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A b s t r a c t  

The p r o p e r t i e s  and e x i s t i n g  t h e o r i e s  f o r  t h r e e  types of f i n e  
s t r u c t u r e  observed i n  s o l a r  decametr ic storms a r e  reviewed. The types 
a r e  s t r i a  bu rs t s ,  i n c l u d i n g  s p l i t  p a i r  bu rs t s ,  t r i p l e  b u r s t s  and t ype  
I I l b  bu rs t s ,  d r i f t  p a i r  (DP) b u r s t s  and S bu rs t s .  

I n  d i scuss ing  t h e  i n t e r p r e t a t i o n  o f  s t r i a  b u r s t s  emphasis i s  
p laced on t h e i r  s p l i t t i n g  i n  s p l i t  p a i r  and t r i p l e  b u r s t s .  E x i s t i n g  
t h e o r i e s  i n v o l v e  e i t h e r  a  frequency s p l i t t i n g  o f  t h e  spectrum Langmuir 
waves o r  a s p l i t t i n g  induced i n  t h e  convers ion  process t o  t ransverse  
waves due t o  coalescence w i t h  low frequency tu rbu lence.  Ne i the r  ac- 
counts n a t u r a l l y  f o r  t r i p l e  bu rs t s .  An a l t e r n a t i v e  suggest ion i s  made 
here: t h e  Langmuir waves may be s p l i t  due t o  coalescence w i t h  low 
frequency tu rbu lence so t h a t  convers ion t o  t ransverse  waves becomes 
p o s s i b l e  through coalescence w i t h  a  second low frequency wave. Th i s  
mechanism can account q u a l i t a t i v e l y  f o r  t h e  observed s p l i t t i o g .  Lower 
h y b r i d  tu rbu lence i s  favoured  b u t  t h e r e  a r e  unresolved k inemat ic  
d i f f i c u l t i e s ,  and t h e  e x c i t i n g  agency f o r  t h e  tu rbu lence i s  n o t  iden-  
t i f i e d .  The Langmuir waves a r e  assumed t o  be generated by a  t ype  I11 
s t  reall]. 

I t  i s  suggested t h a t  t h e  two t r a c e s  i n  a  DP a r e  due t o  two rays  
f rom a  s i n g l e  source ( t h e  echo hypothes is )  which i s  w i t h i n  an overdense 
f l u x  tube i n s i d e  a  c o n i c a l  coronal  duct .  The model leads n a t u r a l l y  t o  
two p a r a l j e l  emerging rays,  one r e f l e c t e d  f rom t h e  near s i d e  o f  t h e  
duc t  and t h e  o t h e r  f rom t h e  f a r  s i d e  o f  t h e  duct .  I t  i s  suggested t h a t  
S b u r s t s  a r e  due t o  an analogous process w i t h  t h e  rays  escaping d i r e c t l y ,  
i .e. w i t h o u t  r e f l e c t i o n  f rom t h e  s ides  o f  t h e  duc t .  I n  b o t h  cases fund-  
amental plasma emiss ion i s  assumed. The e x c i t i n g  agency f o r  DPs and S 
b u r s t s  i s  n o t  i d e n t i f i e d .  

1. I n t r o d u c t i o n  

There a re  t h r e e  w e l l  de f i ned  types o f  f i n e  s t r u c t u r e  i n  m e t r i c  

( r a t h e r  decametr ic)  no i se  storms. I n  o rde r  o f  t h e i r  c l a s s i f i c a t i o n  they  

a r e  d r i f t  p a i r  b u r s t s  (DPs), s t r i a  b u r s t s  and S bu rs t s .  DPs were f i r s t  

i d e n t i f i e d  by Roberts (1958) and a r e  cha rac te r i zed  by two t r a c e s  on a  

dynamic spectrum separated by 1  t o  2 seconds and d r i f t i n g  a t  a  charac- 

t e r i s t i c  r a t e ,  u s u a l l y  i n  t h e  reverse  sense, i .e .  f rom lower  t o  h i g h e r  

f requencies.  S t r i a  b u r s t s  were i d e n t i f i e d  by E l  l i s  and McCul l o c h  (1966, 

1967) and were g i ven  t h e i r  c u r r e n t  name by de l a  Noe and Bo ischot  

(1972). I n d i v i d u a l  s t r i a  a r e  narrow band and a re  e i t h e r  n o n - d r i f t i n g  o r  
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S bursts in Section 7. A possible a l te rna t ive  model f o r  the source 
region of DPs and S bursts i s  developed in Section 8. 

2. St r i a  Bursts and Type I I Ib  Bursts 

The following summary of the properties of s t r i a  bursts and of 

type I I I b  bursts i s  based on e a r l i e r  summaries by E l l i s  and McCulloch 
(1967), de l a  Noe and Boischot (1972), Mdller Pedersen (1974), Baselyan 
e t  a l .  (1974a,b), de l a  No€! (1975), McCulloch and Ell i s  (1977), Elgardy 

(1977) and Fomichev and Chertok (1977). 

S t r i a  bursts a re  defined by t h e i r  appearance on a dynamic spectrum: 

they are  narrow non-drifting or  slowly d r i f t i ng  bands persisting fo r  a t  
most several seconds. The s t r i a  tend t o  form doublets ( s p l i t  pair  

bursts)  or  t r i  pl e t s  ( t r i p l e  bursts) with charac ter i s t ic  frequency sep- 
arat ions comparable with the bandwidth of individual s t r i a ,  some ex- 

amples a re  shown in Figure 1.  

-. 
lowest frequency ( z  10 
MHz) observable from the 
ground. They can occur 
in any decametric storm 

Fi g . 1 . Exampl es  of 
s t r i a  bursts (with a type 
I I I b envel ope) observed 
a t  Hobart. Note tha t  
frequency increases along 
the ordinate,  contrary t o  
the more usual so lar  con- 
vention. (courtesy of 
G.R .A .  E l l i s )  l l l i ' l l l l l l l l l l l l l l l l l l l l  1 
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/ 8. Type 7 7 1 b  B u u a 2  

I The s t r i a  b u r s t s  o f t e n  form chains whose envelope i s  charac ter-  

i s t i c  o f  type I 1 1  bu rs t s ,  and which a re  c a l l e d  type I I I b  b u r s t s  (F ig-  

ure  2) .  W i t h i n  a  type I I I b  envelope the  i n d i v i d u a l  s t r i a  may i n c l u d e  

s i n g l e t s ,  doug le ts  and t r i p l e t s ,  and a1 though t h e r e  i s  u s u a l l y  a  dom- 

i n a n t  sense o f  p o l a r i z a t i o n  n o t  a l l  s t r i a  b u r s t s  need be p o l a r i z e d  i n  

t he  same sense. The p o l a r i z a t i o n  o f  type I I I b  i s  c h a r a c t e r i s t i c  o f  

t h a t  o f  normal fundamental type I 1 1  b u r s t s  (Dul k  and Suzuki 1980). 

9. h b o c i a t i o n  d t h  Type 117 Bma2 

Type I I I b  b u r s t s  a re  associated w i t h  normal type I 1 1  bu rs t s .  de 

l a  Noe (1974) suggested t h a t  t he  type I I I b  b u r s t  i s  a  p recursor  o f  t h e  

normal type I 1 1  bu rs t ,  w i t h  a  somewhat l a r g e r  (by a  f a c t o r  = 2)  d r i f t  

r a t e .  Baselyan e t  a1 . (1974b) presented s t a t i s t i c a l  evidence f o r  t h e  

t ype  I I I b  b u r s t s  be ing  fundamental components o f  normal second har-  

monic type I 1 1  bu rs t s .  Th i s  l a t t e r  suggest ion i s  favoured by a  c l e a r  

example o f  a  U b u r s t  (F igu re  3)  and by evidence f rom p o l a r i z a t i o n  

s t u d i e s  (Suzuki and Sheridan 1977, Dulk and Suzuki 1980). Type 
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Fig .  2 .  An example o f  t ype  I I I b  b u r s t s  observed a t  Culgoora; t h e  i n -  
d i v i d u a l  s t r i a  and n o t  w e l l  resolved.  



3 .  The S p l i t t i n g  o f  S t r i a  Burs ts  

The most obvious f e a t u r e  of s t r i a  b u r s t s  i s  t h e  frequency s p l i t -  

t i n g  i n  d r i f t  p a i r  and t r i p l e  bu rs t s .  For any theo ry  t o  be conv inc ing  

i t  must account f o r  t h i s  s p l i t t i n g .  

One can conceive o f  f o u r  types o f  exp lana t i on  f o r  t h e  s p l i t t i n g .  

(We assume fundamental plasma emission, as i m p l i e d  by t h e  da ta  on 

t ype  I I I b  bu rs t s . )  These a re  i n  terms o f  (a )  a frequency s p l i t t i n g  o f  

t h e  Langmui r spectrum, (b )  a frequency sp l  i t t i n g  du r ing  t h e  convers ion 

process i n t o  t ransverse  waves, ( c )  a frequency s p l i t t i n g  du r ing  t h e  es- 

cape o f  t h e  t ransverse  waves, and ( d )  a source subs t ruc tu re  which i n -  

vo lves  two o r  t h r e e  l o c a l  i z e d  reg ions  w i t h  plasma f requenc ies  d i f f e r i n g  

by the  observed frequency separat ions.  Poss ib i  1 i t i e s  (a )  and (b )  seem 

more 1 i k e l y  than ( c )  o r  (d)  , a1 though t h e  l a t t e r  should n o t  be dismissed 

o u t  o f  hand (Melrose and Sy 1971). Here we concent ra te  on p o s s i b i l i t i e s  

(a )  and (b ) .  

S p l i t t i n g  o f  t h e  Langmuir Spectrum 

Two types o f  s p l i t t i n g  o f  t h e  Langmuir spectrum have been suggested 

i n  t h e  l i t e r a t u r e  and a t h i r d  i s  discussed i n  Sect ion  4 below. The 

background idea i s  t h a t  i f  t h e  Langmuir waves, w i t h  frequency 

a re  s p l i t  i n t o  two o r  t h r e e  bands, then prov ided any change i n  frequency 

on convers ion i n t o  t ransverse  waves i s  n e g l i g i b l e ,  t h e  r e s u l t i n g  spec- 

trum o f  t h e  escaping r a d i a t i o n  w i l l  e x h i b i t  t h e  same frequency s p l i t t i n g .  

Fo l l ow ing  Tidman, Birmingham and S t a i n e r  (1966), E l  1 i s  and 

McCul l o c h  (1967) suggested t h a t  t h e  Langmuir spectrum c o u l d  be sp l  i t  i n -  

t o  a component near  t he  plasma frequency (wL - up)  and another  near  t h e  
2 

upper h y b r i d  frequency (wL 2 (w, + n:)' . w D + $/2w,). From (3.1 ) 
t h i s  requ i res  a spectrum concentrated i n  ank le  OL arbund para1 l e l  

(eL = 0 )  and perpend icu la r  (eL = n/2)  propagat ion r e s p e c t i v e l y .  To 

account f o r  a t r i p l e  s p l i t t i n g  E l l  i s  and McCulloch (1967) suggested 
2 2 

w ; w , w + ne/2w and w + Qe/2w + wLH, where wLH i s  t he  lower  h y b r i d  
P P P P P 

frequency. However they  d i d  n o t  d iscuss i n  d e t a i l  how t h i s  t h i r d  com- 

ponent might  a r i s e .  We s h a l l  r e t u r n  t o  t h i s  p o i n t  below. 



- 
I 

The frequency s p l i t t i n g  in  t h i s  theory then corresponds t o  Af/f w /w B P 
: (n / n  )'I3, implying nb/ne = 3 x Smith and de l a  Nol argued b e 
convincingly t ha t  nb /ne  = 3 x 1 0 ' ~  i s  an otherwise plausible value.. 

This theory can account f o r  many of the  qua l i t a t i ve  and semi- 
quant i t a t ive  fea tures  of s t r i a  burs ts .  However the general idea t h a t  a 
s ing le  s t r i a  (o r  s p l i t  pai r  o r  t r i p l e  burs t )  i s  due t o  a s ingle  l a rge  

amplitude phase coherent wave i s  problematical in view of the r e l a t i ve ly  

large s i z e  of the  source region, and ye t  i t  seems essen t ia l  t o  the  
~ 
I 

theory t h a t  phase coherence be maintained over the e n t i r e  source re- 

gion. Using Smith and de l a  Noe's est imates the  source region has 
5 7 2 dimensions 2 3 x 10 X x (10 A )  where X = v/f (=  3 m )  i s  the  wavelength 

D 
of the Langmuir waves. They estimated t h a t  sa turat ion occurs i n  = 10 

3 growth times corresponding t o  propagation distance z 10 A f o r  the  stream 
5 and t h i s  i s  much l e s s  than 3 x 10 A .  No suggestion was made a s  t o  how 

7 phase coherence could be maintained over 10 wavelengths i n  the  perpen- 
1 dicu la r  d i rec t ion .  I t  may be possible t o  revise  the  theory by assuming 

3 3 t h a t  the actual source cons i s t s  of many subsources of volume = (10 A )  , 
b u t  then Smith and de l a  Noe's argument f o r  localized emission, t o  pro- 
duce the  s t r i a  Lions, would become inapplicable.  Other c r i t i c i sms  of 
Smith and de l a  Noe's (1976) theory have been made by Baselyan, Zinichev 

and Rapoport (1977). 

Spl i t t i  ng  in  the Conversion Process 

Melrose and Sy (1971) and Yip  (1973) proposed t h a t  the s p l i t t i n g  
occurs during the conversion process which they a t t r i bu t ed  t o  coales- 

cence w i t h  ion sound waves. The coalescence can occur e i t h e r  through an 

u p  conversion (+ s ign)  o r  a down conversion ( -  s ign)  leading t o  

where t ,  L and s r e f e r  t o  the t ransverse ,  Langmuir and ion sound waves 

respectively.  We have k t  << k L  and hence require kS  k L  t o  s a t i s f y  

(3 .4b) .  Furthermore the  ion sound waves must be nearly an t i  paral le l  t o  

the Langmuir wave in anupconversion and nearly paral le l  t o  the  Langmuir 

wave in a down conversion. 



One poss ib le  a l t e r n a t i v e  mechanism i s  a mod i f i ed  ve rs ion  o f  t h a t  

proposed by Melrose and Sy (1971 ) w i t h  t h e  i o n  sound waves rep laced by 

lower h y b r i d  waves. The s p l i t t i n g  i s  then g i ven  by 

AS argued by E l l i s  and McCulloch (1967) a frequency separa t ion  - wLH 

can account s a t i s f a c t o r i l y  f o r  t h e  observed s p l i t t i n g .  

With t h i s  suggest ion one cou ld  account f o r  t h e  c e n t r a l  element i n  

t r i p l e  b u r s t s  i n  terms o f  coalescence w i t h  i o n  sound waves. The i o n  

sound waves would induce a sp l  i t t i n g ,  b u t  accord ing t o  (3.5) w i t h  

v 2 20 V, t h i s  may n o t  be de tec tab le  because i t  i s  o f  o rder  o f  t h e  
@ 

bandwidth o f  t he  s t r i a  b u r s t .  I n  t h i s  way one cou ld  account f o r  t h r e e  

t races  w i t h  equal frequency separat ions o f  t h e  order  o f  t h a t  observed. 

T h i s  s p l i t t i n g  has a l s o  been proposed by Za i tsev  (1977). 

Although t h i s  mechanism overcomes the  obvious d i f f i c u l t i e s  w i t h  

some o f  t he  o t h e r  proposed mechanisms, i t  i s  n o t  e n t i r e l y  s a t i s f a c t o r y .  

The requirement t h a t  two separate d i s t r i b u t i o n s  o f  low frequency waves 

be present  p laces a severe demand on any poss ib le  mechanism f o r  t h e  

genera t ibn  o f  such turbulence.  Furthermore the  o n l y  low frequency 

waves which can c o n t r i b u t e  t o  t h e  emiss ion a re  those w i t h  k = * bL, - s 
where k r e f e r s  t o  e i t h e r  t he  lower  h y b r i d  o r  t h e  i o n  sound waves. - s 
Thus the  o n l y  r e l e v a n t  low frequency waves have a s p e c i f i c  wavenumber 

determined by kshDe z V /v  - 0.3, where hDe i s  t h e  e l e c t r o n  Debye 
e 4 

l eng th .  Moreover, if t h e  ~ a n ~ m u i r  waves a r e  h i g h l y  d i r e c t i o n a l ,  as  ex- 

pected f o r  a stream, then t h e  low frequency waves must be n e a r l y  par-  

a1 l e l  o r  a n t i  p a r a l l e l  t o  t h i s  d i r e c t i o n .  Th i s  i s  p a r t i c u l a r l y  unfavour- 

ab le  f o r  lower h y b r i d  waves i f ,  as seems 1 i k e l y ,  t h e  Langmuir waves are  

d i r e c t e d  p r e f e r e n t i a l l y  a long the  magnetic f i e l d .  For these reasons t h e  

a l t e r n a t i v e  s p l i t t i n g  mechanism discussed below seems more favourable.  

The Twofold Coalescence Process 

One o f  t he  u n s a t i s f a c t o r y  fea tu res  o f  t he  fo rego ing  mechanism i s  

t h a t  o n l y  a very  small p a r t  o f  t he  spectrum o f  low frequency tu rbu lence 

can be invo lved.  Suppose we have a r e l a t i v e l y  broad spectrum o f  low 



favour ing one hemisphere, the  processes uu and dd w i l l  be suppressed 

r e l a t i v e  t o  the  processes ud and du. I n  t h i s  case one would expect an 

u n s p l i t  s t r i a  b u r s t  a t  w 2 wL. 

I Fur ther  Discussion 

Le t  us suppose t h a t  t h i s  two fo ld  coalescence process app l ies  and 

exp lore  i t s  i m p l i c a t i o n s  f u r t h e r .  The f i r s t  quest ion which a r i s e s  i s  

whether the  re levan t  waves are  i o n  sound o r  lower h y b r i d  waves. 

For i o n  sound waves we have a  d i spers ion  r e l a t i o n  

w i t h  vS = Ve/43. Ignor ing  t h e  magnetic f i e l d ,  i.e. neg lec t ing  t h e  f i n a l  

term i n  (3.1 ) , one f i n d s  t h a t  processes uu and ud 1  ead t o  t ransverse 

waves w i t h  f requencies 

and the  processes du and dd lead  t o  

I n  (4.4a ,b) the  i n i t i a l  coalescence i s  w i t h  a  sound wave w i t h  wavenumber 

kS and the second coalescence i s  w i t h  kS ,  = K. For p l a u s i b l e  

values (kL G 3~ /c, Ye 1 0 - ~ c )  ko/kL i s  l e s s  than and o f  order  u n i t y .  
P  

I n  t h i s  case the re  a re  four frequencies, b u t  w does n o t  e x i s t  f o r  
2 2 ks > kL/ko - kg, and u3 does n o t  e x i s t  f o r  k S  > kL/ko. I n  the  case 

kS  
kf /ko we cou ld  hope t o  account f o r  s p l i t  p a i r  burs ts .  The f r e -  

quency separat ion would be g iven by 

Th is  i s  o f  the  same order  as the  s p l i t t i n g  (3.5), which i s  too  small f o r  



i n t e r p r e t a t i o n  o f  the  s p l i t t i n g .  The s i t u a t i o n  i s  somewhat l e s s  

favourable when one examines the  k inemat ics i n  more d e t a i l .  The i n t e r -  

mediate Langmuir wave ( L ' )  must s a t i s f y  

and the  f i n a l  t ransverse  wave must have e f f e c t i v e l y  n e g l i g i b l e  k, re-  - 
q u i r i n g  

These c o n d i t i o n s  cannot be s a t i s f i e d  f o r  kL p a r a l l e l  t o  t h e  magnetic 

f i e l d  and kT and kT l  perpend icu la r  t o  i t. They e f f e c t i v e l y  r e q u i r e  kT 
and kT,  t o  be a t  moderate angles t o  t h e  magnetic f i e l d  and t o  be o f  

o rde r  kL i n  magnitude. The k inemat ics  requ i res  f u r t h e r  d e t a i l e d  i n -  

v e s t i g a t i o n  be fore  t h e  fo rego ing  favourab le  fea tu res  are  accepted as 

v a l i d .  

I n  conc lus ion  t h e  double coalescence process o f f e r s  a  v a r i e t y  o f  

p o s s i b i l i t i e s ,  and i t  seems l i k e l y  t h a t  a l l  t he  observed fea tu res  of 

s i n g l e ,  double and t r i p l e  s t r i a  b u r s t s  can be exp la ined i n  terms o f  i t  

w i t h  t h e  low frequency waves being near t he  lower h y b r i d  resonance. 

However unfesolved d i f f i c u l t i e s  w i t h  t h i s  proposed mechanism remain. 

Furthermore these ideas r e l a t i n g  t o  the  s p l i t t i n g  o f  s t r i a  b u r s t s  have 

y e t  t o  be combined w i t h  a  model f o r  type I I I b  burs ts ,  e.g. such as t h a t  

proposed by Takakura and Yousef (1975). By i m p l i c a t i o n  t h e  s t r i a  eman- 

a t e  o n l y  f rom reg ions  where app rop r ia te  low frequency tu rbu lence i s  

present,  and a  model i s  requ i red  t o  account f o r  the  l o c a l i z e d  e x c i t a t i o n  

o f  t h i s  turbulence.  

5. D r i f t  P a i r  Burs ts  

The f o l l o w i n g  summary o f  t h e  p r o p e r t i e s  o f  d r i f t  p a i r  (DP) bu rs t s  

i s  based on s tud ies  repo r ted  by Roberts (1958), El  1  i s  (1 969), de 1  a  Noe 

and M B l  1  e r  Pedersen (1971 ) , M B l  1  er-Pedersen, Smi t h  and Mangeney (1 978) 

and Suzuki and Gary (1979). 

On a  dynamic spectrum DPs appear as two narrow p a r a l l e l  t r aces  



over a  frequency range from as small as t h e  bandwidth t o  = 10 MHz. I n  

a  p a r t i c u l a r  storm t h e r e  can be p r e f e r e n t i a l  f requenc ies  a t  which DPs 

s t a r t  o r  stop. 

7. Poeahization 
f 

Both elements o f  DPs a re  p o l a r i z e d  i n  t h e  same sense (Shastry  1972, 

Suzuki and Gary 1972) and t h i s  sense i s  t h a t  o f  t h e  type 1-111 storm 

i t s e l f .  The degree o f  p o l a r i z a t i o n  (up t o  r 50%) i s  c o n s i s t e n t  w i t h  

t h a t  o f  fundamental t ype  I11 b u r s t s  i n  t h e  same storm. I n  one storm 

Suzuki and Gary (1979) found t h e  e a r l i e r  t r a c e  more h i g h l y  p o l a r i z e d  

than t h e  l a t e r  t r a c e  i n  reverse  DPs, and t h e  l a t e r  t r a c e  more p o l a r i z e d  

i n  forward DPs. 

8. S z e ,  P o h X o n  and Bnigktnuh T e m p m e  

Radiohel iograph data  show t h a t  a l l  b u r s t s  f rom a  p a r t i c u l a r  storm 

o v e r l a p  i n  p o s i t i o n  and t h a t  t h e  two elements o f  DPs came f rom about 

t h e  same p o s i t i o n  (Stewart  1977, de l a  Noe and Gergely 1977, Suzuki and 

Gary 1979). I n  a  p a r t i c u l a r  s torm observed a t  43 MHz Suzuki and Gary 

(1979) found t h a t  t h e  s i z e  o f  DPs was 120-160 (arc)', w i t h  b r i gh tness  
9  temperatures f rom 2  x 10 K  t o  2  x 10" K, s i m i l a r  t o  those o f  type I11 

b u r s t s  i n  t he  same storm; however they  no ted t h a t  t h e  d u r a t i o n  o f  DPs 

i s  s h o r t e r  than t h e  i n t e g r a t i o n  t ime o f  t h e  ins t rument  and t h a t  t h e  

t r u e  b r i gh tness  temperatures should be h ighe r  than t h e  measured values. 

9.  Abhociation LUith Type 111 Buh6~2 

Other b u r s t s  most commonly assoc ia ted  w i t h  DPs a r e  storm type I11 

b u r s t s .  Besides t h e  general a s s o c i a t i o n  t h e r e  i s  an i n d i c a t i o n  o f  a  

causal connect ion between DPs and t ype  I11 bu rs t s .  D e f i n i t e  assoc ia t i ons  

were observed f o r  10% o f  DPs by Roberts (1978), 48% by de l a  Noe and 

Mdl l  e r  Pedersen (1971) and 37% by Suzuki and Gary (1979). (The d i f f e r -  

ences a re  p a r t l y  ins t rumenta l  .) An example o f  an a s s o c i a t i o n  i s  shown 

i n  F igure  5. 

Besides t h e  fo rward  and reverse  forms o f  DPs, seve ra l  o t h e r  var-  

i a n t s  have been repor ted .  E l l i s  (1969) observed hook b u r s t s  which ap- 

pear t o  be a  p a i r  o f  DPs w i t h  oppos i te  d r i f t  r a t e s  w i t h  t h e  l a t e r  one 

s t a r t i n g  a t  t he  s topp ing  frequency o f  t h e  e a r l  i e r  one. Mdl 1  er-Pedersen, 



The o n l y  more recen t  theory  f o r  DPs i s  t h a t  by Mdller-Pedersen, 

Smith and Mangency ( 1  978, he re ina f te r  MPSM) whose bas i c  assumptions 

were r a d i c a l  l y  d i f f e r e n t  from those under l y ing  Roberts ' suggest ions. 

MPSM assumed t h a t  t h e  source o f  DPs l i e s  i n s i d e  a coronal  streamer, 

t h a t  t he  s p l i t t i n g  i s  due t o  two c o r r e l a t e d  sources, s p e c i f i c a l l y  two 

MHD shock waves, and t h a t  t h e  d r i f t  r a t e  i s  due t o  t h e  e x c i t i n g  agen- 

c i e s  propagat ing a long d e n s i t y  g rad ien ts  perpend icu la r  t o  t h e  a x i s  o f  

t h e  streamer. Other d e t a i  1  s  o f  t h e  model i nc lude  ( i  ) t h e  t r i g g e r  i s  a 

magnetosonic s o l i t o n  which penet ra tes  t h e  streamer and e x c i t e s  two 

shock waves one propagat ing towards and t h e  o t h e r  away f rom t h e  a x i s  o f  

t h e  streamer, ( i i  ) these shock waves generate i o n  sound tu rbu lence 

which causes t h e  genera t ion  o f  Langmuir tu rbu lence through t u r b u l e n t  

bremsstrahlung b u t  o n l y  i n  t h e  o u t e r  reg ions  o f  t h e  streamer where t h e  

plasma 0 i s  smal l ,  ( i  i i ) t h e  t ime separa t ion  between t h e  two t races  o f  

t h e  DP i s  a t t r i b u t e d  t o  t h e  delay i n v o l v e d  i n  t h e  inward propagat ing 

shock c ross ing  t h e  a x i s  o f  t h e  streamer and e n t e r i n g  t h e  low-0 reg ion  

on i t s  f a r  s ide,  ( i v )  t h e  emission i s  fundamental plasma emission w i t h  

t h e  bandwidth determined by t h a t  o f  t h e  Langmuir waves, A f / f  z 

3(kL  ADe)'/2 E 1.5 x 

I n  Sect ion  8 below an a t tempt  i s  made t o  fo rmu la te  an a l t e r n a t i v e  

model which r e t a i n s  Roberts '  echo hypothesis  and MPSM's assumption o f  

fundamental emiss ion f rom a l o c a l l y  overdense s t r u c t u r e .  However, be- 

f o r e  i n t r o d u c i n g  any new ideas i t  i s  app rop r ia te  t o  d iscuss these ex- 

i s t i n g  ideas  and c r i t i c i s m s  o f  them. 

The P a i r i n g  

There seems t o  be o n l y  two poss ib le  exp lanat ions  f o r  t h e  observed 

p a i r i n g  i n  DPs: two d i f f e r e n t  r a y  paths f rom a s i n g l e  source, o r  two 

c o r r e l a t e d  sources. The former i s  Roberts '  echo hypothesis ,  and t h e  

model o f  MPSM conta ins  an example o f  t h e  l a t t e r .  

I n  d i scuss ing  h i s  echo hypothesis  Roberts (1958) assumed t h a t  t h e  

two rays  were a d i r e c t  and a r e f 1  ec ted  ray .  Using c a l c u l a t i o n s  o f  

Jaeger and West fo ld (1950) f o r  a r a d i o  wave propagat ion i n  a s p h e r i c a l l y  

symmetric corona, Roberts no ted  t h a t  t h e  t ime de lay  would be o f  t h e  o r -  

der  o f  a few seconds f o r  a source a t  t h e  second harmonic o f  t h e  plasma 

frequency. C r i t i c i s m s  o f  t h i s  suggest ion i n c l u d e  ( i  ) t h a t  t h e  r e f l e c t e d  



of DPs, and MPSM suggested tha t  i t  involved M H D  shock waves. From a 
more general viewpoint, we can hope t o  identify the exciting agency by 

i t s  speed: type I11 exci ters  a re  electron streams with speed s c/3 and 
type I1 exciters are MHD shock waves w i t h  speeds E c/100. To estimate 
the speed of the exci ter  we divide the d r i f t  ra te  df/dt  by ]grad f 1 ,  

P 
I which involves the density gradient. There are two poss ib i l i t ies :  

e i ther  the density gradient i s  that  of the average corona (as i n  type 
I 1  and type I 1 1  bursts) or i t  i s  associated with a specific coronal 
structure.  Let us discuss these two possibil i t i e s  separately. 

If the relevant density gradient i s  that  of the average corona 
then the speeds of the exci ters  of DPs are of order c/10. The specific 
nature of DPs suggests a specific type of exci ter ,  and one would hope 

to  identify t h i s  speed with some character is t ic  speed and thus identify 
the exci ter .  However, c/10 corresponds to  no obvious speed. I t  i s  too 
f a s t  for  an MHD shock wave, e.g. i t  would require a Mach number greater 
than about ten. I t  i s  also too f a s t  for  an e lec t ros ta t ic  shock wave 
which shockspropagate a t  less  than about the thermal speed of electrons. 
The only shock l ike  s tructure which propagates nearly f a s t  enough i s  a 

whistler soliton (Tidman and Krall 1971, p. 6 3 ;  Kui jpers 1975) which 
propagates a t  4 vAe c v c v 1 ,  with vAe = 43 vA. Alternatively the Ae 
exciting agency could be a stream of electrons with velocity = c/lO 
corresponding to  energies of a few keV. The association with type I 1 1  

bursts favou -5 th i s  syggestion. However, the narrow traces and appar- 
ent lack of dispersion of the exciting agency argue against i t .  

On the other hand, i f  the density gradient i s  associated with some 
specific coronal structure then the inferred speed of the exci ter  i s  

less  than c/10 by a factor  equal to  the ra t io  of the actual density 

gradient to  the mean gradient in the corona. For a density gradient 10 

to 30 times the mean gradient the inferred speed would be of order the 
~ l f v 6 n  speed as in the model of MPSM. 

The model developed in Section 8 i s  not strongly dependent on 

which of these two cases applies,  however the former case was specific-  

a l l y  in mind. The reason tha t  the d r i f t  ra te  i s  interpreted in terms 

of the average density gradient re la tes  to S bursts. I t  seems possible 

that  S bursts are a variant of DPs with essent ial ly the same d r i f t  rate .  



sometimes with the same d r i f t  rate and sometimes with a d r i f t  rate de- 

creasing w i t h  time. No periodicities or systematic pairings are ob- 
served. Sometimes two or more S-bursts appear to diverge from a point 

on the dynamic spectrum, and a single S burst may break u p  into two or 
more dist inct  bursts. 

2. OccwLence 

S bursts are relatively infrequent in decametric storms. They 
probably have higher frequency counterparts, e.g . the f a s t  d r i f t  storm 

bursts a t  E 200 MHz reported by Elgardy (1961 ) and bursts a t  s 100 MHz 
reported by Chernov (1974). S bursts are most commonly associated with I 

DPs. 1 '  
I 

3 .  Banduridth 

Besides the absence of pairing and the predominance of forward 

d r i f t s ,  the main feature distinguishing S-bu,rsts from DPs i s  thei r  

narrow bandwidth, typical ly 30 kHz < Af < 200 kHz a t  f n 30 MHz. 
4 4 

4.  Vwration 

The duration of S bursts a t  fixed frequency i s  typically A t  < O.ls, 
4 

with A t  < 20 ms for some bursts. - 
5. Va&$-t Rate 

The d r i f t  rate of S bursts i s  similar to t h a t  of DPs. Individual 

bursts and S bursts in genera1 extend over a broader frequency band than 
DPs, and over the range 30 < f(MHz) < 150 the d r i f t  rate i s  given by the 

4 4 

empirical formula 

with 

a = (6.5 + 0.5) b = 1 . 6 5 0 . 6 .  

6. Po tah iza t ion  

S bursts are partially circularly polarized in the same sense as 

the background storm. 

The maximum intensity observed for S bursts corresponds t o  a flux 



frequency d r i f t .  It may be t h a t  i n  some storms t h e  negat ive  d r i f t i n g  

burs ts  a re  o f t e n  p a i r e d  and c lassed as DPs w h i l e  i n  o t h e r  storms they  

are  unpaired o r  m u l t i p l e  and a r e  c lassed as S bu rs t s .  McConnell (1981, 

1982) argued t h a t  t h e  d r i f t  r a t e s  o f  S b u r s t s  a re  s y s t e m a t i c a l l y ' g r e a t e r  

than those o f  DPs i n  t h e  same storm; however, t h e  d i f f e r e n c e  i s  ve ry  

small and the  s i m i l a r i  t y  i n  d r i f t  r a t e s  seems t h e  more no tab le  fea tu re .  

I n  summary, t h e r e  seems no good reason t o  regard  S b u r s t s  as u n r e l a t e d  

t o  DPs. 

Before  d i scuss ing  t h e  i n t e r p r e t a t i o n  o f  bo th  DPs and S bu rs t s ,  

t h e r e  i s  onc f e a t u r e  o f  S b u r s t s  which c a l l s  f o r  p a r t i c u l a r  a t t e n t i o n :  

t h e i r  very  narrow t races .  

I n t e r p r e t a t i o n  o f  F ine  Traces 

A1 though t h e r e  i s  no d e t a i l e d  theory  f o r  S bu rs t s ,  McConnell (1981) 

has discussed several  aspects o f  t h e i r  i n t e r p r e t a t i o n .  The most no tab le  

fea tu re  r e q u i r i n g  i n t e r p r e t a t i o n  i s  t h e  narrowness o f  t h e  t races .  On a 

dynamic spectrum t h e  bandwidth A f  and d u r a t i o n  A t  a t  f i x e d  frequency f o r  

a  d r i f t i n g  b u r s t  a re  r e l a t e d  by 

A l l  e f f ec t s  which c o n t r i b u t e  t o  t h e  bandwidth o f  t h e  r a d i a t i o n  o r  t o  t he  

pe rs i s tence  t ime a t  f i x e d  frequency c o n t r i b u t e  t o  t h e  th i ckness  o f  t h e  

t race ,  and a  ve ry  narrow t r a c e  i m p l i e s  l i m i t s  o f  a l l  such processes. 

McConnell l i s t e d  t h r e e  c o n t r i b u t i o n s  t o  t h e  bandwidth and f o u r  t o  t h e  

pe rs i s tence  t ime.  The spread A f n  i n  plasma f requenc ies  i n  t h e  source, 

t h e  bandwidth A f L  o f  t h e  Langmuir waves and t h e  bandwidth A f c  imposed 

d u r i n g  t h e  convers ion f rom Langmuir waves t o  t ransverse  waves c o n t r i b u t e  

t o  A f ,  and t h e  t ime A t E  f o r  t he  e x c i t e r  t o  move through t h e  plasma l e v e l ,  

t h e  l i g h t  t r a v e l  t ime A t t  through t h e  source a long t h e  l i n e  of s i g h t ,  

t h e  broadening A tMp  due t o  mu1 t i p a t h  propagat ion and t h e  decay t ime A t D  

o f  t h e  Langmuir waves a l l  c o n t r i b u t e  t o  A t .  Consider a  source of 

th ickness  d  w i t h  a  d e n s i t y  g r a d i e n t  / g rad  n e (  = ne/LN, an e x c i t e r  o f  

speed v  and l e n g t h  L, and Langmuir waves i n  a  range Av about phase f4 
speed v  Then we have 

@ 



/ contex t  by Ku i j pe rs  (1981). 

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  o f  t he  Narrow Bandwidth 

A conceivable i n t e r p r e t a t i o n  o f  S b u r s t s  i nvo l ves  a stream o f  

e l e c t r o n s  w i t h  v < 0.1 c propagat ing i n  t he  q u a s i l i n e a r  re laxed  s t a t e  - 
as d iscussed i n  d e t a i l  by Grognard (1982) and envisaged f o r  type I 1 1  

b u r s t s  by Zai tsev,  M i  tyakov and Rapoport (1972). However, any theo ry  

o f  t h i s  k i n d  i m p l i e s  A f L / f  very  much l a r g e r  than t h e  observed va lue  o f  

A f / f .  Other sources o f  Langmui r waves, e.g . t u r b u l e n t  bremsstrahl  ung 

as envisaged by MPSM g i v e  even l a r g e r  va lue  o f  A fL / f .  One might  con- 

c lude  t h e  r e s t r i c t i o n s  imposed by c o n d i t i o n  A f L  < A f  a r e  so severe as 

t o  be unacceptable, and some way o f  r e l a x i n g  t h i s  requi rement  should 

be sought. 

I t  does no t  appear t o  have been po in ted  o u t  t h a t  i t  i s  poss ib le  f o r  

fundamental plasma eni ission t o  have a bandwidth cons iderab ly  l e s s  than 

t h e  bandwidth o f  t h e  Langmuir waves. (Dur ing  induced s c a t t e r i n g  t h e  

bandwidth can be reduced somewhat, b u t  t h i s  i s  a r e l a t i v e l y  smal l  e f -  

f e c t . )  Consider t ransverse  waves c lose  t o  t h e  plasma frequency i n  a 

s c a t t e r - f  ree  corona. Waves w i t h  d i f f e r e n t  f requenc ies  emerge a t  d i f f e r -  

e n t  angles. L e t  + be t h e  ang le  between the  emerging r a y  pa th  and t h e  

d i r e c t i o n  o f  t h e  negat ive  d e n s i t y  g rad ien t ,  assumed constant.  Then one 

has 

A range o f  frequencies ~f i n  t h e  source then corresponds t o  a range o f  

angles A+ g iven  by  

which f o r  A f / f  2 3 x correspond t o  A$ o f  o rde r  one degree. That 
P 

i s  two rays  separated by ~ f / f  z 3 x 1 0 ' ~  emerge a long r a y  paths separ- 

a ted  by A+ ;- 1'. Put another  way, i f  s c a t t e r i n g  produces a range 

A+ < lo o f  emerging r a y  paths f o r  monochromatic r a d i a t i o n  f rom a s i n g l e  
% 

p o i n t  i n  t he  corona, then a f i x e d  d i s tance  observer sees o n l y  r a d i a t i o n  

i n  a range of frequencies ~ f / f  1 3 x 

Provided t h e  escape o f  r a d i a t i o n  f rom an S b u r s t  source i s  n e a r l y  



P. 

favourable con f i gu ra t i ons .  More i m p o r t a n t l y  f o r  t h e  f o r m u l a t i o n  o f  a 

model, hypothesis  B more o r  l e s s  fo rces  one t o  conclude t h a t  t h e  e x c i t -  

ing  agency propagates a long a dens i t y  g r a d i e n t  s i m i l a r  t o  t h a t  o f  t h e  

average corona. Th i s  makes a model i n  which t h e  d r i f t  i s  due t o  an ex- 

c i t i n g  agency propagat ing i n t o  o r  o u t  o f  a coronal streamer, as i n  

MPSM, d i f f i c u l t  t o  main ta in .  Thus we imagine an e x c i t i n g  agency moving 

a long a rough ly  r a d i a l  overdense s t r u c t u r e  a t  a specd E c/10. However 

i t  m igh t  be remarked t h a t  t h e  arguments a g a i n s t  an e x c i t i n g  agency 

propagat ing  i n t o  a streamer a r e  n o t  compel l ing.  Many o f  t h e  f e a t u r e s  o f  

t h e  model below are  unchanged f o r  an e x c i t i n g  agency propagat ing i n  t h i s  

a l t e r n a t i v e  way. 

Source Model f o r  DPs 

Wi th  these remarks i n  mind we now seek t o  i d e n t i f y  a source 

s t r u c t u r e  which cou ld  produce t h e  observed s p l i t t i n g  o f  DPs. To l i m i t  

specu la t i on  1 e t  us c o n f i n e  ourselves t o  s t r u c t u r e s  which have a1 ready 

been suggested i n  t h e  l i t e r a t u r e .  We s t a r t  by o u t l i n i n g  some o f  these 

proposed s t r u c t u r e s .  

There i s  r a d i o  evidence f o r  overdense s t r u c t u r e s  o v e r l y i n g  a c t -  

i ve reg ions  (Ax i  sa e t  a1 . 1971 , Dul k and Sheridan 1974). Hoang, 

Poqu6russe and Ste inberg  (1977) suggested t h a t  these fo rm a con ica l  

s t r u c t u r e  -which surrounds t h e  a c t i v e  reg ion .  From STEREO data a t  169 

MHz they  es t imated t h e  h a l f  angle a o f  t h e  cone t o  be a . 6' f rom t h e  

d i r e c t i v i t y  o f  t he  fundamental component. Others (e.g. Merc ie r  1975, 

Du1 k, Me1 rose and Suzuki 1979) have argued t h a t  t h e  f i e l d  l i n e s  d i ve rge  

r a p i d l y ,  which would suggest a l a r g e r  cone angle a t  lower  f requencies.  

A value a z 30' was suggested by Dul k e t  a1 . 
There i s  evidence f o r  i s o l a t e d  overdense s t r u c t u r e s  o v e r l y i n g  a c t -  

i v e  regions.  I n d i v i d u a l  loops  can be observed d i r e c t l y  i n  X-rays and 

i n  the EUV, e.g. as d iscussed by Stewart  and Vorpahl (1977) and Stewart  

(1977). Bougeret and Ste inberg  (1977), i n  d iscuss ing  t h e  d i r e c t i v i t y  

o f  Type I emission, invoked a f o r e s t  o f  overdense f i b e r s ;  they  a l s o  en- 

visaged nested f l u x  loops  extending h i g h  over  t h e  a c t i v e  reg ion .  

The model f o r  DPs in t roduced here i s  i l l u s t r a t e d  i n  F igu re  8. The 

source i s  an overdense i s o l a t e d  f l u x  tube i n s i d e  a con ica l  duc t .  



rays are  a t  an angle +O t o  t h e  a x i s  o f  t h e  f l u x  tube w i t h  

I C O S + ~  l < p/p0 (8.1 

where i s  t h e  r e f r a c t i v e  index a t  t h e  p o i n t  o f  emission and pO i s  t h e  

r e f r a c t i v e  index i n  t h e  duc t  j u s t  o u t s i d e  t h e  f l u x  tube. The value o f  

p << 1 i s  determined by t h e  d e t a i l s  o f  t h e  emission process, and t h e  
2 2 *  

value o f  po = (1  - f / f  ) i s  determined by t h e  r a t i o  o f  t h e  plasma 
PO 

frequency a t  t h e  p o i n t  o f  emission ( z  f )  t o  t h e  plasma frequency f 
PO 

i n  t h e  duc t  j u s t  o u t s i d e  t h e  f l u x  tube. As they  propagate across t h e  

duc t  t h e  angle + between t h e  r a y  d i r e c t i o n  decreases due t o  two e f f e c t s .  

The f i r s t  i s  r e f r a c t i o n :  S n e l l ' s  law requ i res  

p s i n  I) = po s i n  I $ ~  ( 8 - 2 )  

which i m p l i e s  t h a t  I) decreases as t h e  plasma frequency decreases and 

hence p increases.  The second i s  an abrupt  decrease by 2a on r e f l e c t i o n  

f rom t h e  edge o f  t h e  duc t .  L e t  s u b s c r i p t  R denote t h e  r e f l e c t i o n  p o i n t .  

Then t h e  r e f l e c t e d  r a y  immediately a f t e r  r e f l e c t i o n  i s  a t  an ang le  JIR 
determined by 

Po s i n  $,-J 
qR . =  a r c s i n  [ 

pR ] - 2 c r .  

The value o f  + a t  i n f i n i t y  i s  then 

s i n  = pR s i n  I ) ~  . (8.4) 

I n  t h i s  spec ia l  case t h e  emerging rays  a re  p a r a l l e l  t o  t h e  a x i s  of 

t h e  duc t  (q = 0 )  o n l y  f o r  I)R = 0, which accord ing  t o  (8.3) r e q u i r e s  

pO s i n  = p s i n  2a. For I)O i go0, pR : 1 and cr : 30°, t h i s  r e q u i r e s  R 
: n/2, imp ly ing  f = t f .  Consider an observer  whose l i n e  o f  s i g h t  

PO 
i s  a t  a smal l  angle &I$ t o  t h e  a x i s  o f  t h e  duc t .  Two rays  reach him, 

one f rom t h e  near s i d e  o f  t h e  duc t  due t o  I)- = b$ and t h e  o t h e r  f rom t h e  

f a r  s ide  due t o  +a = - 61). Using (8.3) w i t h  I)o : 90' and pR b. 1, these 

two rays would have s l i g h t l y  d i f f e r e n t  f requenc ies  separated by b f  w i t h  

a f / f  ; 2p0 6+. 



i . e .  f o r  po < t an  a (which i s  a  necessary b u t  n o t  a  s u f f i c i e n t  con- 

d i t i o n ) .  Thus t h e  r e l a t i v e l y  dens i t y  enhancement i n  t h e  f l u x  tube 

should be modest. For u = 30' we r e q u i r e  the  dens i t y  enhancement t o  be 
4 by a  f a c t o r  < ( 3 / 2 )  . 

Thus i t  seems p o s s i b l e  t o  a t t r i b u t e  S b u r s t s  t o  t h e  same phenome- 

non o c c u r r i n g  i n  o n l y  s l i g h t l y  overdense f l u x  tubes c lose  t o  t h e  f a r  

w a l l  o f  t he  duct .  

D i f f i c u l t i e s  

The model envisaged here f o r  DPs has several  u n s a t i s f a c t o r y  features.  

F i r s t ,  t he  two emerging rays  would be expected t o  be separated by about 

t h e  d i s tance  across t h e  duct ,  whereas observa t ions  i n d i c a t e d  t h a t  t h e  two 

rays  emanate f rom t h e  same reg ion  (de l a  NoE and Gergely 1977, Suzuki and 

Gary 1979). Second, t h e  separa t ion  between t h e  two t races  should i n -  

crease w i t h  decreasing frequency, whereas observat ions i n d i c a t e  t h a t  t h e  

t ime  de lay  i s  rough ly  independent of frequency. These d i f f i c u l t i e s  a r e  

i n  a d d i t i o n  t o  those mentioned above, namely t h e  absence o f  a  p l a u s i b l e  

e x c i t i n g  agency a t  : c/10 and the  d i f f i c u l t y  i n  account ing f o r  t h e  ve ry  

narrow t races  observed, e s p e c i a l l y  i n  S bu rs t s .  Fu r the r  ideas on t h e  

i n t e r p r e t a t i o n  o f  DPs and S b u r s t s  a r e  requ i red .  

9. Conclusions 

Several new ideas have been i n t roduced  here f o r  t h e  i n t e r p r e t a t i o n  

o f  f i n e  s t r u c t u r e s  i n  m e t r i c  noise storms. S p e c i f i c a l l y  t he  double 

coalescence process i n v o l v i n g  lower h y b r i d  waves (Sec t i on  4 )  appears 

capable o f  account ing f o r  t he  f i n e  s t r u c t u r e  i n  s t r i a  bu rs t s ,  and t h e  

model i n t roduced  i n  Sect ion  8 appears capable of account ing f o r  many 

fea tu res  o f  d r i f t  p a i r  b u r s t s  and S burs ts .  However, even granted t h a t  

these suggest ions a r e  accepted, many problems remain unsolved and even 

unaddressed. 

I n  t h e  I n t r o d u c t i o n  a  s t a t e d  o b j e c t i v e  i s  t o  i d e n t i f y  (a )  t h e  ex- 

c i t i n g  agency, (b )  t h e  d e t a i l s  o f  the  emission mechanism and ( c )  t h e  

coronal s t r u c t u r e s  r e q u i r e d  f o r  each f i n e  s t r u c t u r e .  L e t  us now con- 

s i d e r  each o f  these f o r  s t r i a  - type I I I b  b u r s t s  and d r i f t  p a i r  - S 

bu rs t s .  
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s low ly  d r i f t i n g .  The s t r i a  o f ten  occur i n  doublets c a l l e d  s p l i t  p a i r  

bu rs ts  o r  t r i p l e t s  c a l l e d  t r i p l e  burs ts .  S t r i a  tend t o  be grouped i n  

chains whose envelopes have t h e  appearance o f  type I11 b u r s t s  and a re  

c a l l e d  type I I I b  bu rs ts .  S b u r s t s  were i d e n t i f i e d  as f a s t  d r i f t  storm 

b u r s t s  by E l  1  i s  (1969) and were renamed by McConnell (1980, 1982). 

T h e i r  d r i f t  r a t e  i s  s i m i l a r  t o  t h a t  o f  DPs f rom which they d i f f e r  i n  

having a  narrower bandwidth and absence o f  a  c h a r a c t e r i s t i c  p a i r i n g  and 

i n  o t h e r  s t a t i s t i c a l  p roper t i es .  

As a l ready  mentioned these f i n e  s t r u c t u r e s  appear i n  decametric 

storms. They a re  almost always accompanied by storm t ype  I11 b u r s t s  

and o f t e n  by type I emission a t  h ighe r  frequencies. They a re  q u i t e  

d i s t i n c t  f rom t h e  f i n e  s t r u c t u r e s  observed a t  dec imet r ic  wavelengths i n  

type I V  bu rs ts ,  i .e. t h e  decimentr ic  zoo o f  zebra, f i b e r ,  tadpo le  and 

o the r  b u r s t s  as reviewed by Kui j p e r s  (1980) and S l o t t j e  (1981), f o r  

example. The p r o p e r t i e s  o f  f i n e  s t r u c t u r e s  i n  decametric storms have 

been reviewed by Bhonsle e t  a l .  (1979), and are  discussed by Gergely 

(1982) and Sawant (1982) i n  these Proceedings. Also, Fomichev and 

Chertok (1977) have reviewed t h e  p roper t i es  o f  o t h e r  f i n e  s t r u c t u r e s  

observed between t h e  dec imet r ic  and decametric bands. 

Although some d e t a i l s  o f  t he  f i n e  s t r u c t u r e s  vary  f rom one storm 

t o  another, many o f  t h e  c h a r a c t e r i s t i c s  a r e  w e l l  de f ined and q u i t e  

s p e c i f i c .  Th is  suggests t h a t  they a r e  generated by s p e c i f i c  types o f  

e x c i t i n g  agency and/or i n  s p e c i f i c  coronal s t ruc tu res .  I n  t h i s  paper I 

review t h e  re1 evant observat iona l  p r o p e r t i e s  and e x i s t i n g  theo r ies ,  and 

at tempt t o  i d e n t i f y  (a )  t h e  e x c i t i n g  agency, (b )  t h e  d e t a i l s  o f  t h e  

emission mechanism (a1 1  a r e  most 1  i k e l y  fundamental plasma emission) 

and ( c )  t h e  coronal  s t r u c t u r e s  requ i red .  Although a  number o f  new ideas 

concerning t h e  i n t e r p r e t a t i o n s  w i l l  be in t roduced,  no at tempt a t  a  de- 

t a i l e d  comprehensive theory  i s  made. A few problems may be solved b u t  

many more remain unsolved. 

I n  Sect ion 2  t h e  p r o p e r t i e s  o f  s t r i a  b u r s t s  a re  reviewed and t h e  

e x i s t i n g  t h e o r i e s  f o r  t h e i r  s p l i t t i n g  a r e  summarized i n  Sect ion  3. An 

a l t e r n a t i v e  theory  f o r  t h e  s p l i t t i n g  i s  in t roduced and discussed i n  

Sect ion  4 .  The p r o p e r t i e s  o f  d r i f t  p a i r  b u r s t s  a re  summarized i n  

Sect ion  5, e x i s t i n g  t h e o r i e s  f o r  DPs i n  Sect ion 6 and t h e  p r o p e r t i e s  o f  



and a re  more common f o r  storms over  a c t i v e  cent res  near t he  s o l a r  l imb.  

The bandwidth Af  o f  i n d i v i d u a l  s t r i a  b u r s t s  can vary  from 15 kHz 

t o  100 kHz, imp ly ing  5 x < A f / f  < 3  x lo-'. The bandwidth f o r , u n -  - .., 
p a i r e d  s t r i a  b u r s t s  i s  somewhat l a r g e r  (by a  f a c t o r  = 1.5) than f o r  t h e  

elements o f  doublets o r  t r i p l e t s .  

The t y p i c a l  sp l  i t t i n g  B f  between the  elements i n  a  s p l i t  p a i r  

b u r s t  o r  a  t r i p l e  b u r s t  i s  o f  o rde r  100 kHz a t  f = 30 MHz and appears 

t o  increase s l i g h t l y  w i t h  i nc reas ing  f. de l a  Noe (1975) suggested 

t h a t  i n  t r i p l e  b u r s t s  t h e  c e n t r a l  element appears t o  d e f i n e  an a x i s  o f  

synmetry; however unpubl i shed observat ions by McConnell (Honours Thesis, 

U n i v e r s i t y  o f  Tasmania, 1977) show an asyrnmetry w i t h  t h e  s p l i t t i n g  

between t h e  upper and middle t races  being l a r g e r  than t h a t  between the  

middle and lower t races  i n  t e n  o u t  o f  s i x teen  samples. S p l i t  p a i r  

b u r s t s  appear t o  correspond t o  t r i p l e  b u r s t s  w i t h  t h e  lowest  frequency 

element absent. 

I n d i v i d u a l  s t r i a  b u r s t s  p e r s i s t  f o r  as s h o r t  as t h e  r e s o l u t i o n  

t ime ( u s u a l l y  a  few tens o f  m i l  1-iseconds) up t o  a  few seconds. I n  s p l i t  

p a i r  b u r s t s  t he  h ighe r  frequency element u s u a l l y  l a s t s  t h e  l onge r  and i n  

t r i p l e  b u r s t s  t he  c e n t r a l  element u s u a l l y  l a s t s  t h e  longest .  

6 .  VaL6 . t  Rate 

I n d i v i d u a l  s t r i a  may d r i f t  f rom h ighe r  t o  lower f requencies a t  a  

r a t e  up t o  = - 250 kHz s - I .  The mean i s  = - 150 kHz s - I .  Some s t r i a  

have a  n e g l i g i b l e  (undetectable)  d r i f t  r a te ,  and t h i s  seems t o  be more 

common i n  sp1.i t p a i r  and t r i p l e  bu rs t s .  

7. PoQmLzaa2on 

The s t r i a  b u r s t s  a r e  u s u a l l y  c i r c u l a r l y  p o l a r i z e d  and the  degree 

o f  p o l a r i z a t i o n  can be anywhere f rom zero  t o  100%. The elements i n  a  

s p l i t  p a i r  o r  t r i p l e  b u r s t  have the  same sense, b u t  n o t  necessa r i l y  t h e  

same degree o f  p o l a r i z a t i o n .  



1974 MAY 11 IIIb bursts are of com- 
parable average brightness 
t o  other type I11 bursts 
in the same storm, indi- 
cating t h a t  the individual 
stria bursts are brighter 

t h a n  normal type I11 emis- 
- 
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I 
sion (Smith and  de la Noe- 
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1976). 
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W 10. vattiantd 
2 
O 
W 
t~ A number of variants 
LL of s t r ia  bursts have been 

reported. Diffuse s t r ia  

bursts (Baselyan e t  a l .  
1974a, de l a  No2 1975, 
McCul loch a n d  El 1 i s  1977)  

have broader (factor z 2 )  

bandwidths and frequency 
separations than normal 
stria bursts. They also 

0 6 ~ 3 1 ~  loS 0 6 ~  31m 30' las t  longer ( u p  t o  z 10 s )  
u T and are less polarized. 

They often appear as ta i l s  

F i g .  3 .  The U burst reported t y  Stewart on normal stria bursts. 
(1977)  as implying fundamental emission The suggestion (Baselyan 
for type IIIb bursts. e t  a1 . 1974b) t h a t  chains 

of diffuse s t r ia  bursts might be a new class (type IIId) of second 
harmonid type I11 bursts associated with normal fundamental type I11 

bursts has not  been supported by subsequent authors (de l a  Nos 1975, 

Suzuki a n d  Sheri dan  1977, Dul k and Suzuki 1980). - Fork bursts (Baselyan 

e t  a l .  1974a,  McCulloch and Ellis 1977) are tr iple bursts in which the 

central element precedes the other two elements; reverse fork bursts in 

which the central element follows the other two have a1 so been observed. 

Other fine structures reported by Baselyan e t  a1 . (1974a) are reviewed 

by Bhonsle e t  a l .  (1979) .  I t  must be remarked t h a t  some particular fine 

structures may be peculiar t o  one specific storm. 



From a semiquan t i t a t i ve  v iewpo in t  t he  most favourab le  f e a t u r e  o f  

t h i s  suggest ion i s  t h a t  t h e  observed s p l i t t i n g  i s  p l a u s i b l y  o f  t he  o r-  

der o f  t he  lower h y b r i d  frequency (wLH : Re/43 here).  For example, a  

s p l i t t i n g  6 f  ; 100 kHz a t  f = 30 MHz w i t h  6 f / f  = w /w would cor res-  
LH P 

pond t o  a  r a t i o  R /w  1/8 o f  t he  e l e c t r o n  c y c l o t r o n  frequency t o  t h e  
e P  

p l  asma frequency . 
C r i t i c i s m s  o f  t he  rnechani sm inc lude  the  fo l lowming:-  

(a )  t he re  i s  no bas i s  f o r  expect ing  the  Langmuir spectrum t o  be con- 
2  cen t ra ted  a t  w r w and w - wp + Re/2wp, 

P 2  
(b )  t he  frequency w + Qe/2w + WLH i s  n o t  a  n a t u r a l  f requency o f  the  

P P 
plasma and 

( c )  t he  s p l i t t i n g  between the  lower two and upper two f requencies i s  

unequal. 

Nevertheless, i n  a  mod i f i ed  form (Sec t i on  4 )  t h i s  theory  remains one o f  

t h e  most favourab l  e  theo r ies .  

A d e t a i l e d  theory  based on s p l i t t i n g  o f  t he  Langmuir spectrum was 

developed by Smith and de l a  Nol; (1976). I n  t h e i r  case i t  was assumed 

t h a t  the  Langmuir waves are  generated i n  what they c a l l e d  a  strong-beam 

i n t e r a c t i o n  and o the rs  have c a l l e d  the  hydrodynamic (Shapiro 1963, 

Tsy tov i ch  1970, p. 183) o r  r e a c t i v e  (Br iggs  1964, Melrose 1980a, p. 125) 

stage o r  v e r s i o n  o f  t he  two-stream i n s t a b i l i t y .  Th i s  requ i res  t h a t  t he  

spread Av i n  e l e c t r o n  v e l o c i t y  v  s a t i s f y  Av/v < (nb /ne) ' l3  where nb i s  

t he  number d e n s i t y  o f  t h e  beam. The growth o f  t he  Langmuir waves then 

produces a  l a r g e  ampl i tude phase coherent  wave, and the  growth i s  l i m -  

i t e d  by t r a p p i n g  o f  e l e c t r o n s  i n  t h e  p o t e n t i a l  w e l l s  assoc ia ted  w i t h  

t h e  wave. The t rapped e l e c t r o n s  o s c i l l a t e  w i t h  a  bounce frequency 

where EL i s  t he  e l e c t r i c  amp1 i tude o f  the  wave and kL i s  i t s  wavenumber. 

Frequency modulat ion o f  t h e  i n i t i a l  wave a t  w = wL then leads t o  s ide-  

bands a t  w = wL + wB. Smith and de l a  Noe argued t h a t  t he  process sa t-  

u ra tes  a t  an ampl i tude corresponding t o  



The frequency sp l i t t i ng  could produce a s p l i t  pair a t  wt = wL * us, 

corresponding to 

where v = w / k  i s  the phase speed of the Langmuir wave. However, t o  
@ P L  

produce a t r i p l e  burst one would need to  invoke emission a t  w w L ,  e.g. 
due to  induced scat ter ing off ions, and then the sp l i t t i ng  would be ha-lf 

tha t  implied by (3 .5) ,  i . e .  6f/f  Ve/43v 
$I 

If we assume v 2 c/3, as one would expect fo r  a type I11 stream, 
$I 

then (3.5) imp1 ies  6f/f  V,/7c which corresponds to 6f/f 5 x 1 0 ' ~  
6 for  Te ; 10 K. This s p l i t t i n g  i s  smaller than tha t  observed, and the 

d i f f i cu l ty  i s  exacerbated i f  one deletes the factor  of two in (3.5). 

To overcome t h i s  d i f f i cu l ty  Me1 rose and Sy (1971 ) and Yip (1973) sug- 

gested tha t  the Langmuir waves are generated by an electron stream 

propagating a t  a speed corresponding to  tha t  implied by the d r i f t  ra te  

of individual s t r i a  bursts.  The subsequent recognition tha t  s t r i a  

bursts are part of type IIIb bursts suggests strongly that  the exciting 
agency of the Langmuir waves i s  a stream of electrons with v 2 c/3. 
The s p l i t t i n g  due t o  ion sound turbulence i s  then too small to  account 

for  the observed sp l i t t i ng .  

. Another unsatisfactory feature of the mechanism i s  tha t  i t  i s  

d i f f i c u l t  to  account plausibly for  t r i p l e  bursts.  I t  i s  t rue  tha t  one 
could invoke induced scat ter ing off ions,  as suggested above, b u t  there 

i s  no reason t o  expect i t  t o  produce a l ine  of comparable intensi ty to  

the other two. More important, one wou'ld expect a s p l i t  pair burst to  
correspond to  a t r i p l e  burst with the central element missing, rather 

than the lowest frequency element as the observational data indicate. 

4.  Alternative Spli t t ing Mechanisms for  S t r i a  Bursts 

Here we propose two a l te rna t ive  sp l i t t i ng  mechanisms fo r  s t r i a  

bursts.  One i s  a f a i r l y  obvious modification of tha t  suggested by 

Melrose and Sy (1971); i t  overcomes one b u t  not the other of the d i f f l -  

cu l t i e s  just  discussed with tha t  e a r l i e r  theory. The other mechanism 

seems highly favourable a t  f i r s t  s ight .  A1 though i t  remains favourable, 

on closer  examination some less  appealing de ta i l s  emerge. 



f requency turbulence,  which may be i o n  sound, lower hybr id ,  i o n  cyc lo-  

t r o n  o r  some o the r  form. For a  wide range o f  k-values, coalescence o f  
?.. 

t h e  i n i t i a l  Langmuir waves t o  form secondary Langmuir waves i s  poss ib le .  

Again bo th  up conversions and down conversions may occur, and hence we 

have secondary Langmuir waves w i t h  f requencies 

where T  stands f o r  low frequency turbulence.  

The secondary Langmuir waves may produce t ransverse  waves ( w i t h  

k t  C< kL) by coa lesc ing  w i t h  a  second low frequency wave w i t h  

kTl = lkT * kLl  . Assuming kT >> kL, f o r  t h e  sake o f  d iscussion,  t h i s  

r e q u i r e s  k r kT and hence 9, i u,.. There a r e  f o u r  p o s s i b i l i t i e s .  T  ' 
Denoting up and down convers ion by u  and d  r e s p e c t i v e l y ,  these f o u r  

p o s s i b i l i t i e s a r e u u ,  ud, du, dd. They l e a d  t o  f o u r  poss ib le  f i n a l  f r e -  

quencies, w~ + @T + OT , , which reduce t o  t h r e e  f requencies wL + 2wT, 

wL and y - 2 f o r  I = y. 

A no tab le  f e a t u r e  o f  t h i s  a l t e r n a t i v e  mechanism i s  t h a t  a  broad 

spectrum o f  t h e  low frequency tu rbu lence can c o n t r i b u t e  t o  i t .  I n  

p a r t i c u l a r ,  lower h y b r i d  waves propagat ing a t  an ob l i que  ang le  t o  t h e  

magnetic f i e l d  can c o n t r i b u t e  f o r  p a r a l l e l  Langmuir waves. 

Another a t t r a c t i v e  f e a t u r e  o f  t h e  mechanism i s  t h a t  i t  appears 

capable o f  account ing n a t u r a l l y  f o r  s i n g l e  s t r i a ,  s p l i t  p a i r  and 

t r i p l e  b u r s t s .  As a l ready  discussed a t r i p l e  b u r s t  may r e s u l t  when a l l  

f o u r  processes uu, ud, du and dd a r e  a l lowed f o r  kT ,  a kT >> k  How- L ' 
ever  t h e  f i n a l  process dd i s  a l lowed o n l y  f o r  9 + wTl  < wL - w be- 

P ' 
cause o therwise  i t  would l e a d  t o  a  frequency below the  plasma frequency 

where t ransverse  waves do n o t  e x i s t .  I n  t h i s  case t h e  lowest  frequency 

element would be miss ing  l e a v i n g  a  s p l i t  p a i r  b u r s t .  I nspec t i on  o f  t h e  

coalescence c o n d i t i o n s  f o r  t h e  processes uu and dd shows t h a t  they re-  

q u i r e  kT, z - k  f o r  kT >> kL >> kt, w h i l e  t h e  processes ud and du r e -  -AT 
q u i r e s  kTl - kT. Hence i f  t h e  1  ow frequency t u r b u l  ence i s a n i  s o t r o p i c  

s t r o n g l y  favou r ing  one d i r e c t i o n ,  o r  more genera l l y  w i t h  wave angles 



2 k  z k .  Assuming k S  >> kL/ko, we can account  f o r  a  s u f f i c i e n t l y  l a r g e  s  
b f .  However, t h e  bandwidth o f  t h e  l i n e s  cannot  p l a u s i b l y  be l e s s  than  

hI 2 k  v  and f o r  l a r g e  kS t h e  bandwidth would exceed t h e  f requency 
S S '  

sepa ra t i on .  Thus we have e i t h e r  k s  - kL, when t h e  f requency  sepa ra t i on  

i s  t o o  sma l l ,  o r  k S  >> kL when t h e  bnadwidth i s  t o o  l a r g e .  We a l s o  en- 

coun te r  d i f f i c u l t y  i n  e x p l a i n i n g  t h e  f requency sepa ra t i on  i n  t r i p l e  

b u r s t s .  One has wl - w2 w2 - w3 i n  genera l ,  and hence even when a  - 

t r i p l e t  i s  a l l owed  ( k s  < ko/kL) one would n o t  expec t  t h e  spacings be- 

tween t h e  elements t o  be equal .  

For  l o w e r  h y b r i d  waves t h e  d i s p e r s i o n  r e l a t i o n  i s  n o t  o f  t h e  f o rm  

(4.3)  and t h e  k i nema t i cs  a r e  s i g n i f i c a n t l y  d i f f e r e n t  t h a n  f o r  i o n  sound 

waves. For  kT < R  / V  t h e  f requency  o f  l o w e r  h y b r i d  waves i s  g i v e n  ap- - e  e  
p r o x i m a t e l y  by c o l d  plasma theory ,  w i t h  wLH = Re/43 f o r  (cos01 1/43. - 
A t  somewhat h i g h e r  f r equenc ies  t h e  r e l e v a n t  resonance i s  i n  t h e  w h i s t l e r  

mode a t  w .̂ fie 1 cos0 1 . For  k  > Re/Ve a  b roader  range o f  ang les  o f  pro-  - 
paga t i on  i s  a l lowed.  

I f  t h e  s p l i t t i n g  i s  due t o  l owe r  h y b r i d  waves t hen  we have 

W i th  a  bandwidth hI z wLH f o r  these  waves, t h e  s e p a r a t i o n  6 f  would be 

about  t w i c e  t h e  bandwidth ~f f o r  s t r i a  ,burs ts ,  as observed. The ob- 

served  s p l i t t i n g  g i v e s  6 f / f  z 1/300 and hence r e q u i r e s  R /w z 1/14. 
e  P 

For  example a t  w / 2 ~  = 30 MHz t h i s  irnpl i e s  a  magnet ic  f i e l d '  B E 0.7 G, 
P  

which i s  a  reasonable va lue .  For  t r i p l e  b u r s t s  t o  be p o s s i b l e  t h e  low-  

e s t  f requency  t r a c e  must be above t h e  plasma f requency,  and t h i s  r e -  

q u i r e s  

For  v  a c /3  = 30 Ve, (4 .8)  r e q u i r e s  R  /w < 1/30. It i s  o n l y  f o r  a  
9 e  P -  

s lower  s t ream o r  a  h o t t e r  corona, say f o r  v = 20 Ve, t h a t  t r i p l e  b u r s t s  
@ 

c o u l d  be observed. 

T h i s  semiquant i  t a t i v e  d i s c u s s i o n  suggests t h a t  t h e  double coa les-  

cence i n v o l v i n g  l o w e r  h y b r i d  waves o f f e r s  a  h i g h l y  f a v o u r a b l e  



s t a r t i n g  a t  about the  same frequency and separated i n  t ime by 1 t o  2 

seconds. They d r i f t  a t  a c h a r a c t e r i s t i c  r a t e  more commonly f rom lower 

t o  h ighe r  f requencies ( reverse  DPs) and sometimes f rom h ighe r  t o  lower  

f requencies ( f o rward  DPs). Some examples a re  shown i n  F igure  4. 

1979  F E B R U A R Y  1 8  
DPs occur  i n  decametri c 

no ise  storms. They a r e  r e-  - 

s t r i c t e d  t o  f requencies < 80 - 
MHz and a re  most common near 

the  lowest  f requencies obser- 

ved ( =  25 MHz). These occur  

p r e f e r e n t i a l l y  i n  storms near 

t h e  c e n t r a l  mer id ian  (Mgl l e r  

Pedersen 1974). 

0 5 ~ 1 5 ~  30s 4 0 S  5OS 3. D t L i d t  Rate 
UT I n  i n d i v i d u a l  storms the  

F iq .  4. An example o f  a reverse DP i n  d r i f t  r a t e  o f  DPs f a l l s  i n  a 

which the  second' t r a c e  i s  c l e a r l y  narrow range, and the  mean 
s h i f t e d  i n  t ime b u t  n o t  i n  frequency value varies from to from the  f i r s t  t r a c e  ( f rom Suzuki and 
Gary 1979). storm. Both reverse and f o r -  

ward DPs have about t h e  same 

magnitude o f  t he  d r i f t  r a t e .  A t  f z 30 MHz the  d r i f t  r a t e  i s  t y p i c a l l y  

i n  t he  range 2 t o  8 MHz s-' which i s  about t e n  t imes t h a t  o f  t ype  I1 

b u r s t s  and about a t h i r d  t h a t  o f  type 111 b u r s t s  a t  t h e  same frequency. 

4. T h e  Sepanatcon 

The c h a r a c t e r i s t i c  t ime separa t ion  o f  1 t o  2 seconds i s  t h e  most 

no tab le  f e a t u r e  o f  DPs. The separa t ion  i s  a t  l e a s t  predominant ly  i n  

t ime  r a t h e r  than frequency, as i l l u s t r a t e d  i n  F igure  4. 

The instantaneous bandwidth A f  v a r i e s  f rom 0.2 MHz t o  2 MHz w i t h  

a mean around 0.5 MHz f o r  DPs a t  f z 30 MHz. 

I n d i v i d u a l  t races  o f  a DP p e r s i s t  f roin 0.5 t o  4 seconds and extend 
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Fig.  5. An example o f  a  fo rward  DP superimposed on a  f a i n t  t ype  I11 
b u r s t  (de l a  Noe and Mol l e r  Pedersen 1971 ) . 

Smith and Mangeney (1978) d i s t i n g u i s h e d  between sharp DPs w i t h  band- 

wid ths  Af  < 0.4 MHz, and d i f f u s e  DPs w i t h  A f  z 1 MHz. E l l i s  (1969) 
.., 

noted cases o f  DPs w i t h  a  t h i r d  f a i n t  t r a c e  midway between the  o t h e r  two, 

and de l a  Noe and Mfil ler-Pedersen (1971) repo r ted  s i n g l e  t races  which 

have p r o p e r t i e s  otherwise t y p i c a l  of an element o f  a  DP. 

6. E x i s t i n g  I n t e r p r e t a t i o n s  f o r  Drift P a i r  Burs ts  

I n  t h e  f i r s t  d iscuss ion  o f  DPs Roberts (1958) made several  

suggest ions concerning t h e i r  i n t e r p r e t a t i o n .  He concentrated on two 

p o i n t s :  t he  t ime separa t ion  and the  p r e v a l e n c e o f  reverse d r i f t s .  H i s  

suggest ion f o r  t he  t ime  separa t ion  i s  t h a t  i t  i s  due t o  an echo, w i t h  

the  l a t e r  t r a c e  be ing  an echo o f  t h e  e a r l i e r  t race .  For t h e  reverse 

d r i f t s  he noted two p o s s i b i l i t i e s :  an e x c i t i n g  agency e i t h e r  propag- 

a t i n g  inwards towards h igher  d e n s i t i e s ,  o r  propagat ing outwards and 

encounter ing a  " h i l l "  i n  t he  e l e c t r o n  dens i ty .  Much o f  t h e  subsequent 

d i scuss ion  o f  the  i n t e r p r e t a t i o n  o f  DPs has i nvo l ved  c r i t i c i s m  o f  var-  

ious  aspects qf Roberts ' suggest ions. 



r a y  should be broadened due t o  coronal s c a t t e r i n g  (R idd le  1974), ( i i )  

t h a t  t he  delay should increase w i t h  frequency, ( i i i )  t h a t  t h e  l a t e r  

( r e f l e c t e d )  t r a c e  should 1 i e  c l o s e r  t o  t h e  c e n t r a l  mer id ian  than the  

e a r l i e r  t r a c e  (Stewart  1977, de l a  Noe and Gergely 1977) and ( i v )  t h a t  

t h e  p o l a r i z a t i o n  i s  i n c o n s i s t e n t  w i t h  second harmonic plasma emission. 

Howevsr, a l l  these c r i t i c i s m s  apply t o  the  s p e c i f i c  form o f  t h e  echo 

suggested by Roberts, and do n o t  necessar i l y  r u l e  o u t  any model based 

on an echo. 

The p a i r i n g  mechanism suggested by MPSM i s  a1 so open t o  c r i t i c i s m .  

I t  i s  t r u e  t h a t  t he re  a r e  two c o r r e l a t e d  sources, b u t  i t  i s  n o t  obvious 

t h a t  a d i s t a n t  observer would see two t races.  Emission a t  t h e  funda- 

mental i s  s t r o n g l y  r e f r a c t e d  i n t o  the  d i r e c t i o n  o f  decreasing e l e c t r o n  

dens i ty .  I n  the  coronal streamer model t h i s  imp l i es  s t rong  r e f r a c t i o n  

towards the  d i r e c t i o n  perpendicular  t o  the  a x i s  o f  t he  streamer. Hence 

one would expect r a d i a t i o n  conf ined t o  a small range o f  angles about 

I) = .rr/2, where $ i s  t h e  angle between t h e  emerging r a y  and the  streamer 

a x i s .  Fur ther  r e f r a c t i o n s  and/or r e f l e c t i o n s  a re  requ i red  t o  account 

f o r  two p a r a l l e l  rays  being d i r e c t e d  towards t h e  Earth. A f u r t h e r  c r i t i -  

c ism i s  t h a t  one might  expect the  two rays  t o  be oppos i te l y  p o l a r i z e d  i f  

they a re  bo th  due t o  o-mode emission (Suzuki and Gary 1979). (Suzuki 

and Gary remarked on mode conversion as the  more d i s t a n t  r a y  crosses the  

a i i s  o f  t h e  streamer, b u t  i t  i s  n o t  poss ib le  f o r  t h i s  r a y  t o  propagate 

back towards t h e  a x i s  o f  t h e  streamer because o f  t he  i nc reas ing  dens i t y  

g r a d i e n t  i n  t h i s  d i r e c t i o n  .) 

The view adopted here i s  t h a t  t h e  echo hypothesis seems more plaus-  

i b l e  than two c o r r e l a t e d  sources. One i s  then l e f t  w i t h  t h e  problem o f  

i d e n t i f y i n g  a source s t r u c t u r e  which a1 lows two p a r a l l e l  rays  t o  emerge 

w i t h  a r e l a t i v e  t ime de lay  o f  1 t o  2 seconds. A s i n g l e  source i n s i d e  

an overdense s t r u c t u r e  l i k e  t h a t  envisaged by MPSM and e m i t t i n g  a t  t h e  

fundamental can 1 ead t o  r a d i a t i o n  escaping n e a r l y  perpend icu lar  t o  t h e  

a x i s  o f  t h e  s t ruc tu re ,  and subsequent r e f r a c t i o n  and/or r e f l e c t i o n  might  

l e a d  t o  two emerging p a r a l l e l  rays.  Th is  idea i s  o u t l i n e d  f u r t h e r  i n  

Sect ion 8 be1 ow. 

The E x c i t i n g  Agency 

Roberts (1958) made no s p e c i f i c  suggest ion f o r  t h e  e x c i t i n g  agency 



The frequency range over which S bursts extend i s  larger  than can 

plausibly be explained by a local ly  overdense region, and the inferred 

small s ize of S burst sources (; (1800 km)' from estimates below) would 
3 3 have to  be ever smaller by a factor  10 to  30 creating d i f f i c u l t i e s  

similar to  tha t  in a model fo r  type I bursts (Melrose 1980b). 

7 .  S Bursts 

E l l i s  (1969) ident i f ied a class  of f ine  s t ructure bursts which he 

called f a s t  d r i f t  storm bursts by analogy with a variant of type I emis- 

sion reported by El garfiy (1961 ) . McConnell (1 980, 1981 , 1982) made 

systematic study of these bursts and renamed them S bursts by analogy 

with a c lass  of Jovian bursts.  The following summary i s  based on 

McConnell ' s  (1 981 ) thes is .  

On a dynamic spectrum S bursts form a f ine  t race d r i f t i ng  usually 

from higher to  lower frequencies a t  about the same ra te  as  d r i f t  pairs 

(Figure 6 ) .  They often occur in groups of u p  t o  several per second, 

3 June 1979 

Fig. 6. An example of a sequence of S bursts (McConnell 1982). 



-2 -1 d e n s i t y  5 x 1 0 " ~  W m Hz a t  f - 40 MHz. No he1 iograph data a re  

a v a i l a b l e  on t h e  s izes  (due t o  t h e  pers is tence t ime o f  t h e  b u r s t s  a t  

f i x e d  frequency being much shor te r  than t h e  i n t e g r a t i o n  t ime o f  t h e  

he1 iograph) . 

One t o  two percent  o f  S b u r s t s  observed i n  one storm (2-3 June 

1979) showed f i n e  s t r u c t u r e  i n  t h e  form o f  f r i n g e s  (McConnell and E l l  i s  

1980), i .e. t h e  narrow t r a c e  i s  broken i n t o  f r i n g e s  r a t h e r  1  i ke a  type 

I I I b  b u r s t  on a  d i f f e r e n t  sca le  (F igure  7) .  The f r i n g e s  had a  narrow 

bandwidth ~ f / f  3  x and a  c h a r a c t e r i s t i c  frequency separat ion 

va ry ing  from 6 f  n 60 kHz a t  f = 30 MHz t o  6 f  = 500 kHz a t  f s 150 MHz. 

02hlOm 08s UT 09s 

Fig .  7. Fr inges i n  S bu rs ts  (McConnell and E l  1  i s  1981 ) .  

Are S Bursts a  Var ian t  o f  DPs? 

We assume below t h a t  S b u r s t s  a re  v a r i a n t s  o f  DPs. The main argu- 

ment f o r  t h i s  i s  t h e i r  common d r i f t - r a t e  and t h e i r  assoc ia t i on  i n  t h e  

same storms. Another argument, which however requ i res  f u r t h e r  i n v e s t i -  

g a t i o n  f rom an observat ional  v iewpoint ,  i s  t h a t  t h e r e  appears t o  be a  

range o f  v a r i a n t s  f rom o rd ina ry  DPs t o  S burs ts .  For example, Roberts 

(1958) r e f e r r e d  t o  negat ive  d r i f t  b u r s t s  which i nc luded  a  h igh  pro- 

p o r t i o n  o f  s i n g l e  bu rs ts  and some t r i p l e  burs ts ,  and MPSM r e f e r r e d  t o  

sharp DPs, i .e. narrowbanded and fea ture less ,  which d r i f t  over  a  much 

l a r g e r  frequency range than d i f f u s e  DPs, almost always w i t h  a  forward 



2 2 +  w i t h  p = ( 1  - fp/f ) . 
McConnell (1981) showed t h a t  S  b u r s t s  were c o n s i s t e n t  w i t h  a  con- 

s t a n t  v e l o c i t y  e x c i t e r  moving through a  1  x Newkirk (1961) corona 

e m i t t i n g  a t  t h e  fundamental plasma frequency w i t h  a  speed v  i n  t h e  

range 

Wi th  t h i s  i n t e r p r e t a t i o n  he found t h a t  t h e  l i m i t s  on t h e  s i z e  o f  t h e  

source r e g i o n  a r e  c o n s i s t e n t  w i t h  a  rough l y  sphe r i ca l  source w i t h  1  i n e a r  

dimensions < 1800 km. Imagin ing t h e  e x c i t e r  t o  be a  stream o f  e l e c t r o n s  - 
w i t h  v e l o c i t y  d i s p e r s i o n  Av, McConnell argued t h a t  t h e  f a c t  t h a t  t h e  

5 source s i z e  i s  ma in ta ined over  a  p ropagat ion  d i s tance  z 10 km i m p l i e s  

I t - m i g h t  be remarked t h a t  i n  o r d e r  t o  e x p l a i n  t h e  sma l l es t  bandwidths 

observed i n  f r i n g e s  one r e q u i r e s  A f L / f  c 3 x which w i t h  (7.2b), 
.-d 

w i t h  v  = v  and Av = Av and (7.3) i s  cornpat-ible w i t h  t h e  very  smal l  
0 0 ' 

va lue  o f  AV/V  i m p l i e d  by  (7.4). Such an ext remely monoenergetic stream 

i s  s i m i l a r  t o  t h a t  r e q u i r e d  by Smith and de l a  No@ (1976) i n  t h e i r  

t heo ry  f o r  s t r i a  bu rs t s .  

Amongst t h e  o t h e r  c o n t r i b u t i o n s  t o  t h e  th ickness  o f  t h e  t races ,  

t h e  decay t ime of t h e  Langmuir waves seems t o  r e q u i r e  an exp lanat ion .  A  

pe rs i s tence  t ime  l e s s  than 0.1 i s  incompat ib le  w i t h  c o l l i s i o n a l  damping. 

The Langmuir waves cou ld  be reabsorbed by t h e  stream, as i n  some theor-  

i e s  f o r  t ype  I 1 1  bu rs t s ,  e.g. Magelssen and Srnith (1977), Takakura and 

Shi bahashi (1  976), Grognard (1  982). A1 t e r n a t i v e l y  t h e  convers ion  pro-  

cess cou ld  i n v o l v e  low frequency tu rbu lence w i t h  a  decay t i m e  much 

s h o r t e r  than t h a t  o f  t h e  Langmuir waves so t h a t  t h e  l a t t e r  i s  n o t  r e l e -  

vant; a  suggest ion a long these l i n e s  was made i n  a  somewhat d i f f e r e n t  



scatter-free, the observed bandwidth Af can be much less t h a n  AfLm I t  
i s  then n o t  necessarily inconsistent t o  assume t h a t  the exciting agency 
i s  a stream of electrons with a moderate velocity spread. The under- 
lying reason for this i s  simply t h a t  refraction can cause different 

frequencies emitted a t  a single point t o  emerge a l o n g  different ray 
paths only  one of which may intersect the observer. 

8. Towards an Alternative Model for Drift Pair Bursts 

I n  attempting t o  formulate a n  alternative model (e.g. t o  t h a t  of 

MPSM) for DPs we will proceed as far as possible by drawing inferences 

from the d a t a  a n d  relying on existing ideas concerning possible coronal 
structures. However there are two particular assumptions which are 
only partly justified by rational argument and which are made partly 
from personal preference. We regard these two assumptions as working 
hypotheses:- 

A .  The two traces of a DP are from a single source and are due t o  
two rays emerging a l o n g  different paths (echo hypothesis). 

B. S bursts are variants of DPs; their exciting agencies are sim- 

i la r  and the differences in their properties are due t o  differences in 
the structure and/or location of the source. 

There are two inferences we can draw from the most recent obser- 

vational d a t a  (Suzuki and Gary 1979).  First,  the polarization imp1 ies 
fundamental plasma emission. Second, the overlapping positions of the 
apparent sources suggests t h a t  the source i s  in a coronal duct of the 

form invoked t o  account for several properties of type 111 bursts 
(Duncan 1979, ~oqu6russe and Bougeret 1981 ) . 

Clearly the echo hypothesi s i s  incompati bl e with fundamental pl asma 

emission unless the source i s  in a locally overdense region. Only then 

can rays escape in different directions and propagate over ray paths 

separated by distances of order a l ight  second ( z  0.4 R Q )  Thus we are 

forced by hypothesis A t o  assume t h a t  the source i s  in a locally over- 

dense structure within a coronal duct. 

Our working hypothesis B requires t h a t  the source model be capable 

of allowing the rays t o  escape directly, i .e.  without reflection, for 



F ig .  8. I d e a l i z e d  
model f o r  t h e  source 
reg ion  i n  a r e l a t -  
i v e l y  overdense f 1 ux 
tube i n s i d e  an 
underdense duc t  bor-  
dered by con ica l  
w a l l s .  Schematic 
ray  paths f o r  emer- 
g ing  p a r a l l e l  rays  
are  i nd i ca ted .  

Fundamental plasma 

r a d i a t i o n  i s  as- 

sumed t o  be gener- 

a ted  over  t h e  

c ross  s e c t i o n  o f  

t h e  f l u x  tube by 

an e x c i t e r  which 

moves up ( fo rward  

DP) o r  down ( r e-  

verse DP) t h e  f l u x  

tube. A t  any 

I - parallel 
rays -- 

given h e i g h t  t h e r e  

ii a range o f  

plasma frequencies 

across t h e  f l u x  tube and hence a range o f  f requencies i s  e m i t t e d  f rom 

each he igh t .  

Escape o f  Two P a r a l l e l  Rays 

The e s s e n t i a l  requirements f o r  t h i s  model t o  account f o r  t h e  bas ic  

p r o p e r t i e s  o f  DPs i s  t h a t  i t  produce two p a r a l l e l  rays  over  a smal l  

rangp o f  angles r e l a t i v e  t o  t h e  a x i s  o f  t he  con ica l  duct,  w i t h  a delay 

o f  1 t o  2 seconds between these rays.  To see how t h i s  might  occur  l e t  

us s t a r t  by cons ide r ing  a f l u x  tube a t  t h e  cen t re  o f  t h e  duc t  w i t h  i t s  

a x i s  para1 l e l  t o  t h a t  o f  t he  duct .  

Rad ia t i on  i s  generated over  a range o f  f requencies a t  any g iven 

h e i g h t  i n  t he  f l u x  tube and i s  r e f r a c t e d  s t r o n g l y  towards t h e  normal 

to -  t h e  f l u x  tube as i t  escapes. J u s t  ou ts ide  t h e  f l u x  tube t h e  emerging 



The impor tant  e f f e c t s  i n  t h i s  simple model a re  ( i )  t h e  source 

( f l u x  tube) produces a  range o f  f requencies a t  any g iven p o i n t  w i t h  a1 1  

, t h e  rays  a t  l a r g e  angles ($0 : 90') t o  the  a x i s  o f  t h e  duct,  ( i  i )  t h e  

r a y  angle i s  reduced by bo th  r e f r a c t i o n  and r e f l e c t i o n  o f f  t h e  w a l l s  o f  

t h e  duct,  ( i i i )  t he  rays escaping i n  any g iven d i r e c t i o n  i nc lude  one 

from the  near s ide  and one f rom t h e  f a r  s ide  o f  t h e  duct  a t  s l i g h t l y  

d i f f e r e n t  frequencies. None o f  these e f f e c t s  i s  a l t e r e d  i n  any es- 

s e n t i a l  way when t h e  f l u x  tube i s  n o t  a t  t h e  cent re  o f  t h e  duc t  o r  when 

i t s  a x i s  i s  a t  a  modest angle < a t o  t h e  a x i s  o f  t h e  duct.  

There a re  two c o n t r i b u t i o n s  t o  t h e  t ime delay between t h e  two rays. 

One i s  due t o  t h e  f l u x  tube being o f f  cen t re  l ead ing  t o  r a y  paths o f  

d i f f e r e n t  lengths  t o  the  r e f l e c t i o n  p o i n t s  on e i t h e r  s ide  o f  t h e  duct.  

The o t h e r  i s  due t o  t h e  d i f f e r e n c e  i n  t h e  path lengths  f rom t h e  observer 

t o  t h e  near and t o  t h e  f a r  r e f l e c t i o n  po in t .  Each o f  these leads t o  a  

delay which i s  a  f r a c t i o n  o f  t h e  l i g h t  propagat ion t ime across t h e  duct. 

A l i g h t  t r a v e l  t ime o f  several seconds i s  cons is ten t  w i t h  t h e  observed 

s izes  o f  DP sources. Indeed provided t h a t  t he  rays emerging f rom op- 

posi t e  s ides o f  t h e  f l u x  tube a re  bo th  r e f l e c t e d  from the  w a l l s  o f  t he  

duct  one would expect two p a r a l l e l  emerging rays. The l a r g e r  t h e  tilt 

o f  t h e  a x i s  o f  t h e  f l u x  tube t o  t h e  a x i s  o f  t h e  duct,  and the  l a r g e r  

t h e  v iewing angle r e l a t i v e  t o  t h e  a x i s  o f  t h e  duct,  t he  l a r g e r  the  f r e -  

quency separa t ion  between t h e  two rays.  It i s  tempting t o  i d e n t i f y  the  

frequency d i f fe rences sometimes repor ted  (e. g  . El 1  i s 1969) between t h e  

two t races  t o  be due t o  t h i s  e f f e c t .  I n  general however t h i s  frequency 

d i f f e r e n c e  would be small ,  e.g. 6 f / f  E 0.1 - 0.2 f o r  angles r 10' be- 

tween t h e  two axes o r  between t h e  l i n e  o f  s i g h t  and t h e  a x i s  o f  t he  duct.  

S Burs ts  

We have a l ready suggested t h a t  t h e  broader bandwidths o f  DPs com- 

pared w i t h  S bu rs ts  i s  due t o  the  rays  f o r  DPs exper iencing r e f l e c t i o n s .  

By i m p l i c a t i o n  an S b u r s t  would correspond t o  the  same phenomenon as a  

DP observed w i thou t  r e f l e c t i o n .  For example, consider  a  f l u x  tube near 

t h e  f a r  w a l l  o f  t h e  duct  and w i t h  i t s  a x i s  n e a r l y  para1 l e l  t o  t h e  w a l l .  

Then rays  emerge i n t o  the  duct  a t  an angle q0 . 90' - a t o  the  a x i s  o f  

t h e  duct.  These rays can escape w i t h o u t  r e f l e c t i o n  provided we have 

qm = a r c  s in (pO cos a)< u , 



For s t r i a  - type I I I b  bursts the two exciting agencies are required: 

one for the Langmuir waves and one for the lower hybrid waves. We have 
assumed imp1 ici t ly t h a t  the Langmuir waves are generated by a type I11 

electron stream, and  that the level of these waves i s  too low to pro- 

duce observable emission except when the regions of lower hybrid turbul- 

ence are encountered. The source of the lower hybrid waves i s  evidently 

some pre-existing coronal structure which i s  subject to an instability 

producing the waves. Thus in the case of s t r i a  - type I I I b  bursts we -- 

have identified the emission mechanism and partly identified the exist- 

ing agency, b u t  we have not identified the coronal structures required 

t o  produce the s t r i a .  

For d r i f t  pair - S bursts we have concentrated on the coronal 

structure. The exciting agency i s  proble~iiatical . I t s  speed i s  not any 

of the characteristic speeds i n  the corona. A stream of electrons of en- 

ergy a few keV or a whistler wave soliton seem the only possible inter- 

pretations. Assuming the former and setting aside the problem of how 

these electrons might be accelerated or injected into the flux tube, an 

important question remains unanswered: why does the stream appear not 

to disperse? The extremely narrow bandwidth of S bursts can be partly 

explained as suggested in Section 7 ,  b u t  even with that  explanation the 

short duration of the bursts remains a mystery. The a1 ternative of a 

whistlersoliton raises even more unsolved problems. Also we have not 

discussed the details of the emission mechanism for d r i f t  pair - S 

bursts. Perhaps the emission mechanism involves low frequency waves, 

as for s t r i a  - type I I I b  bursts, a n d  that the short duration i s  charac- 

t e r i s t i c  of the persistence time of the low frequency waves. However 

this  i s  mere speculation: neither the exciting agency nor the details 

of the emission mechanisnr have been identified adequately for d r i f t  

pair - S bursts. 

I n  conclusion, the highly specific character of fine structure re- 

quired highly specific interpretations which may shed light on more 

general problems in solar radiophysics. Clearly i t  i s  desirable t o  de- 

velop and explore the ideas introduced here in further detail in the 

hope that they will lead no t  only to a better understanding of the fine 

structures themselves b u t  lead to a deeper understanding of plasma emis- 

sion and of coronal physics. 
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