c o e f f i c i e n t  f o r  var ious  

values of  I k / k J  w e r e  de t e rmined  ( see  Figure 5.3). The t r a n s m i s s io n

peak h e i g h t s  are  enhanced  f o r  t h e  c a s e s  w i t h  a s m a l l  amount  of 

damping added. Note t h a t  the  h i gh -o rd e r  r e s o n an c es  t end  to blend 

t oge ther .  This  occur s  in par t  because  the  damping i n c r e a s e s  Acd ( see  

below),  and in pa r t  because  the  w a v e s  a re  so s e ve re ly  a t t e n u a t e d  in 

p r opaga t i ng  from s = L to s = 0 t h a t  e f f e c t i v e  c o n t a c t  w i th  the 

t r a n s i t i o n  region i s  l o s t .  It i s  t hen  no l onger  meaningful  to t a lk  

about r e s ona nc es ,  bu t  i t  should be noted t h a t T  becomes  very l arge  in 

those c a s e s .

The  he igh ts  of  t h e  t r a n s m i s s i o n  peaks  can be e s t i m a t e d  f rom 

(5.32) and (5.31) by a s suming  t h a t  t he  peaks  occu r  when cos (krL) *0 .  

If a lso p «  1, Y,(p) -  - 2 / U p ) ,  IvJ  »  Y0, k3 «  k2, I k / k J  «  1 and 

Ik, |L << 1 , one can deduce



The w id th  of t he  r e s on an ce  peak can be found in t he  s a m e  

manner  as  be fore  ( see  a l so  eq. 56 of Hol lweg 1984b).  It i s  given by

(5.34)

Note t h a t  d i s s i p a t i on  (k1 < 0) broadens  t he  resonance.

The  en e rgy  f lux  d e n s i t y ,  F, e n t e r i n g  t he  s p i c u l e  can  be 

ca l cu l a t e d  by combining (5.26) ,  (5.33)  and (5.34);  t h e  r e s u l t  wi l l  not  

be w r i t t e n  down. This  i s  t he  energy wh ich  f l ows  ou t  of the  sp i cu le  

into t he  corona,  plus  the  energy which i s  depos i ted  in t he  sp i cule  as 

heat .  Of t h i s  t o t a l ,  the  f r a c t i on ,  fH, which  i s  depos i t ed  as heat  is

(See  eq. 58  of  Ho l lweg  1984b. )  For  ex am p le ,  c o n s i d e r  t he  

fund am en ta l  r e s o n a n c e  (krL = n / 2 )  and t ak e  kr/ k 3 = 17.4; t hen  f H =

re spec t ive ly .  The average  vo lume t r i c  hea t ing  r a t e  in t he  spicule  can 

be obt a ined  by dividing the  energy flux dens i ty  wh ich  goes into hea t  

by L. Thus equa t ions  (5.26),  (5.33),  (5.34),  and (5.35) yield

-l

(5.35)

0.21 ,  0 . 50 ,  0 . 73  and 0 .85 f o r  l k , / k r l = 0.01, 0 . 0 3 7 ,  0.1 and 0.2
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4 7C h v
L3 B

-1

(5.36)

<0

For t he  sp i cu le  p a r a m e t e r s  used in t h i s  c h a p t e r  (h = 150 km s " 1, L = 

7 00 0  km, vA2 = 357  km s ' 1, vA3 = 6210 km s ' 1, Bm = o.l s ' 1, and P -

6.2 x 107 e rgs  cm*2 s ' 1), end for  t h e  n = 1 r e s onance  (krL = tc/2), one

has  Eh = 0.03,  0 .04,  and 0 .045 e rgs  c m -3  s " 1 f o r  / k r l = 0.1, 0.2 and

0.3 r e s p e c t i v e ly .  The value  0 .04  e rg s  cm *3 s ' 1 wi l l  be t aken  as 

r e p r e s e n t a t i v e .  This  va lue  of EH may provide s i g n i f i c a n t  sp i cu l e

heat ing.  For example ,  t ake

3 dx
2 n k 3 f  =  EH (5.37)

w h e re  x d e n o t e s  s p i c u l e  t e m p e r a t u r e ,  n d e n o t e s  t h e  p a r t i c l e  

concen t r a t i on ,  and k is  Bol tzmann ' s  cons tant .  No a l l owance  is made 

fo r  l o s s e s  due to i on i za t i on  and r ad i a t i on ,  and t he  ad i aba t i c  cooling 

due to  the  sp i c u l e  expansion.  For  a ful ly i on ized  hydrogen sp i cu le  

(mo lecu l a r  we i gh t  = 0.5),  n = 1.2 x 10 11 cm“3 and dx/dt  = 1600 deg s -1, 

only 12 s econds  would be r equ i red  to  heat  t he  sp i cu l e  by 2 0 0 0 0  K. 

About  15 m i n u t e s  (i.e. s o m e w h a t  l onger  t han  a sp i cu l e  l i f e t i m e )  

would be r equ i r ed  to hea t  a sp icule  t o  coronal  t e m p e r a t u r e s  (*1.5 x 

106 K), and only 120s  ore  r equi r ed  to  heat  a sp i c u l e  by 2 0 0 0 0 0  K 

accord ing  to t h e  above e s t i m a t e s .  These  e s t i m a t e s  m o t i v a t e  the  

s u g g e s t i o n  t h a t  Ha -  e m i t t i n g  s p i c u l e s  f ade  f rom v i e w  as  the

hydrogen be co m es  fu l ly  ionized a s  t h e  gas i s  hea t ed ,  and t h a t  the  

sp i c u l e s  even tua l l y  a t t a i n  EUV-emi t t l ng  t e m p e r a t u r e s  and become
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EUV sp i cu l es .  Observa t i ona l  ev idence  in suppor t  of t h i s  v i ewpoin t  

can be found In a pa p e r  by Withbroe (1983).

However ,  i t  I s  Im p o r t a n t  to no t e  t h a t  r a d i a t i o n  w i l l  be an 

i m p o r t a n t  energy l o s s  mech an i s m ,  wh i ch  wi l l  s e ve r e ly  l i m i t  the 

ab i l i t y  of  waves  (o r  any o t h e r  p r oc e s s )  to h e a t  sp i c u l e s  to EUV- 

e m i t t i n g  o r  coronal  t e m p e r a t u r e s .  Un fo r t u n a t e ly ,  t he  r a d i a t i v e  

energy budge t  of s p i c u l e s  i s  no t  known. If one w e r e  to t r e a t  an Ha

sp i cu l e  a s  typica l  of t he  uppe r  ch romosphe re  or  l o w e r  t r a n s i t i o n  

region,  t hen  the conclus ion  would be t h a t  some I 0 "2 ergs  c m "3 s -1 is 

needed to balance t he  r ad i a t i v e  l o s s e s  (Fig. 49 of Vernazza ,  Avret t  

and Loese r  1981). T h i s  is compa rab l e  to the above c a l cu l a t e d  value 

of Eh. At  EUV-eml t t ing t e m p e r a t u r e s  ( f ew x 105 K) the  sp i cu l e  can be 

a s sumed  to be opt ic a l l y  thin. The r ad i a t i v e  l o s s e s  are  then = 6 x 1 0 ” 

22 ne2 (in e rg s  c m " 3 s ' 1 i f  ne i s  in cm"3) ( see  Figure  10 of  Rosner,

Tucker ,  and Vaiana 1978).  If t he  heat ing occurs  a t  cons t an t  densi ty ,  

then ne = 6  x 10 10 and t he  r ad i a t i v e  l o s s e s  a re  2.2 e rgs  cm "3 s “ 1. The

p r e d i c t e d  hea t ing  r a t e  canno t  s u s t a i n  t h e s e  l o s s e s ,  and so  i t  is 

concluded t h a t  r ad i a t i ve  l o s s e s  prevent  t he  r esonances  f rom heat ing 

s p i c u l e s  to  EUV e m i t t i n g  t e m p e r a t u r e s  a t  c o n s t a n t  de n s i t y .  

However ,  i f  the hea t i ng  occur s  a t  c o n s t a n t  p r e s su r e ,  t hen  ne would 

d e c r e a s e  by a f a c t o r  of about  10 as  t he  sp icu le  i s  hea t ed  f rom Ha

emi t t i ng  t e m p e r a t u r e s  to EUV-emlt t ing t e m p e r a t u r e s .  The r ad i a t i ve  

l o s s e s  a re  then 0 . 0 2  e rg s  cm"3 s " 1 which i s  again compa rab l e  to the 

above e s t i m a t e s  of t h e  r e s on an t  heat ing.  It can only be concluded 

t h a t  t he  r e s on an c es  provide a good p o s s ib i l i t y  to hea t  s p i c u l e s  to
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E U V - e m i t t i ng  t e m p e r a t u r e s  If  t he  h e a t i n g  o c c u r s  a t  c o n s t a n t  

p r e s su re ,  but  t he  r ad i a t i ve  l o s s e s  r e p r e s e n t  a m a j o r  unknown.

A cau t i ona ry  note: Equat ions  (5 .33)  -  (5.36)  a re  val id only if 

t h e r e  i s  a d i s t i n c t  r e s o n a n c e  peak,  unblended w i t h  ne ighbor ing  

r esonances .  Figure  5.3c sh o w s  an exam ple  whe re  t h i s  condi t i on  is 

s a t i s f i e d  fo r  t he  n = 1 r e sonance ,  but  i t  f a i l s  f o r  t he  h ig he r - o r de r  

r esonances .  In such  c a se s  i t  i s  n e c e s s a r y  to use t h e  full r e s u l t  for  

the  t r a n s m i s s i o n  c o e f f i c i e n t ,  based on equa t i ons  (5.30)  and (5.31).  

Figure 5.3 i n d i c a t e s  t ha t  t he  t r a n s m i s s io n  c oe f f i c i e n t  becomes  qui te  

l a rge  a t  high f r equ en c i e s ,  to g r e a t e r  t h an  or  about  equal to 0 . 2  s -1. 

Thus m o s t  of w h a t e v e r  h ig h - f r e que nc y  power  i s  genera t ed  by the 

convec t i on  zone can ac tual ly  be avai lab le  f o r  sp i cu l e  heating.

The v e l o c i t i e s  in the sp i cu l e  can be  computed  in de ta i l  f rom 

equat ion  (5.29),  even for  complex k2. However ,  only a rough e s t i m a t e  

wi l l  be given here.  Since EH r e f e r s  to t h e  heat ing averaged o ve r  the 

length of the  sp i cu l e ,  one can w r i t e

2 co Ik. I ,
Er  j - !- P , « S ^ >> (5.38)

where  << 8 v0 »  r e p r e s e n t s  an average o v e r  both t i m e  and o v e r  the

length of  the sp i cu le ;  equat ion (5.38) a s s u m e s  equipa r t i t ion  b e tw ee n  

m a g n e t i c  and k i n e t i c  e n e r g i e s  and t he  f a c t o r  2  a r i s e s  when  one 

c o n s i d e r s  energy which  i s  a quad ra t i c  quant i ty .  Taking EH = 0 .04
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ergs  cm ' 3 s"1, ps = 1 0 ' 13 gm c m ' 3, and to = 0.08 s ' 1 ( t he  n = 1 r esonance)  

yields

«  8vg » 112 * 15.8 (kr /  tk; |)1/2 km s'1 (5.39)

The p r e d i c t e d  s p i c u l e  v e l o c i t i e s  a re  c o m p a t i b l e  w i t h  the 

o b se r v e d  t w i s t i n g  v e l o c i t i e s  (B e c k e r s  1972 q u o t e s  t u r b u l e n t  

v e l o c i t i e s  of some  20  km s ' 1 whi l e  P a s ach o f f ,  Noyes and Becker s  

1968 give 30 km s ' 1 as  an upper  l im i t  on the  t w i s t i n g  v e lo c i t i e s )  if 

lkf I / k r >- 0.25.

Heating Mechanisms

Hol lweg (1984a)  made  s p e c u l a t i o n s  r ega rd in g  the  t u r b u l e n t  

hea t ing  of coronal  loops.  Here s i m i l a r  a rg um en t s  wi l l  be appl ied  to 

the  sp i cule  hea t ing  problem.

Hollweg pointed out  t h a t  Alfven waves  in a r e s onan t  c av i t y  can 

be u n s t a b l e  to t he  Ke lv in-He lmho l t z  i n s t a b i l i t y ,  in v i r t u e  of  the 

shear i ng  mo t ions  i n t r i n s i c  to the  Alfven wave.  He fu r t h e r  sugges t ed  

t h a t  t he  Ke lv in-He lmhol tz  i n s t a b i l i t y  could i n i t i a t e  and m e d i a t e  a 

Kolmogorov t u rb u l e n t  c a s c a d e  to h i gh e r  t r a n s v e r s e  wa venumbe r s ,  

whe re  energy could be d i s s i p a t e d  via m ic roscop ic  p r o c e s s e s ,  such  as 

v i scos i t y .  The t u rbu len t  hea t ing  r a t e  i s ,  app rox imate ly ,
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eH "  Ps kt0 < 8v2>3/2 (5.40)

where  k l 0  i s  the 'outer '  t r a n s v e r s e  wavenumber ,  i.e. the wavenumber  

a t  which energy is i n j ec t ed .

Unfor tunate ly ,  kt 0  mus t  be guessed .  A conse rv a t i v e  g u e s s  is kt0 

= 2 i t / ( sp i cu l e  d i a m e t e r ) .  Thus k t 0  = 6.3 x 10"e c m ' 1 f or  a sp icu l e

d i a m e t e r  of  1000 km. If Beckers* (1972) v a lu e  f o r  t he  t u r b u l e n t  

ve lo c i t i e s  in sp i c u l e s  i s  taken,  viz. <8 v2 > 1/2 = 20  km s ' 1, t hen  EH = 

0.05 e rg s  c m ' 3 s*1. This  value of EH i s  su f f i c i e n t  to heat  s p i c u l e s  to

EUV-emi t t ing t e m p e r a t u r e s ,  as d i s c u s s e d  in t he  previous  sec t i on ,  it 

i s  a lso compa rab l e  to t he  value of  EH deduced f ro m equat ion (5.36).

It i s  concluded t ha t  Kolmogorov t u rbu l ence  con d i s s i p a t e  t he  Alfven 

wave  f l u x e s  which a r e  p r e d i c t e d  t o  e n t e r  s p i c u l e s ,  and t h a t  the 

d i s s i p a t i o n  i s  c o n s i s t e n t  w i th  t he  observed non the rma l  m o t io ns  on 

sp i c u l e s .  Note t h a t  equa t ion  (5 .4 0 )  p r e d i c t s  more  h e a t i n g  per  

p a r t i c l e  n e a r  t he  top of the  s p i c u l e ,  w he r e  t h e  v e l o c i t i e s  are 

p red ic ted  t o  be l a rge s t .  The r e sonance  model may  t h e r e fo r e  account  

f o r  ob se r va t i on s  i nd ica t i ng  t h a t  s p i c u l e s  are h o t t e r  near  t h e i r  tops  

(e.g. Athay 1976,  page  440) ,  However ,  the r ebound  shock model  

(Chapter  4) and the  model  due to Sue ma t su  e t  al. ( 1962)  a l so  yield 

higher  t e m p e r a t u r e s  n e a r  the  sp i cule  tops.

It should  also be ment ioned  t h a t  i on-neu t ra l  f r i c t iona l  heat ing 

(Piddlngton 1956;  Os te rb rock  1961)  may also p l ay  a role in hea t ing  

spicules .
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Discussion

In t h i s  s t u d y ,  a p o s s i b l e  ex p l a n a t i o n  f o r  t h e  hea t i ng  and 

r o t a t i o n a l  m o t i o n s  of sp i c u l e s  has been sugges t ed .  The t r a n s i t i o n  

r eg i on  wi th  t h e  corona f o r m s  the  uppe r  boundary of the sp i c u l e ,  

w h i l e  the pho to sphe r ic  and ch romosphe re  forms t h e  l o w e r  boundary.  

In t h i s  way t h e  sp i cu le  can be t hought  of as a c av i t y ,  i t  has  been 

sh o w n  tha t  t o r s i o n a l  Alfven w a v e s  gene ra t ed  in t h e  l o w e r  r eg ions  of 

t he  so l a r  a tm osp he re  can e n t e r  t h i s  c av i t y  and t h a t  t he  t r an s m i s s io n  

a m p l i t u d e  of t h e s e  waves  i nto  the  sp i c u l e  can be l a rge  a t  c e r t a i n  

s e l e c t e d  r e s o n a n t  f r equ enc i e s .  Large f l uxes  of  energy  e n t e r  the  

c a v i t y  and t h e r e a f t e r  hea t  t he  sp i cu l e  i f  d i s s i pa t ed .  One p o s s ib l e  

d i s s i p a t i o n  m e c h a n i s m  i s  a s  f o l l o w s :  t he  t o r s i o n a l  t w i s t s

i n t r o d u c e d  a t  t h e  base  of t h e  s p i c u l e  induce s h e a r i n g  m o t i o n s  

s u s c e p t i b l e  t o  Ke lv in-  H e l m h o l t z  i n s t a b i l i t i e s ,  wh ich  in t u rn  

g e n e r a t e  Kolmogorov t u r b u l e n t  r o l l s  t h a t  c a sc a d e  to e v e r - h i g h e r  

t r a n s v e r s e  w o v e  number s  and a r e  s u b s e q u e n t l y  d i s s i p a t e d  via 

m ic ro scop ic  p ro ce s se s .

An i n t e r e s t i n g  b y - p r o d u c t  of t h i s  work  i s  a s u g g e s t e d  

exp l ana t i on  f o r  t he  p r e sence  of EUV sp i c u l e s  and t h e  fading of Ha

s p i c u l e s .  It 1s p r e d i c t e d  t h a t  s p i c u l e s  can be h e a t e d  by Al fveni c  

t w i s t s  at  a r a t e  of some 2 0 0 0 0  deg ree s  in about  10 seconds .  Th is  

r a t e  i s  too high to  conform to  obse rv ed  va lues ,  bu t  i t  has  been 

a s s u m e d  t h a t  a l l  t he  energy goes  i n to  hea t ,  w h e r e  In f a c t  some  

l o s s e s  due to i on i za t i on  and r a d i a t i o n  would  be expec ted .  In any
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case ,  t he  sugges ted  s cheme  i nd i ca t e s  t ha t  t he  sp i cule  could cont inue 

to be he a t ed  even a f t e r  i t s  max imum height  ha s  been obtained.  As 

the t e m p e r a t u r e  con t inues  to i nc r e a s e ,  the degree  of i on i za t i on  wi l l  

i ncr ea se .  The i n t e n s i t y  of the  Ha r a d i a t i o n  w i l l  co r r e sp ond in g l y  

de c r e a s e  and t he  sp icu le  wi l l  fade  f rom vi ew i f  observed  in Ha . If 

the  sp i cu l e  con t i nues  to be hea t ed  and a t t a i n s  a t e m p e r a t u r e  of 1 - 2  

x 105 d eg rees ,  emi s s ion  in the EUV can be expected.

It i s  i n t e r e s t i n g  t o  note  t h a t  Dere e t  al.  ( 1 9 8 3 )  obse rved  

" ch romosphe r i c  j e t s "  in t he  EUV wh ic h  have p r o p e r t i e s  s i m i l a r  to 

t hose  of sp i c u l e s ,  but  w i t h  much s h o r t e r  l i f e t i m e s  ( * 4 0  seconds) .  

The  i d e a s  p r e s e n t e d  he r e  co u ld  be c o n s i s t e n t  w i t h  t h e s e  

o b s e r v a t i o n s ,  s i nce  i t  i s  su g g e s t e d  t h a t  t he  EUV e m i s s i o n s  only 

oc c u r  whe n  t h e  s p i c u l e  is  n e a r  t h e  end of  i t s  l i f e .  It i s  a l so  

i n t e r e s t i n g  to  note  t h a t  Wl thbroe  (1983)  ha s  c a l l ed  a t t e n t i o n  to 

some  s t a t i s t i c a l  s i m i l a r i t i e s  b e t w e e n  EUV and Ha sp i c u l e s .  His

r e s u l t s  a re  c o n s i s t e n t  w i t h  the  sugges t i on  t h a t  Ha sp i c u l e s  can be

A l f v e n i c a l l y  h e a t e d  to t e m p e r a t u r e s  a t  w h i c h  they  e v e n t ua l l y  

become EUV spicules .

Se ve ra l  a s p e c t s  of  t he  s p i c u l e  phenomenon have  no t  been 

a d d re s se d  in t h i s  c ha p t e r ' s  s tudy.  It  wa s  a s s u m e d  f rom the  s t a r t  

t h a t  t he  sp i c u l e  has  been r a i s ed  to  a given he ight .  Severa l  of the 

sp i c u l e  g e ne r a t i ng  t h e o r i e s  d i s c u s s e d  in C h a p t e r  1 could perhaps  

lead to s t r u c t u r e s  r es embl ing  sp i cu l e s ,  but which  are  not  of sp i cu la r  

t e m pe ra tu r e .  For example ,  i t  i s  conce ivab le  t h a t  a p r oc e s s  such as 

t he  rebound shock mechani sm could i n i t i a t e  sp i c u l e  f o rmat ion ,  whi le
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the r e s o n a n t  p r o c e s s e s  d i s c u s s e d  in t h i s  c h ap t e r  hea t  the sp i cu l e ,  

and superpose  addi t ional  t w i s t i n g  mot ions  on the sp icu l e  cavi ty .

T he r e  i s  some  ques t ion  a s  to the  or igin of t h e  t w i s t s  on the 

flux tubes .  Here t h e i r  e x i s t e n c e  was  m ere ly  pos tu l a t ed .  However ,  

some w o r k e r s  have sugge s t ed  t h a t  t w i s t e d  and u n t w i s t i n g  f lux tubes  

a re  f a i r l y  ubiqu i tous  on t he  sun ( see  e.g. Piddington  1981;  Pa rk e r  

1982).  A t e s t a b l e  p r ed i c t i on  of t h i s  c h a p t e r  i s  t h a t  the mot ions  

undergo tor s i ona l  o s c i l l a t i o n s  a t  the p r e f e r r ed  r e s onan t  f requencies .  

The p e r i o d s  of t he  fundam en ta l  r e s o n a n c e s  t u rn  out  to  be = 1 0 0  

seconds ,  and so s eve ra l  comp le t e  o s c i l l a t i o ns  would be expec ted  in a 

sp icule  l i f e t ime .  Whether  or  not  such mot ions  have been observed is 

not c le a r .  Pasacho f f  e t  al. (1968) did r e p o r t  some t i m e  dependence 

of the i nc l i na t i ons  of some sp i cu le  chromospher ic  spe c t r a l  l ines ,  but 

more  d e t a i l e d  o b s e r v a t i o n s  a r e  needed  be fo r e  any c o n c l u s i v e  

s t a t e m e n t s  can be made  in t h i s  regard.  Cook e t  al. ( 1984 )  obse rved 

t i l t s  in t h e  s p e c t r a l  l i ne s  of u l t r a v i o l e t ,  s p i c u l e - l i k e  s t r u c t r e s .  

They r e p o r t  t ha t  "at  l e a s t  some  examples"  f rom t h e i r  data  s e t  do not 

app rec i ab ly  s l ow  o r  r e v e r s e  t i l t .  However ,  i t  i s  not  c l e a r  wha t  

o s c i l l a t i o n  per iods  a re  expec ted  f rom the  Cook e t  al. da ta  s i nce  the 

d e n s i t i e s  of t h e  f e a t u r e s  t h e y  o b s e r v e  a r e  unknown ,  and 

c o n s e q u e n t l y  i t  i s  d i f f i c u l t  t o  e s t i m a t e  t he  a p p r o p r i a t e  Al fven  

speed.

The  s t r e n g t h  of  t he  m a g n e t i c  f i e l d  in the sp i c u l e  w a s  a l so  

p o s tu l a t e d .  A value of 40G w a s  chosen,  cor re sponding  roughly to 

average  f i e l d  s t r e n g t h s  in t he  ne twork .  But  t h i s  va lue  is  r e a l l y  a
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guess ,  s ince  no d a t a  ex i s t  concern ing  t he  ac tua l  f i e l d  s t r e n g t h s  on 

sp i cu l es .  However ,  i t  should  be noted t h a t  a s m a l l e r  value of B0

would r e s u l t  in l onger  r e s o n a n t  periods .  If t h i s  w e r e  t he  case ,  the  

a s s u m p t io n  t h a t  t he  sp icu l e  can be t r e a t e d  a s  q u a s i - s t e a d y  would 

have t o  be abandoned,  s i n c e  t h a t  a s s u m p t i o n  r e q u i r e s  t h a t  t he  

r e s o n an t  pe r i ods  be smal l  compa red  to t he  sp i c u l e  l i f e t ime .  Such 

long per i od  r e s o na n c es  may s t i l l  play a r o l e ,  however ,  i f  sp i c u l e s  

reach a new equi l ib r i um w h e r e  they r em a in  r a i s ed  ( fo r  a per iod of 

t ime long compared  to the per iod  of t he  r e sonan ces )  as  sugges ted  by 

the rebound shock model d i s c u s s e d  in Chapt e r  4.
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Fig. 5.1 The Alfven ve loc i t y  as  a f unct ion  of d i s t a nc e  in the 
so l a r  a tmosphere .  Regions 1,2, and 3 r e p r e se n t  the photosphere  and 
chromosphere ,  the up l i f t ed  spicule ,  and the corona,  respec t i ve ly .
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a>. The p a r a m e t e r s  used w e r e  L = 7 0 00  km, vA2 = 357  km s , v A3 =

6210  km s ' 1, and kt/ k r = 0 .
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Fig.  5 . 3  T h e  t r a n s m i s s i o n  c o e f f i c i e n t  v s .  a n g u l a r  f r e q u e n c y  
w i t h  d a m p i n g  f o r  t h e  s a m e  p a r a m e t e r s  a s  in Fig.  5 . 2 .  In (o)  | k , / k r l = 

0 . 0  1; (b)  I k , / k r l = 0 . 1 ;  ( c )  | k , / k r l = 0 . 2 .  N o t e  t h a t  in Fig.  5 . 3 c  t h e  
f u n d a m e n t a l  p e a k  i s  d i s t i n c t ,  w h e r e a s  t h e  h i g h e r  o r d e r  p e a k s  b l e nd  
t o g e t h e r .
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CHAPTER 6 

A REBOUND SHOCK MODEL OF FIBRILS

Introduction

The so l a r  f i b r i l s  r ep o r t e d l y  t ake  on the  ap pea rance  of l o w -  

lying s p i c u l e s  (e.g. Foukal 1971a,b) .  T h e r e fo r e  i t  i s  t em p t in g  to 

i n ve s t i ga t e  the pos s ib i l i t y  t h a t  both f e a t u r e s  have a common driving 

m e c h a n i s m ,  but  a r e  ch an n e l e d  along d i f f e r e n t  m a g n e t i c  f i e l d  

geome t r i e s .  This  c h a p t e r  numer ica l ly  examines  t he  consequences  of 

applying t he  rebound  shock model  ( d i s c u s s e d  in C h a p t e r  4) to a 

m a g n e t i c  f i e l d  g e o m e t r y  wh ich  c on t a in s  a s u b s t a n t i a l  hor izont al  

c omponen t .  S p e c i f i c a l l y ,  t he  m a g n e t i c  f i e l d  to  be co n s i d e r e d  

o r i g ina t e s  in the pho tosphe re  and extends  ve r t i c a l l y  upward  through 

the ch romosphere  and t r an s i t i o n  region,  t u r n s  hor izont a l  f or  1 1 , 0 0 0  

km (roughly a supe rgranu le  r ad ius ) ,  and f i na l ly  t u r n s  ve r t i c a l  again 

and e x t e n d s  out  i n to  the  o u t e r  s o l a r  a tm osp he re .  Such mag ne t i c  

f i e ld  s t r u c t u r e s  may e x i s t  in s o l a r  qui e t  r eg ions  o r  coronal  holes.  

Mo t iva t i on  f o r  a t t e m p t i n g  t o  deve lop  f i b r i l s  on t he  p r o p o s e d  

mag ne t i c  f i e ld  con f igu ra t i on  can be gained f rom r e m a r k s  of Athay 

(1986) ,  who notes  t h a t  the f i b r i l s  do not  appea r  as  com p l e t e  loops.  

Rather ,  t hey  appea r  to emanat e  f r om the  ch rom os phe r i c  ne twork  a t  

one end, but  the l oca t ion  of t h e i r  o t he r  end i s  unknown.
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The f o l l o w i n g  w i l l  show t h a t  f e a t u r e s  which  m a y  be 

i den t i f i ab l e  w i t h  f i br i l s  evolve on t he  hor izontal  segment  of t he  flux 

t ube ,  and t h a t  sp i cu l es  of  the n a t u r e  of t h os e  in Chapter  4  do not 

develop.  Some upward f l u id  m o t io n s  are, in f a c t ,  induced on the 

v e r t i c a l  f lux t ube  fo l lowing  the hor izontal  s e g m e n t ,  but t h e  he igh t s  

r each ed  by t h e  fluid wi l l  be seen t o  be s u b s t a n t i a l l y  l es s  t h a n  those 

in t he  sp i cu le  model.  It should be ment ioned t h a t  any compar i son  of 

t he  fo l lowing  r e s u l t s  w i t h  f i b r i l s  i s  nece s sa r i l y  cumbe r some,  since 

t he  f i br i l  d a t a  a re  not y e t  co m p l e t e  enough t o  ge n e r a t e  a s t a nda rd  

obse rved  f i br i l  model w i t h  which t o  compare.  However ,  a s  w a s  the 

c a s e  w i th  t he  t e r m  "spicule"  in Chap t e r  4, the fo l lowing  w i l l  u t i l i ze  

the  v e rna cu l a r  "fibril" to r e f e r  to t h e  mater ial  w h i c h  f lows a long the 

hor izont al  s e g m e n t  of t h e  magne t i c  f lux tube.

The fo l lowing  work i s  c a r r i ed  out under t h e  same s imp l i fy ing  

a s s um p t io ns  u sed  in C h a p t e r  4; t h us  the e f f e c t s  of  heat  conduct ion,  

r ad i a t i on ,  and ioniza t ion  a r e  omi t t ed .  However,  shock he a t i n g  s t i l l  

co n t r i b u t e s  t o  t he  s y s t e m ' s  evolut ion.  An i m m e d i a t e  consequence  of 

t h e s e  f a c t o r s  i s  t ha t  t h e  energy depos i ted  a t  t h e  base of t h e  flux 

t ube  to  i n i t i a t e  the ca l cu l a t i on  wi l l  remain in t h e  sys tem a t  t h e  end 

of t h e  c a l c u l a t i o n  as g r a v i t a t i o n a l  and thermal  energy.  Again ,  the 

l o n g - t i m e  behav io r  of t h e  sy s t e m  i s  to approach a new h y d r o s t a t i c  

equi l ibr ium.

The numer i ca l  c a l cu l a t i ons  show  that  o s c i l l a t i o n s  of t h e  gas  in 

t he  f lux tube d r ' e l o p  a f t e r  the f i b r i l  and a " s h o r t  spicule" become 

e s t ab l i shed .  By cons ider ing  an analy t i c a l  so l u t i o n  to a r e l e v a n t  but
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s i m p l i f i ed  problem,  i t  wi l l  be d e m o n s t r a t e d  t h a t  the  o s c i l l a t i o n  is 

due to a s t anding  wave on t he  flux tube.

The a t t e m p t  to model  mo t ions  on s o l a r  m a g ne t i c  f lux t ubes  

w i t h  a ho r i zon t a l  componen t  wi l l  be r e s t r i c t e d  to one -d imens ion .  

The magne t i c  f ie ld  geome t ry  de sc r i bed  above may be r e p r e se n t e d  by 

a one-d imens iona l  flux tube,  but  w i th  t he  g r av i t a t i ona l  a cc e l e r a t i o n  

zero  in the  region which is  to r e p r e se n t  t he  hor izontal  segmen t .  The 

equa t ions  to be solved a re  then ident ica l  to equat ions  ( 4 . 1)-(4.4),  but 

w i t h  t he  fo l l o wi ng  t w o  excep t i ons :  i) t h e  he igh t  v a r i a b l e ,  z, i s  

r ep l aced  w i t h  t he  va r i ab l e  s,  whi ch  r e p r e s e n t s  d i s t a n c e  along the 

flux tube (c.f. Chapter  2);  i i) the  g r av i t a t i on a l  a cc e l e r a t i o n  is  now a 

funct ion of s,  and is given by

whe re  the hor i zont al  s e gm en t  of the  f lux tube  begins  a t  d,  and ends 

a t  d2. T he s e  va lue s  wi l l  be t aken  to be 3 3 0 0  km and 14 30 0  km, 

r e spec t i ve ly .  Note t h a t  t h i s  p laces  the hor izont al  s egment  above the 

TR, which  i s  again a t  2 2 0 0  km as  in the  ‘r e f e r e n c e  model '  of  Chapte r  

4. Severa l  o t h e r  cond i t i ons  a re  a l so  the s a m e  as the  cor responding  

ones  in Chap t e r  4. These  Include the a r ea  va r i a t i on  f ac to r ,  A (now =

Analysis

if dj < s < 

otherwise
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A(s)),  which  i s  t h e r e f o r e  given by Figure 4.1. The d i s t r i b u t i o n  in 

d i s t a n c e  and t i m e  of the  i npu t  body fo r ce ,  h( s , t ) ,  i s  t h e  s a m e  as  

h(z , t )  in equa t i ons  (4.2) and (4.3) ,  and t he  he igh t  of t he  i nput  f or ce  

wi l l  be s = 1 1 0  km,  which w a s  t he  height  of t he  input  f o r ce  in the 

r e f e r e n c e  model of Chapter  4. Note t ha t  t he  source  l oca t i on  is  a t  the 

base  of the  ve r t i ca l  port ion of t he  flux tube.  The force magn i tude  is 

a l so  t aken  to be t h e  same as  in t he  Chapt e r  4  r e f e r e n c e  model ,  and 

t he  boundary co nd i t i o ns  on t h e  s y s t e m  a r e  t he  s a m e  a s  t ho se  in 

Chap t e r  4.

The fundam en ta l  r e s u l t s  of the c a l c u l a t i o n s  can be seen  in 

Figure (6.1a),  which  p lo t s  the  d e n s i t y  of t he  s y s t e m  as a func t ion  of 

d i s t a n c e ,  s ,  a t  2 4  d i f f e r e n t  t i m e s .  The l o w e s t  curve  i s  a t  t ime  

180 .54s ,  and each subsequent  p lo t  i s  at  t i m e  180.54s  l a t e r  than the 

p reced ing  plot.  The l oca t i ons  w h e r e  the f lux tube  bends,  s = d t and s 

= d2, a r e  indica t ed .  The t h i r d  ve r t i c a l  l ine  i n d i c a t e s  t h e  aver age  

f inal  pos i t ion  of t h e  TR. The r e s po n se  to t he  input  f or ce  i s  to e j e c t  

ph o t o sp h e r i c  and ch ro m o s p h e r i c  m a t e r i a l  be low the  TR onto  the  

ho r i zon t a l  s e c t i o n  of  the f lux tube.  The d e n s i t y  on t he  hor izont al  

s e g m e n t  of the f l ux  tube  is i n c r e a s e d  s u b s t a n t i a l l y  over  i t s  i n i t i a l  

value.  It i s  sugge s t e d  t ha t  t h i s  dens i ty  enhancemen t  co r r e sponds  to 

a f ibr i l .

Figure 6.2a d i sp l ays  the d e ns i t y  va r i a t i on  as  a func t ion  of t ime  

a t  t he  l oca t i on  s = 8 2 5 0  km, wh ic h  is ins ide  t he  hor izonta l  s egmen t  

of t he  f lux tube.  The densi ty  i s  I n i t i a l ly  a t  t h e  coronal  value of 5 x 

1 0 " 16 g c m -3, but  r i s e s  to an ave rage  value of  1.1 x 1 0 ~ 14 g cm"3.
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Thi s  d e n s i t y  i n c r e a s e  co r r esponds  to a t e m p e r a t u r e  d e c r e a s e  from 

2 2 0 , 0 0 0  K to 10,400 K fo r  a m o lecu l a r  we igh t  of 0.5, as i n d i ca t ed  in 

Figure 6.2b.  Note t h a t  t he  t e m p e r a t u r e  of t h e  f ibr i l  m a t e r i a l  is 

h i g h e r  t h a n  t h a t  of  t h e  i n i t i a l  u n d i s t u r b e d  p h o t o s p h e r e  and 

chromosphe re ,  wh ich  w a s  a t  6 2 3 0  K fo r  a m o le c u l a r  we ig h t  of  1.3. 

The gas  is  hea t ed  by rebound shoc ks  which develop  on t he  ve r t i c a l  

s e gmen t  of the flux tube  a t  he igh t s  l owe r  than s = d v

Cons ider  the  dens i ty  versus  d i s t ance  p lot  in Figure 6.1b a t  late 

t ime s ,  w he re  the  s y s t e m  is  again near ly  in h y d ro s t a t i c  equi l ibr ium.  

The d e n s i t y  prof i l e  i s  near ly  c o n s t a n t  on t he  hor i zon t al  p o r t i on  of 

t he  f lux tube.  Now a t  s  = d2, the  f lux tube again  t urns  v e r t i c a l ,  and

so t he  e f f e c t s  of g r av i t y  a re  again  fe l t .  Thus  t h e  densi ty  r e s u m e s  

dec r e a s in g  wi th  d i s t ance .  The TR has  r eached  i t s  average t e rmina l  

e x t e n t  s o m e w h a t  beyond s = d2, a t  app roxima te ly  s  = d2 + 2 0 5 0  km =

16,350 km, cor re sponding  to a he igh t  of 5 3 5 0  km, as  ev idenced  by 

Figure 6.3. This  plug of gas extending  beyond t h e  hor izontal  sec t i on  

and onto t he  ve r t i ca l  f lux tube i s  a sho r t  spicule .

Figure  6.3,  wh ich  d i sp l ays  t h e  TR lo c a t i o n  ve rsu s  d i s t a n c e ,  

g ives  some  Ins ight  a s  to why a ful l  spicule  does  not develop.  The 

rebound shocks  only i n t e r a c t  w i th  t he  TR in t w o  p l aces  before  t he  TR 

r ea ch e s  d2; t he s e  tw o  p l aces  a re  I ndica ted  by a r r o w s  in t he  Figure.

Addi t iona l ly ,  the shocks  lose energy  to hea t  w h i l e  t r ave l i ng  on the 

hor i zon t a l  s e c t i on  of t he  flux tube.  The r e s u l t  i s  a sm a l l e r  sp i cule  

than t h a t  of Chapter  4. Recall  t h a t  in t h a t  c a se ,  t h e  TR’s mo t ion  was 

c h a r a c t e r i z e d  by s y s t e m a t i c  f a l l s  in r e s p o n s e  to g r av i t y  be fo r e
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being pushed upward  again by one of the  rebound shocks .  The smooth 

mo t ion  of t he  TR in Figure 6.3 r e s u l t s  f r om the  zero  g r av i t y  of the 

ho r i zon t a l  f lux tube  s ec t i on .  (Note,  however ,  t he  TR's ve loc i t y  is 

s l o w e d  s o m e w h a t  on t h e  ho r i zo n t a l  s e g m e n t  by t h e  r a r e f a c t i o n  

wh i ch  develops  behind t he  TR.) During i t s  developing per iod,  ranging 

b e tw e e n  about  5 m inu t e s  and 13 minu t e s ,  t he  average  ve loc i t y  of the 

model  f ibr i l  i s  some 25  km s _1. The ve loc i t y  i m p a r t e d  by t he  only 

r ebound  sh oc k  w h i c h  s t r i k e s  t he  TR dur ing  t h e  model  f i b r i l ' s  

deve lopment  a t  t  = 5 minu t e s  i s  60  km s " 1.

The v e lo c i t y  of t he  model  f i b r i l ' s  m a t e r i a l  a s  a f u nc t i on  of 

t i m e  a t  the he igh t  of  8 2 5 0  km i s  dep ic ted  in Figure 6.4. Note t h a t  

both po s i t i v e  and ne ga t i ve  v e l o c i t i e s  a re  p r e s en t .  At  long t i m e s ,  

t h e r e  a re  t w o  o s c i l l a t i o n  f r equ en c i e s  appa r en t  in t he  f igure.  The 

h i g h e r  f r equency  w ig g l e s  are  a t  app rox ima te ly  t he  a co u s t i c  cu to f f  

f requency  of t he  chromosphere  and photosphere ;  t h i s  f requency has a 

cor r e spond ing  per iod of 27c(2cs)/yg = 227s .  This  value i s  based  on a

p h o t o s p h e r i c  and c h r o m o s p h e r i c  t e m p e r a t u r e  of 6 2 3 0  K and a 

m o le c u l a r  w e i g h t  of 1.3; t he s e  a re  t he  s t a nda rd  cond i t i ons  used  in 

t h i s  model ,  and t h a t  of Chapte r  4  ( see  Hollweg 1982).  So the higher  

f requency  w ig g l e s  a re  the  r e sponse  in the  hor izont al  s e gmen t  to the 

r i n g i n g  of t h e  p h o t o sp h e r e  and c h r o m o s p h e r e  ( i .e. ,  t h e  wake  

d i s cu s se d  in Chapt er  3) induced by t he  i n i t i a l  impu lse  in the ve r t i c a l  

s e g m e n t  at  t he  base  of the flux tube.

The l o w e r  f r eq u e nc y  v a r i a t i o n s  In Figure  6 .4  co inc ide  in 

f r equency  and magni tude  w i th  d e ns i t y  d r i f t s .  These  dens i t y  d r i f t s
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are m o s t  eas i ly  not iced  by fol lowing t he  o sc i l l a t i o n s  of t he  dens i ty  

jump ind ica t ed  by the a r row  in Figure 6.1b. The ques t ion  of why this  

f e a t u r e  develops  i s  unknown and w i l l  not  a d d re s s e d  here  -  i t  wil l  

me re ly  be used a s  a t r a c e r  f or  the mo t i ons  of t h e  gas on t he  flux 

tube.  The f ac t  t h a t  the ve l oc i t y  of t h e  t r a c e r  co inc ide s  w i t h  t he  gas 

v e loc i t y  in Figure  6.4 i n d i c a t e s  t h a t  t he  t r a c e r  i s  not p ropagat ing  

r e l a t i v e  to the  ga s  but  i s  r a t h e r  a convec ted  c o n t a c t  s u r f a c e  in 

p r e s s u r e  equi l ibr ium.  By fo l lowing t h e  t r a c e r  in Figure 6 .1b,  or by 

examin ing  Figure 6.4,  a pe r i od  of ap p rox im a te ly  23  m inu t e s  can be 

infer red .

The  d e s c r i b e d  m o t i o n  i s  b e l i e v e d  to o c c u r  b e c a u s e  the  

m a g n e t i c  f lux t u b e  s u p p o r t s  a s t a n d i n g  w a v e .  The f o l l o w i n g  

s i m p l i f i e d  a na l y s i s  wi l l  d e m o n s t r a t e  t h a t  such a s tanding  wa v e  has 

the app ro p r i a t e  period.  Cons ider  a d e ns i t y  p r o f i l e  as a f unc t i on  of 

d i s t a n c e  (denoted  by w) co n s i s t i n g  of  four  r e g i o n s  as d e p i c t e d  in 

F igu re  6.5.  T h e  b o t t o m  r eg ion  r e p r e s e n t s  p h o t o s p h e r e  and 

ch romosphere  w i t h  an exponent ia l ly  i nc reas ing  ( w i t h  depth)  densi ty .  

The region l abe led  region 1 c o n s i s t s  of  nearly un i form dens i ty ;  i t  is 

t aken to  r e p r e s e n t  the  hor izon t al  f lux tube region.  Region 2 i s  the 

"short  sp i c u l e ” reg ion ,  w he re  again t h e  dens i ty  f a l l s  exponent ia l ly  

w i t h  he igh t  at  c o n s t a n t  t e m p e r a t u r e .  The f inal  region c o n s i s t s  of 

the hot ,  t enuous corona.  The funct ion of  the f i r s t  and l a s t  r eg ions  is 

e s s e n t i a l l y  pa s s ive  in t h a t  t hey  serve  to  support  boundary condi t ions  

for  t h e  ca l cu l a t i ons .  Spec i f ica l ly ,  t h e  ba se  r eg ion  wil l  be t aken  to 

be a z e r o  v e lo c i t y  region (because  of  i t s  high dens i t y ) ,  and the 

corona l  region i s  t aken  t o  have n e g l i g i b l e  p r e s s u r e  f l u c t u a t i o n s
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(because  of  i t s  low dens i ty ) ;  t hus  t w o  condi t i ons  a r e  8 v(w=0 ) = 0 , 

and 5p(w=L) = 0. Regions  I and 2 a r e  t aken to  have t he  s a m e  

t e m p e r a t u r e s .  The a n a ly s i s  f u r t h e r  a s s u m e s  low f requency wa v es  so 

t h a t  co/ g)8C «  1, where  cooc i s  the a co u s t i c  cu tof f  f requency in region

2. There  a re  t w o  propaga t ing  waves  in region 1 and t w o  evanescen t  

w a v e s  in region 2  ( s ince to < toec there) .

The p rob l em is now one of s t a n da rd  wave r e f l e c t i o n  analys i s .  

The so l u t i o n s  f o r  the  w a v e  v e l o c i t i e s ,  8 v, a re  w r i t t e n  down fo r  

r eg ions  1 and 2 , and the boundary condi t ions  of ve loc i t y  and p r e s su re  

con t i nu i ty  a re  imposed a t  w = 1. The t w o  wave  number s  in region 2, 

given by t he  d i spe rs ion  r e l a t i o n  for  a co u s t i c  g r av i ty  waves ,  t ake  on 

a p a r t i c u l a r l y  s imp ly  f o r m  for  t h e  l ow  f r e q u e n c y  c a s e  be ing  

cons idered.  One wavenumber  is  approx ima te ly  zero,  and the o t h e r  is 

approx imated  by ik2 * p 0 g / p 0. The equa t ions  are then  solved to yield 

t he  fol lowing exp re ss ion  f o r  the wave number  in region 1 , k^

whe re

Now fo r  the o s c i l l a t i o n s  i nd i ca t ed  by t he  t r a c e r  in Figure 6.2b,  t h i s  

t u r n s  out to be
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- kjl cot kjl ® 8.8

or

ktl » 2.83

Taking  1 = 1 1000 km, t he  wave l eng th  of the  s t a n d i n g  wave  i s  X = 

2 4 , 4 0 0  km. Using the t e m p e r a t u r e  in t he  f ibr i l  i nd i ca t ed  by Figure 

6 .2 b, the per iod of t h i s  wave  can be ca l cu l a t ed  f rom i t s  wave length 

and t he  sound speed.  The r e s u l t  i s  t = 23.6 m in u t e s ,  which i s  very 

c lo s e  to the measu red  value.

Discussion

The general  concept  of the work  pe r fo rmed  in t h i s  c h a p t e r  is 

s i m i l a r  to t h a t  of t he  s p i c u l e  rebound shock model  d i s c u s s e d  in 

Cha p t e r  4. Before  t he  Input  body for ce  r esponse  r e a c h e s  l oca t i on  s = 

d,  t h e  r e s u l t s  of  the  tw o  s t u d i e s  a re  i den t i ca l .  An i n i t i a l  impu lse

l a u n c h e s  an u p w a r d  p r o p a g a t i n g  w a v e  f r o n t  f o l l o w e d  by an 

o s c i l l a t i n g  w a v e  t ra i n .  Nonl inear ly ,  t h e s e  w a v e s  s t e e p e n  i n to  a 

s e r i e s  of u p w a r d  p r o p ag a t i n g  s h o c k s  w h i ch  i m p a r t  an u p w a r d  

mom en tu m  on t h e  TR. In t he  Chap t e r  4  work ,  t he  TR cont i nued  to 

r i s e  unt i l  the e f f e c t s  of g r av i t y  i n i t i a t e d  the r e t u r n  of t he  TR to 

l o w e r  he ight s .  Th is  fal l  w a s ,  however ,  i n t e r r u p t e d  by subsequen t  

rebound  shocks  which  aga in Induced an upward ve loc i t y  to t he  TR.
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Th is  p r o c e s s  cont i nued unt i l  the TR achieved  a new s t e a d y  s t a t e  

w i t h  the TR remain ing  r a i s e d  and t he  ma te r i a l  be low i t  r e s emb l ing  a 

sp i cu le .  In t h e  work of t h i s  c h a p t e r ,  the  d i sp l ac ed  TR e n t e r s  a 

h o r i z o n t a l  m a g n e t i c  f i e l d  r eg ion  a t  s = d , .  The ga s  moving

hor izont a l l y  does  not  fee l  the  e f f e c t s  of gravi ty.  None thel es s ,  there 

i s  some  s l o w i n g  of t he  gas  via t h e  r e l a t i v e l y  weak  p r o c e s s  of 

pa r t i a l l y  a d i a ba t i c  ( t her e  i s  some hea t  input  in to  t he  gas via shocks)  

expansion.  The TR r e a c h e s  the end of t he  hor izon t al  s eg m en t  of the 

f lux tube (s = d2) before  t he  th i rd  shock  (the s econd  rebound shock)

can cat ch  up to it. (The f i r s t  rebound shock s t r i k e s  the  TR before  

t h e  TR r e a c h e s  s = d! -  t h i s  can be s e en  in Figure  6.2.) During the

expans ion  p h a s e ,  t he  a v e r a g e  v e l o c i t y  of t he  TR (25  km s “ 1) is 

g r e a t e r  t han  t h a t  of t he  r e f e r e n c e  model  s p i c u l e  (16  km s “ 1) of 

Chapte r  4.

A m o t i v a t i o n  fo r  t he  s t ud i e s  of  t h i s  c h a p t e r  i s  to s e e  i f  the 

m ec h a n i s m s  of  the rebound shock model  f o r  s p i c u l e s  can produce 

f i b r i l - l i k e  f e a t u r e s  on hor i zon ta l  f l ux  tubes .  U n fo r t una t e ly ,  the 

p rop e r t i e s  of f i b r i l s  a re  no t  wel l  known,  as pointed out in Chap t e r  1. 

Thus  i t  is no t  poss ib l e  to give a f i rm co r r e l a t i on  be tw een  t he  model 

r e s u l t s  and obse rva t ions .  Some poin t s  of compar i son  wi l l  m e re ly  be 

noted.  The ve loc i t y  of t he  TR in the  model  i s  25  km s " 1 w h i l e  i t  is 

moving on t h e  ho r i zo n t a l  s egment .  V e l o c i t i e s  of t he  m a t e r i a l  

r ema in ing  on t he  hor i zon t a l  s e gmen t  a f t e r  the  TR has  l e f t  i t  vary 

f rom about  - 4  t o  4  km s -1. The observed  ve loc i t i e s  on f i b r i l s  range 

f rom  about  2 0  to  3 4  km s -1 . Fibr i l  d e n s i t i e s  a r e  obse rved  to be 

g r e a t e r  than 10~ 13 g cm " 3 by Foukal ( 1971b ) ,  whi l e  P ike lne r  ( 1971b)
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gives  much l o w e r  d e n s i t i e s  ( 8  x 10“ 15 g c m ' 3). The model  f ibr i l  has 

a dens i t y  of about  10 " 14 g c m ' 3. The model  f i b r i l ' s  t e m p e r a t u r e  is 

about  1 1 0 0 0  K, w h i ch  i s  s o m e w h a t  l o w e r  t han  o b se r v e d  f i br i l  

t e m p e r a t u r e s  of 18000  to  250 0 0  K.

Full s i zed  sp i cu l e s  due not  form on the ve r t i ca l  ( t h i rd)  sec t ion  

of t he  f l ux  tube  in t h i s  model .  Note t h a t  t h i s  r e s u l t  i s  may be 

c o n s i s t e n t  w i th  the  obse rv a t i on s  sug ges t i ng  an absence  of sp i cu l es  

in supergranu le  cell  c e n t e r s ,  where  the  t h i rd  s ec t i on  of the  flux tube 

in the model  may ex i s t .  A f a c t o r  in t he  p roduct ion  of  only sho r t  

sp i cu l e s  i s  t h a t  t he  rebound shocks  m u s t  t r ave l  a g r e a t e r  d i s t an ce  

be fo re  r e ac h i ng  t he  TR than in t he  C h a p t e r  4  s p i c u l e  case .  The 

shoc ks  l o s e  some of t h e i r  ene rgy  to h e a t  in t r a n s i t ,  and a re  

t h e r e fo r e  t oo  weak to genera t e  a l a r g e r  spicule.

The numer i ca l  f i b r i l  model of Su e m a t su  (1985 )  d i f f e r s  f rom 

t h a t  p r e s e n t e d  he re  c h i e f l y  in t h a t  S u e m a t s u  u t i l i z e s  a loop 

geometry.  A nice f e a t u r e  of his  loop model  i s  t ha t  i t  p rov ides  for  a 

mec han i sm  by which  t he  f i br i l  m a t e r i a l  r e t u r n s  to t he  end of the 

loop f rom wh ich  i t  o r i g ina te s .  The f i br i l  f o r m s  via a p r e s s u r e  pulse 

a t  the base  of one end of the loop. Mater ial  i den t i f i ed  w i t h  the f ibri l  

moves  a long the loop behind a d i sp laced  TR. The r e t u r n  mechan i sm  

r e s u l t s  f r om the  e x i s t e n c e  of a TR and ch romosphere  a t  t he  f a r  end 

of  the  loop. The coronal  gas  compre s se d  be tw een  t he  d i sp l aced  TR 

and the TR a t  t he  f a r  end of t he  loop e v e n t u a l l y  l e a d s  to the  

r e t r a c t i o n  of t he  f ibr i l .  Addi t ional  f a c t o r s  leading to t he  r e t r a c t i o n  

of  the  m a t e r i a l  a re  g r av i t y  and shock w a v e s  t r ave l i ng  oppos i t e  to
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the  mot ion  of t he  developing f ibr i l .  T hes e  shoc ks  r e s u l t  f r om the 

pa r t i a l  r e f l e c t i on  of shocks  o f f  the TR a t  the  f a r  end of the loop.

In c o n t r a s t ,  the  f ibr i l  model  of t h i s  c h a p t e r  r ema ins  extended 

a t  long t i m e s  a l a  the sp icu le  In Chapt e r  4. Th i s  occurs  because  a 

s i t u a t i o n  is r e a ch e d  w he r e  t he  g r a v i t a t i o n a l  po t e n t i a l  ene rgy  is 

ba lanced  by the t h e rma l  energy input  by shock hea t ing ,  and t he r e  is 

no d i s s i pa t i o n  in the  sy s t em.  The f ibr i l  r e t r a c t i o n  could pr esumabl y  

be c aus ed  by t he  addi t ion  of r a d i a t i v e  l o s s ,  h e a t  conduc t ion ,  and 

i o n i z a t i o n  t e r m s  in the  c a l c u l a t i o n s ,  in a m a n n e r  s i m i l a r  to  t ha t  

d i s c u s s e d  for  sp i cu l e s  in Chapt er  4. It should be pointed out  t h a t  the 

long t i m e  be h av i o r  of t he  S u e m a t s u  ( 1 9 8 5 )  model ,  w h i c h  also 

n e g l e c t s  d i s s i p a t i o n  l o s s e s ,  i s  unknown. That  c a l cu l a t i on  concluded 

a f t e r  t h e  r e t r a c t e d  model  f i br i l  r ebounded  o f f  t he  l o w e r  so l a r  

a tmosphe re ,  and began to extend  again.

It  i s  w o r t h  not ing t h a t  obse rved  f i b r i l s  do not  c o n s i s t e n t l y  

r e t r a c t ;  they a re  a l so  observed  to merge  wi th  o t h e r  f i br i l s ,  o r  fade. 

Moreover ,  i t  i s  no t  uncommon fo r  so m e  f i b r i l s  to fade w i th o u t  

changing t h e i r  l ength  (Marsh 1976).

The loop f i b r i l  model due to S u e m a t su  (1 98 5 )  did not  produce 

s t r on g  rebound shocks .  Th is  i s  because  t he  e f f e c t  of g r av i ty  on the 

f i br i l  ma t e r i a l  d e c r e a s e s  as  t he  ma t e r i a l  evolves  along the loop.  As 

i n d i c a t e d  in Cha p t e r  4,  g r av i t y  is  r e s po n s ib l e  f o r  t he  f o r m a t io n  of 

t he  o s c i l l a t i n g  wake ,  and t h e r e f o r e  f o r  t he  rebound shocks ,  which 

deve lop  on ve r t i c a l  f lux t ubes .  A consequence  of the  a b se n c e  of
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s t rong  rebound s h o c k s  is t h a t  not  much hea t i ng  is  supp l ied  to the 

evolved  f i br i l  in t h e  loop model .  Thus  S u e m a t s u  ( 1 9 8 5 )  only 

o b t a in ed  t e m p e r a t u r e s  of about  1000 K in h i s  model  f i b r i l .  The 

geome t ry  of the f lux tube  used in t he  work of t h i s  chap t e r  con t a i n s  a 

long enough ver t ica l  s e gm en t  above the sou rce  l oca t i on  to  a l l ow  for  

the gene ra t i on  of s t r o n g  rebound shocks  wh ich  even tua l l y  hea t  the 

f ibri l  ma t e r i a l .  Thus  t h i s  model y ie lds  t e m p e r a t u r e s  of 11000  K in 

the f i b r i l .  However,  pa r t i a l  r e f l e c t i o n s  of t he  shocks  a t  t he  s = d,

boundary help p r e v e n t  shocks  f rom hea t i ng  t h e  f i br i l  to  a s  high a 

t e m p e r a t u r e  as t he  model  sp i cu le  in Chapte r  4. The hea t ing  problem 

would be made m o r e  e x t r e m e  w i t h  t he  i nc lu s i on  of d i s s i p a t i v e  

losses .  Apparent ly,  addi t ional  heat ing mu s t  be added to t he  model  to 

reproduce  the observed t e m p e r a t u r e s  of f i br i l s .

Ano the r  l i m i t a t i o n  on t he  work  here  v i s - a - v i s  f i b r i l s  i s  t h a t  

f i br i l s  on magnet ic  f lux t ubes  of the su gg es t e d  geome t ry  would  be 

s u s c e p t i b l e  to t h e  R a y l e ig h - T a y lo r  i n s t a b i l i t y ,  s i nce  t he  model  

p r e d i c t s  dense  m a t e r i a l  ov e r l y i ng  l e s s  de n se  m a t e r i a l .  The 

i n s t a b i l i t y  quest ion i s  avoided in t h i s  work s i nce  i t  i s  r e s t r i c t e d  to 

one-dimension.

T h i s  s tudy h a s  a l so  a f f o r d e d  an o p p o r t u n i t y  t o  s t u d y  

o s c i l l a t i o n s  of t h e  ga s  on t he  f lux tube.  The mot ion  i s  c l e a r l y  

visible in Figure 6.1b,  by v i r tue  of a jump in dens i t y  t ha t  deve lops  on 

the hor i zon ta l  flux tube.  The o sc i l l a t i on s  ex tend  outwa rd  to include 

the TR a l so .  T h e s e  o s c i l l a t i o n s  can be und e r s t oo d  in t e r m s  of 

s t and ing  wave  a n a l y s i s .  The p rocedu re  i nvo lve s  a s tudy  of plane
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waves  in a f o u r - l a y e r  mock dens i ty  p rof i le  s e l e c t e d  to r e p r e se n t  t he  

de ns i t y  p r o f i l e  of t h e  evolved f i b r i l .  The a n a l y s i s  l e a ds  to a 

s t anding  w a v e  wi th  a per iod of 23  m inu t e s ,  which co r r e sponds  wel l  

w i th  t he  numer i ca l  r e s u l t s .  It t u r n s  out  t h a t  the  “s h o r t  sp icule"  

component  of  t h i s  p r o f i l e  is qu i te  i m p o r t a n t  in t he  s t and ing  wave  

ana ly s i s .  To see  t h i s ,  note  t h a t  an a n a l y s i s  i gnor ing  t he  s h o r t  

spi cu le ,  i.e. region 2 of  Figure 6 .6 , l e aves  one w i th  a c losed  organ 

pipe problem.  In such a c ase ,  the fundamenta l  mode i s  one qu a r t e r  of 

a wa ve l en g th  in region 1, implying a wave l ength  of 4 4 , 0 0 0  km. The 

co r r e s po nd i ng  wave  pe r i od  would t h en  be 43  m in u t e s .  Thus t he  

addi t ion of t he  “sho r t  spicule"  l ayer ,  even though i t  i s  only 2 05 0  km 

in ex t en t ,  r educ es  t he  per iod of t h e  s t anding  wave  on t he  f lux t ube  

by a lmos t  a f a c to r  of two.
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Fig. 6.1 (a). Densi ty vs. he ight  a t  2 4  d i f f e r e n t  t imes  in t he  
rebound shock model  for  f i b r i l s .  The l o w e s t  prof i le  i s  at  t = 130 .54  
s. Each s u b s e q u e n t  p r o f i l e  is  180 .54  s l a t e r  t h a n  the p r o f i l e  
imme d ia t e ly  be low it.  The ve r t i ca l  s ca l e  cor re sponds  to the l o w e s t  
prof i le .  The ca l cu l a t i on  is based  on a magne t i c  f ield geometry  wh ich  
is v e r t i c a l  at  i t s  base ,  hor i zon ta l  b e t w e e n  dj and d2, and v e r t i c a l  
beyond d2. The l ine  labeled TR denotes  t he  average he ight  of t he  TR 
a f t e r  the  f ibr i l  ha s  achieved i t s  maximum extent ,  (b). Same as (a), 
but  only at the 13 l a t e s t  t im es .  I nd i ca ted  is a blob of gas w h i c h  
a c t s  a s  a t r a c e r  f o r  fluid mo t ions  on the flux tube.
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Fig. 6.2.  Densi ty (a) and t em p e r a tu r e  (b) as  a funct ion of  t ime 
on the hor i zon ta l  s egment  of the f lux tube (height  of 8250  km) in the 
rebound shock  model of f i br i l s .
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Fig. 6.3. T r an s i t i o n  region he igh t  as a func t ion  of t ime  in t he  
rebound shock model  of f ib r i l s .  The l oca t i ons  d 1# d2, and TR are the
sa m e  as  in Fig. 6.1. The a r r o w s  i n d i c a t e  t he  l o c a t i o n s  whe re  t he  
f i r s t  two  shocks  s t r i k e  the TR.
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Fig. 6.5. Log densi ty ,  r, as a func t ion  of d i s t a n c e ,  w, for  
the  s t anding  wave ana ly s i s  of Chapte r  6 . The dens i ty  
f a l l s  exponent ia l ly  in the  base  region,  region 2 , and in 
the  corona.  The s ca l e  he ight  in the corona i s  much 
l a r g e r  t han  t h a t  of the  base  region and region 1 , hence 
the dens i t y  fall  off  w i t h  height  i s  much s l o w e r  in the 
there .  Region 1 r e p r e s e n t s  the hor izonta l  s e c t i o n  of 
the  f lux tube  in the rebound shock model of f i b r i l s .



CHAPTER 7  

CONCLUSION

Motivations for Studies

One of t he  pr imary o b j ec t i v e s  of s o l a r  phys i cs  i s  to unders t and  

t he  s u n ’s a tm os ph e re .  S p e c i f i c a l l y ,  a t t e m p t s  a r e  being made  to 

unde r s t and  t h e  e n e rg i za t i o n  of and i n t e r a c t i o n  b e t w e e n  the var i ous  

a tm o s p h e r i c  r eg ions .  Th i s  goal is i m p o r t a n t  in t e r m s  of t he  more  

gene r a l  o b j e c t i v e s  of unde r s t and ing  t h e  en t i r e  sun ,  and t he  sun' s  

e f f e c t  on the  e a r t h  and o t h e r  planets .  Fu r the rmore ,  i t  i s  now c l e a r  

t h a t  many s t a r s  have s o l a r - l i k e  a tm os ph e re s ,  and undergo a c t i v i t y  

s i m i l a r  to t h a t  which occu r s  on the sun (see  Noyes 1985).  S tudy  of 

t h e  s o l a r  a t m o s p h e r e  i s  of  g r e a t  i m p o r t a n c e  in the  q u e s t  to 

un de r s t and  such  s t a r s ,  s i nc e  the sun i s  t he  only s t a r  which can be 

i nv es t i g a t e d  in g r e a t  de ta i l .

This  t h e s i s  has  c o n c e n t r a t e d  on t h e o r e t i c a l  a s p e c t s  of  the 

s o l a r  chromosphere .  The chromosphere  i s  i n t im a t e ly  connec ted wi th  

t h e  o t h e r  a t m o s p h e r i c  r eg i ons  of the sun.  For examp le ,  t he  l o w e r  

ch rom os ph e re  i s  probably hea t ed  via w a v e s  f rom th e  photosphe re ,  

w h i l e  t he  h e a t i n g  in h i g h e r  r eg ions  may  r e s u l t  f r om p r o c e s s e s  

s i m i l a r  to t h o s e  which ene r g i ze  the h o t  corona.  Thus  t he  s t u d i e s  

c a r r i e d  out  in t h i s  t h e s i s  r e a l l y  r e l a t e  to  t h e  e n t i r e  s o l a r  

a tmosphe re .
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Sp ic u l e s  and f i b r i l s  play a m a j o r  role  in t he  dynamics  of the 

chromosphe re .  There  a r e  s evera l  r e a s o n s  why t h e s e  f e a t u r e s  are  

impor t an t .  Pe rhaps  m o s t  notably ,  t he  ch romosphe re  a ppe a r s  to be 

l arge ly  (if no t  en t i re l y)  composed of d i s c r e t e  f e a t u r e s  of the  na tur e  

of sp i cu l e s  and f ibr i l s .  Moreover,  sp i c u l e s  and f i b r i l s  appea r  to be 

m a g n e t i c a l l y  con t ro l l ed  -  and t h i s  s e e m s  to be a common th r ea d  

be tw een  va r i ous  f ea t u r e s  throughout  t he  so l a r  a tm osp he re  above the 

photosphe re .  Sp i cu les  a r e  a lso i m p o r t a n t  because  they ap pa ren t l y  

play a role  in t he  m as s  ba l ance  of t he  s o l a r  a tmosphe re ,  s i nce  t h e i r  

upward m a s s  f lux is much g r e a t e r  than the  ou twa rd  m as s  f lux of the 

s o l a r  wind  ( s e e  C ha p t e r  1). Also,  t he  ene rgy  r e q u i r e m e n t s  of 

s p i c u l e s  a r e  c o mp a r ab l e  to t h ose  of  o t h e r  r e g io n s  of t he  s o l a r  

a tmosphe re .  Spi cules  and f i b r i l s  a re  a l so  of i n t e r e s t  s i nce  they  are  

nonl inear  phenomena -  such  phenomena are  probably common in the 

s o l a r  a tmosphe re ,  and in o t h e r  a s t r ophys i ca l  con tex t s .

Summary of Results

This  t h e s i s  c o n s i s t s  of  t hr ee  main s e c t i o n s  in which new work 

i s  p r esen t ed .  The m a j o r  work  and r e s u l t s  may be su m m ar i ze d  as  

fo l lows.

In t he  f i r s t  s e g m e n t  ( C h a p t e r  4) ,  a mode l  f o r  s p i c u l e  

genera t i on ,  o r ig ina l l y  p r e s e n t e d  by Hol lweg (1992) ,  i s  ex tended  and 

analyzed.  In t he  model  (Hol lweg 1982) ,  a sp i cu l e  r e s u l t s  f r om a
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s ing l e  im p u l s i v e  body f o r c e  i m p a r t e d  n e a r  t he  b a s e  of a r i g id  

m agne t i c  f lux t ube  in the  s o l a r  a tmosphe re .  The impu l s e  g e n e r a t e s  

an upwa rd  p ropaga t i ng  wave  t r a i n .  The wave  t r a i n  su bs equ en t l y  

evo lves  i n to  a s e r i e s  of rebound shocks  due to t he  non l inear  na tu r e  

of t he  ca l cu l a t i on .  The shocks  i n t e r a c t  w i t h  and l i f t  t he  t r a n s i t i o n  

r eg ion ,  and t h e  m a t e r i a l  be low  the  r a i s e d  t r a n s i t i o n  r eg ion  is 

i den t i f i ed  w i t h  t he  spicule .  Among the r e s u l t s  of t h e  work on the  

model  in t h i s  t h e s i s ,  i t  w a s  found t h a t  a t  long t i m e s  t he  model  

sp i c u l e  a c h i e v e s  and m a i n t a i n s  a m ax im um  h e ig h t ,  and a new 

h y d r o s t a t i c  equ i l i b r i u m is  approached.  Th i s  o c c u r s  because  t he  

model n eg l ec t s  channels  of energy d i s s i pa t i on  (w i th  t he  except ion of 

shock hea t ing) ,  such as  hea t  conduct ion ,  r ad i a t i o n ,  and ion iza t ion .  

Thus  t h e  ene rgy  i nput  i n to  t h e  s y s t e m  via  t he  i n i t i a l  i m pu l s e  

r e m a in s  in t he  s y s t e m  a t  long t i m e s  as g r a v i t a t i o n a l  and t he r m a l  

energy.  Fur the r  i nve s t i ga t i o ns  in to  the model  involved a s tudy of the 

p ro p e r t i e s  of t he  r e s u l t i ng  sp i c u l e  as t he  i n i t i a l  input  p a r a m e t e r s  

w e r e  va r i ed .  It w a s  d e t e r m i n e d  t h a t  t h e  model  i s  c apa b l e  of 

r eproducing  observed  sp i cu l e  c h a r a c t e r i s t i c s ,  w i th  t he  excep t i on  of 

t e m p e r a t u r e ,  when only t he  dynamics  is  cons ide red .  The deduced 

t e m p e r a t u r e s  a r e  h igher  t han  t h os e  ob se rved  in a c t u a l  sp i c u l e s .  

However ,  i f  add i t i ona l  energy  d i s s i p a t i o n  e f f e c t s  a r e  t ake n  i n to  

account ,  t he  f inal  t e m p e r a t u r e s  would be expec ted  to be reduced.

The new equi l i b r ium approached by t he  sp i c u l e  in the  model  

su g g e s t s  a t h r e e  l aye r  s t r u c t u r e  in the s y s t e m  con s i s t i n g  of a region 

of  r e l a t i v e l y  high,  but  e x p o n e n t i a l l y  d e c r e a s i n g  d e n s i t y  ( t he  

ph o t o sp he re  end ch romosphe re ) ,  a region of  i n t e r m e d i a t e  d e n s i t y
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i d en t i f i e d  w i t h  t he  spi cule ,  and a region of  near ly  undi s t u rbed  low 

dens i t y  corona.  Such a s t r u c t u r e  would have a cor r esponding  t h r ee  

l a y e r  Al fven  wa ve  speed  v e r s u s  he igh t  p r o f i l e  -  e x po n en t i a l l y  

i n c r e a s ing  in t he  bo t tom region,  con s t a n t  in the sp i cu l e  region,  and 

c o ns t a n t  but  h igher  in the corona.  In the  second pa r t  of t h i s  t h e s i s ,  

(Chapter  5) the  consequences  of launching t or s i onal  Alfven wa ves  at  

the ba se  of  t he  f lux tube in such  a t h r e e - l a y e r  model  w e re  s tudied .  

Al though p a r t i a l  r e f l e c t i o n s  of t he  w a v e s  occu r  a t  t he  boundary 

b e t w e e n  t h e  b o t t o m  and s p i c u l e  r e g i o n s ,  and a t  t he  boundary  

b e tw e e n  t he  sp i c u l e  and corona ,  i t  w a s  found t h a t  l a rge  energy 

t r a n s m i s s i o n  t hrough t he  sp i c u l e  could be achieved when s p e c i f i c  

r e sonance  f r equenc i e s  a re  exc i ted .  Thus t he  sp i cu le  can be thought  

of as  a r e s o n a n c e  cav i t y  f o r  Alfven wav es .  When some  form of 

damping of t h e  w a v e s  i ns ide  t he  sp i cu l e  c av i t y  i s  a s su me d ,  the  

Alfven wa ves  can hea t  the  spi cules .  It w a s  pos tu l a t ed  t h a t  the wave 

d i s s i p a t i o n  i s  m e d i a t e d  by a Kelvln-He lmhol t z  i n s t a b i l i t y ,  w i t h  a 

sub se qu e n t  t u r b u l e n t  c a s c ad e  of the w a v e  energy to  h ighe r  wave  

number s  fo l lowing  a Kolmogorov spect rum.  Moreover,  i t  was  shown 

th a t  such  a Kolmogorov t u rbu lence  is c o n s i s t e n t  w i t h  t he  observed 

non thermal  mot ion  in sp i cu l es .  An i m p o r t a n t  a sp ec t  of the  Alfven 

wave  r e s onance  concept  i s  t h a t  t he  t o r s i ona l  Alfven w a v e s  o f f e r  an 

ex p l a n a t i o n  f o r  t he  r e p o r t e d  t w i s t i n g  m o t i o n s  of sp i c u l e s .  The 

ene rgy  e n t e r i n g  t h e  s p i c u l e  v i a  t h e  r e s o n a n c e s  may  l e ad  to 

addi t i onal  hea t i ng  of t he  sp i cu l e ,  and i t s  sub seq u e n t  fading in t he
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The t h i rd  s e g m e n t  of  t h i s  t h e s i s  (Chapt e r  6 ) a t t e m p t s  to 

i n v e s t i g a t e  f i b r i l s  us ing t he  sp i c u l e  model  of  C h a p t e r  4. The 

m a g n e t i c  f ie ld  geome t ry  in t h i s  c ase  i s  d i f f e r en t ;  i t  c o n s i s t s  of a 

v e r t i c a l  s e g m e n t  a t  t h e  b a se ,  a h o r i zo n t a l  s e g m e n t  above the  

t r a n s i t i o n  reg ion ,  and a second ve r t i c a l  s e g m en t  which  heads  out 

i n to  t he  o u t e r  s o l a r  a t m o sp h e re .  It w a s  found t h a t  f i b r i l  type 

f e a t u r e s  can develop on the  hor izonta l  s e gmen t  of the f lux tube.  The 

evo lv ing  m a t e r i a l  on the  hor i zon ta l  s e gm en t  of the f lux t ube  does 

n o t  f e e l  t he  e f f e c t s  of g r av i t y .  T h i s  r e s u l t s  in t h e  sm o o th  

( co m pa red  to t h e  c a se  of t he  sp i cu l e  of Chap t e r  4) mo t ion  of t he  

t r a n s i t i o n  region wh i l e  developing as a f ibr i l .  However ,  t he  shocks  

w h i c h  led to t h e  ful l  sp i c u l e  in the  o r i g ina l  sp i cu l e  model  a re  

w e a k e n e d  by d i s s i p a t i o n  of  a p o r t i o n  of t h e i r  e ne r gy  on t he  

hor i zont a l  s e gmen t  of the f lux tube in the  f ibr i l  model,  and t hus  only 

a " sh o r t  sp icule"  r e s u l t s  on t he  f inal  v e r t i c a l  s e gmen t  of t he  flux 

tube .  Ano the r  r e s u l t ,  found by s t udying  t he  l o ng - t im e  behav io r  of 

t he  model ,  i s  t h a t  a s t and ing  wave  develops  on the  f ibr i l  f lux tube 

w h i c h  induces  o s c i l l a t i o n s  of  t he  f ib r i l  gas.  The per i od  of t h e s e  

o s c i l l a t i o n s  i s  h ighly  i n f l ue nce d  by t he  e x i s t e n c e  of t h e  " shor t  

sp i cu le "  on the  ve r t i c a l  por t ion of the  flux tube.

Future Prospects

As is o f t en  t h e  ca se  in s c i e n t i f i c  pu r su i t s ,  the  work comple t ed  

s u g g e s t s  more p r o j e c t s  wor th y  of study.  Pe rhaps  the  m o s t  p r es s ing  

i s  t h e  s u g g e s t i o n  to  r e p r o d u c e  t he  n u m e r i c a l  c a l c u l a t i o n s  of
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Cha p te r s  4  and 6  w i t h  t h e  add i t ion  of  energy d i s s i p a t i o n  t e r m s .  

Al though s o m e  spe cu l a t i o n s  of the consequences  of t he  addi t ion  of 

t h e s e  t e r m s  w e r e  made In Chapte r  4,  a t r ue  sp i cu l e  o r  f i br i l  model 

m u s t  a w a i t  t he  actual  non l i nea r  numer ica l  c a l cu l a t i o ns  w i t h  which 

t o  compa re  ob se rv a t i on s .  Anothe r  po t e n t i a l  p r o j e c t  su g g e s t e d  by 

t h i s  t h e s i s  i s  to run t he  Chapt e r  4  sp i cu l e  model  c a l cu l a t i o n  w i th  

t h e  energy l o s s  t e rm s ,  p lu s  a uni form hea t ing  t e r m  in t he  sp i cu le  

region.  Such a hea t ing  t e r m  could be f a s h ioned  to r e p r e s e n t  the  

hea t i ng  due t o  Alfven w a v e  r e s on an c es  of C ha p t e r  5. The au tho r  

p l ans  to pu r sue  t hese  ca l cu l a t i ons  In t he  near  fu ture .

Any t h e o r e t i c a l  w o r k  p rovokes  t h e  que ry ,  a re  t he  r e s u l t s  

r e l a t e d  to  r e a l i t y ?  As f a r  as  t he  p r o j e c t s  of t h i s  t h e s i s  a r e  

concerned ,  t h e r e  is no de f i n i t i ve  a n s w e r  a t  t h i s  t ime.  The a ns w e r s  

c an  only be found via o b se r v a t i o ns .  Unf o r tuna t e ly ,  c u r r e n t  e a r t h  

b a s e d  ob se rv a t i o n s  of ch ro mo sp he r i c  f ine  s t r u c t u r e  f e a t u r e s ,  such 

a s  s p i c u l e s  and f i b r i l s ,  a r e  of  i n s u f f i c i e n t  r e s o l u t i o n  to 

un a m b ig u o us ly  d i f f e r e n t i a t e  b e tw ee n  t he  m u l t i t u d e  of t h e o r i e s  

a t t e m p t i n g  t o  de sc r i be  t h e s e  f e a t u r e s .  However ,  d i s c u s s i o n s  of a 

sp a c e  based ,  high r e s o l u t i o n  so l a r  o b s e r v a t o r y  a re  now underway.  

Eventual ly ,  t h e  obse rva t i ons  wi l l  come to c o r ro bo r a t e  o r  r e f u t e  the 

t heor i es .  In t he  meant ime ,  t he  sun wi l l  cont inue  to shine.
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