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Abst rac t .  Fine s t r u c t u r e s  observed i n  t h e  a few t ens  of mi l l i seconds  [e -g . ,  Melrose et a l . ,  
a u r o r a l  k i l ome t r i c  r a d i a t i o n  (AKR) and i n  t h e  19821. As s a t u r a t i o n  occurs t h e  d i s t r i b u t i o n  
Jovian  decametric r a d i a t i o n  (DAM) show rematkable func t ion  should r e l a x  so  t h a t  t he  f ea tu re  assoc i -  

, 

s i m i l a r i t i e s  t o  f i n e  s t r u c t u r e s  in d i s c r e t e  VLF a ted  wi th  t h e  a v a i l a b l e  f r e e  energy is smoothed 
emissions.  The feedback model of Hel l iwel l  f o r  out .  The observed d i s t r i b u t i o n  func t ions  a r e  
d i s c r e t e  VLF emissions is modified t o  apply t o  measured over a few seconds and must correspond 
ARK and DAM. An important cons t r a in t  on t h e  model t o  t h e  relaxed d i s t r i b u t i o n ,  which may conta in  
is t h a t  t h e  frequency d r i f t  must be c lo se  t o  t h a t  l i t t l e  evidence of t h e  f ea tu re s  a c t u a l l y  d r iv ing  
c h a r a c t e r i s t i c  of a propagating elect'ron r a d i a t i n g  t he  i n s t a b i l i t y .  Whatever these  f ea tu re s  a r e ,  
a t  its cyclo t ron  frequency. For DM1 t h e  model they need t o  be  generated on a s imi l a r  time s c a l e  
f i t s  s a t i s f a c t o r i l y  with t h e  observat ional  da t a .  t o  t h a t  i n  which they are smoothed out ,  i.e., a 
For AKR i t  seems necessary t o  assume t h a t  t h e  few t ens  of mil l iseconds.  Likely mechanisms in-  
b a s i c  f i n e  s t r u c t u r e  is unresolved and t h a t  t h e  . volve p a r a l l e l  e l e c t r i c  f i e l d s  [e.g., Mozer et  
repor ted  f i n e  s t r u c t u r e s  a r e  envelopes of these  a l . ,  19801; t h e r e  is observa t iona l  evidence f o r  a 
b a s i c  s t r u c t u r e s  d r i f t i n g  a t  a r a t e  assoc ia ted  c o r r e l a t i o n  between AKR and t he  e l e c t r i c  f i e l d  
wi th  t h e  e x c i t i n g  agency, which is presumed t o  be [e.g., Morioka et  a l . ,  19811. However, i t  is 
a loca l i zed  p a r a l l e l  e l e c t r i c  f i e l d .  It is argued ques t ionable  whether t h e  maser mechanism is ten- 
that these  b a s i c  f i n e  s t r u c t u r e s  may be  d r i f t i n g  a b l e  on t h e  s h o r t  time s c a l e s  which a r e  ev iden t ly  
r a p i d l y  a t  a r a t e  propor t iona l  t o  t h e  p a r a l l e l  involved. On a s u f f i c i e n t l y  sho r t  time sca le .  
e l e c t r i c  f i e l d  (provided i t  is > 0.1 mV m-l) and phase coherence e f f e c t s  must be important, and 
t h a t  t h e i r  bandwidth, determined by t he  r e l a t i v-  then a maser theory is inappl icable .  We now 
i s t i c  v e l o c i t y  spread,  should be less than = 1 kHz. argue on observa t iona l  grounds t h a t  a phase- 
Tr igger ing  of AKR by type  111 b u r s t s  can be  ex- bunching theory and n o t  t h e  conventional maser 
p la ined  n a t u r a l l y  i n  terms of the  model. theory is appropr ia te  a t  l e a s t  f o r  some purposes. 

It has  long been known t h a t  DAM contains f i n e  
1. In t roduct ion  s t r u c t u r e s ,  c a l l e d  S ( fo r  "short") bu r s t s ,  [ e.g. ,  

Wawick, 19671. Detai led observat ions of DAM a t  
The e l e c t r o n  cyc lo t ron  maser theory [Melrose, a t  very high r e so lu t i on  were-reviewed by E l l i s  

1976; Wu and Lee, 19791 f o r  t h e  au ro ra l  k i l ome t r i c  [1974, 19821. H e  found S b u r s t s  during about 
r a d i a t i o n  ,(AKR) and f o r  t h e  Jovian decametric h a l f  of t h e  J u p i t e r  no i s e  storms. These b u r s t s  
r a d i a t i o n  (DAM) has  been q u i t e  successful  i n  ac-  have bandwidths a s  narrow a s  2 kHz and a r e  com- 
counting f o r  many f e a t u r e s  of the  observed e m i s -  monly d r i f t i n g  with [d f /d t l  = f where 
s ions .  Notable successes include t he  p r ed i c t i on  d f / d t  e 10 MHz s-1 and f E 10 MHz. E l l i s  found 
t h a t  AKR should be  i n  t h e  x mode from a reg ion  d r i f t s  predominantly from high t o  low frequency, 
w i th  plasma frequency up much less than t h e  e lec-  but  r eve r se  d r i f t s  and more complicated s t r u c t u r e s  
t r o n  cyc lo t ron  frequency Qe [Melrose, 19761; t h e  were sometimes observed. S imi la r  f i n e  s t r u c t u r e s  
p r e d i c t i o n  t h a t  AKR can be driven by an upward were repor ted  in AKR by Gurnett and Anderson 
d i r e c t e d  l o s s  cone d i s t r i b u t i o n  [Wu and Lee, 19791. [I9811 and Morioka et  a l .  [19811. Gurnett and 
as subsequent c a l c u l a t i o n s  based on observa t iona l  Anderson suggested t h a t  AKR c o n s i s t s  of d i s c r e t e  
d a t a  of t h e  e l e c t r o n s  confirmed [Melrose e t  a l . ,  narrow band s t r u c t u r e s ,  r a t h e r  than of a contin-  
1982; Omidi and Gurnett ,  19821; and t he  n a t u r a l  uous broadband emission. These s t r u c t u r e s  have 
explana t ion  [Hewitt et a l . ,  1981) f o r  t he  obser-  bandwidths of 1 kHz o r  less and d r i f t  e i t h e r  
v a t i o n a l  evidence t h a t  DAM has  an emission pat- predominantly upward o r  predominantly downward i n  
t e r n  l o c a l l y  confined t o  t h e  sur face  of a hollow frequency wi th  a v a r i e t y  of s t ruc tu re s .  A par- 
cone. However i n  s p i t e  of these  and o the r  suc- t i c u l a r  f e a t u r e  of t h e  f i n e  s t r u c t u r e s ,  noted by 
ce s se s ,  t h e  cyc lo t ron  maser theory i n  its present  both E l l i s  [1974] and Gurnett and Anderson [19811, 
form remains a t  b e s t  an incomplete theory f o r  AKR is that they a r e  s t rong ly  reminiscent  of f i n e  
and DAM. s t r u c t u r e s  in d i s c r e t e  VLF emissions. This sug- 

One a spec t  in which t h e  theory is i n t e r n a l l y  g e s t s  that any explanation f o r  these  f i n e  s t ruc -  
u n s a t i s f a c t o r y  concerns time sca les .  With measur- t u r e s  should be app l i cab l e  t o  a l l  t h r ee  cases ,  
ed d i s t r i b u t i o n  func t ions ,  t h e  ca lcu la ted  growth namely AKR, DAM and VLF emissions. 
r a t e s  are too  small t o  account f o r  e f f e c t i v e  am- I n  t h i s  paper an  at tempt is made t o  develop a 
p l i f i c a t i o n  in one pass  through t h e  source. This  theory  f o r  f i n e  s t r u c t u r e s  in AKR and DAM by 
is a s  it should be: t h e  c h a r a c t e r i s t i c  growth adapting t h e  accepted phenomenological theory 
t i m e  f o r  t h e  cyc lo t ron  maser is q u i t e  s h o r t ,  and [ H e l l i w e l l ,  19671 f o r  d i s c r e t e  VLF emissions. 
t h e  maser should s a t u r a t e  ( i n  the  case  of AKR) in VLF emissions involve e l ec t rons  resonat ing  wi th  

wh i s t l e r s ,  and in t h e  model t h e  i n t e r ac t i on  is 
assumed t o  be  confined t o  an  " in terac t ion  region" 

Copyright 1986 by t h e  h r i c a n  Geophysical Union. (IR) which can d r i f t  a long  t h e  f i e l d  l i n e s .  The 
important  modificat ion which needs t o  be  made t o  

--- Paper-numbeLSA83/r6 ---I._apply-t@s toAKR--and DAM is t o  t he  reson- 
01484227/86/005A-8346$05.00 ance condi t ion  which now app l i e s  t T x  - ide-waves7 '  - - 



1 9  Melrose: base-~unching Mechanibm for AKR and DAM 7971 

Also in AKR and DAM, r e l a t i v i s t i c  e f f e c t s  are 
important, and need t o  be retained i n  the  reson- 
ance condition [Uu and Lee, 19791. 

An  important motivation for  the present invest-  
igation i s  the  evidence [Calvert,  1981, 1985a. b ; i  
Farrell and Gurnett, 19851 that AKR and Jovian 
hectometric radiation ( H O M )  can be triggered by 
radio bursts  originating in the solar wind, 
spec i f i ca l ly  type 111 and type 11 solar bursts.  
(Triggering o f  DAM has yet t o  be observed; the  . 
relevant solar radio bursts  would be generated 
several solar r a d i i  from the sun.) Calvert ' 
[1985a, b ]  has argued tha t  such triggering prk- 
vides strong support For h i s  feedback model 
[Calvert,  19821 f o r  the  generation o f  AKR. The 
feedback loop i n  Calvert 's  [I9821 model involves 
only the  waves, which are assumed t o  be partially 
ref lected a t  end points. Fine structures and 
triggering occur i n  VLF emissions and are inter-  
preted i n  terms o f  a feedback mechanism, but i n  
t h i s  case the  feedback loop involves both the  
particles and the waves. Particles entering the 
IR are phase-bunched by whistlers leaving the IR, 
and l a t e r  as these particles approach the other 
side o f  the  IR they generate a new whistler a t  a 
s l i g h t l y  d i f f e r e n t  frequency. This whistler pro- 
pagates back t o  phase bunch a new group o f  par- 
t i c l e s .  This wave-particle feedback loop requires 
that  the  particles and waves be propagating i n  
opposite directions through the IR. Potentially 
t h i s  feedback mechanism o f f e r s  a natural explan- 
at ion for  the  triggering o f  AKR, DAM and HOM by 
analogy wi th  the  well-known triggering o f  discrete 
VLF emissions. Triggering i s  discussed only 
b r i e f l y  i n  the  present paper ( c f ,  section 5.4).  

Three important ingredients in Helliwell 's  
[I9671 model for  discrete  VLF emission are the  
"consistent wave condition," the feedback loop 
and the saturation mechanism. The consistent wave 
condition se lec t s  those particles and waves which 
remain i n  resonance for  the  rnaxinnrm time i n  an 
inhomogeneous system; i n  practice it relates  the  
frequency d r i f t  t o  the  motion o f  the  IR. The 
application o f  t h i s  condition t o  x mode radiation 
i s  discussed in section 2. (Some o f  th? resu l t s  
o f  section 2 have been derived by Le Queau e t  a l .  
[1985].) The feedback loop requires waves and 
particles propagating in opposite directions 
through the IR whereas i n  Wu and Lee's [1979] maser 
mechanism, for  example, upgoing particles generate 
upgoing waves so that  waves and particles are pro- 
pagating i n  the  same sense. However, the two 
theories are compatible, provided the IR has a 
parallel ve loc i ty  intermediate between those o f  
the  particles and the waves so that  the  re la t i ve  
motions o f  particles and waves t o  the  IR are op- 
posite. This requirement on the veloci ty  o f  the  
IR imposes a severe res t r ic t ion  on the model i n  
terms o f  the  allowed frequency d r i f t  rates  ( c f .  
section 6 ) .  The saturation mechanism in 
Helliwell 's  model i s  wave trapping, and it i s  
assumed here that  t h i s  applies also t o  the  x mode. 
(Le Quiau e t  a l .  [I9841 have also proposed trap- 
p i n g  as the  saturation mechanism for  AKR.) Trap- 
p i n g  should be relevant ,  rather than saturation 
through quasi-linear e f f e c t s  [e-g. ,  Wu e t  al . ,  
1981; Melrose e t  a l . ,  1982; Pri tchet t  and 
Strangeway, 19861, provided the emission i s  s u f-  
f i c i e n t l y  narrow band. 

The paper i s  s e t  out as follows. In section 2 

i s  discussed and adapted t o  apply t o  the  x mode 
case; the  e f f e c t  o f  a parallel e l e c t r i c  f i e l d  i s  
included in the resulting expression for the  fre-  
quency d r i f t  rate  d w / d t .  (The angular frequency - 
i s  w = 27f . )  Saturation o f  the  growth due t o  wave 
trapping i s  discussed i n  section 3 ,  and i n  section 
4 possible sources o f  f ree  energy are considered. 
Several more minor aspects o f  the  mechanism, in- 
cluding triggering, are discussed in section 5. 
The applications t o  DAM and t o  AKR qre explored i n  
section 6 ,  and the conclusions are summarized i n  

\section 7.  

2. The Frequency D r i f t  

In the theory o f  discrete  VLF emissions there 
i s  a condition imposed called the  "consistent 
wave condition" by Helliwell [I9671 and the 
"second-order resonance" by Nunn [1974] . 
Matsumoto [I9791 expressed t h i s  condition i n  terms 
o f  derivatives o f  the re la t i ve  phase, JI eay, o f  
the  wave and the particle. ,  (The re la t i ve  phase 
may be iden t i f i ed  as the  quantity Y - 4 appearing 
i n  ( M a )  and (A9) o f  the  appendix.) The condition 
d$/dt = 0 gives the  usual resonance condition, and 
t h i s  additional condition i s  d2$/dt2 = 0 .  In  a 
homogeneous medium, d$/dt - 0 implies that  the  re- 
sonant particle experiences systematic acceleration 
by the  wave f i e l d s ;  i n  principle t h i s  acceleration 
can continue u n t i l  the  particle veloci ty  has . 
changed s u f f i c i e n t l y  so t h a t  it d r i f t s  out o f  re- 
sonance. In an inhomogeneous medium the time o f -  
the  resonant interaction i s  l imited by spat ial  
gradients, which cause a particle and wave i n i t -  
i a l l y  i n  resonance t o  move away from resonance as 
they propagate. The additional condition 
d2$/dt2 = 0 selects  those particles and waves which 
dc not get out o f  phase due t o  the  f irs t-order  
changes. These f irst- order changes include a fre-  
quency d r i f t  dw/dt las  well as the  e f f e c t  o f  the  
gradients due t o  the  inhomogeneity. Only particles 
which s a t i s f y  t h i s  additional condition are import- 
ant i n  the  interaction. 

An arbitrary resonance, a t  the  s t h  harmonic 
( s  = 0.21, ...), corresponds t o  the  resonance 
condition 

The consistent wave condition i s  

In practice. ( 2 )  determines the  frequency d r i f t  
d w / d t  i n  terms o f  the  spatial gradients and the 
d r i f t  veloci ty  V I R  o f  the  interaction region: - 

Before applying t h i s  t o  the  case o f  in teres t  here,  
spec i f i ca l ly  t o  x mode waves for  s - 1 ,  l e t  us  
note the  important de ta i l s  o f  the  application t o  

_whislers .- --- .- -- -+..--- -- 
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In  the  case  of VLF emissions t h e  whi s t l e r s  a r e  
usual ly  assumed t o  be propa a t ing  p a r a l l e l  t o  the  
f i e l d  l ines .  Then one has gkl 1 = 

o/c{w/(ne-w)l+, and one may write lakg/aw( = " 
a v g .  where vg is the  group speed. I n  (1) the 
r e l a t i v i s t i c  e f f e c t s  a r e  unimportant, and k p f l  and 
ne a r e  l a r g e r  i n  magnitude than w. The resonance 
at s - 1 then requires  kgvl < 0, i.e.. e lec t rons  
and whi s t l e r s  propagating in opposite d i r ec t ions  
along the  f i e l d  l ines .  ' I n  (3) only t h e  component 
of VIR along the  f i e l d  l i n e s  is r e l e v h t .  
(1)- the r e l a t i v i s t i c -  ef f e c t s  a r e  ignored. 
re levant  gradients  

feedback t o  occur the  propagation veloci ty  of the  
in t e rac t ion  must be intermediate betveen' the pro- 
pagation veloci ty  of the  e lec t rons  and t h a t  of the  
waves. Thus i f  t he  e lec t rons  a r e  moving t o  the  ' 

r i g h t  (v > 0) and the  waves t o  the  l e f t  ( a t  - vg), 
ooe requires-- v < VIR < vI . Note t h a t  f o r  . - 
vIRl < 0, t h e  d r f f t  r a t e  duldt  can have t h e  oppos- 
i t e  s ign  t o  vlldne/dz, where z denotes d is tance  -. 
along the  f i e l d  l ine .  That is, e lec t rons  propag- 
a t i n g  toward decreasing cyclotron frequencies can 
emit a r i s i n g  tone. There is no inconsistency i n  
t h i s  because e lec t rons  a r e  continuously flowing 
through the I R ,  and t h e  e lec t rons  r ad ia t ing  a t  
one time a r e  not the  same a s  the  e lec t rons  radi-  
a t i n g  a t  a laper  time. I 

For x mode-waves a t  s = 1 the dominant terms i n  
(1) give w E ne, and the  r e l a t i v i s t i c  correc t ion 
and Doppler term (kllvII) a r e  small. The emission 
must be above the  cutoff  a t  q m w . 

. . X' 

and t h i s  requires  kllvll > 0. For present purposes 
i t  i s  s u f f i c i e n t  t o  expand the  square root  in 
( I ) ,  and a l s o  i n  (2). and r e t a b  only the  f i r s t -  
order r e l a t i v i s t i c  correction.  Then (1) may be 
replaced by 

2 v, + (v -v ) 2  = v 2 
1 I c 0 (5) 

with 

2 
We now s e t  s - 1. On assuming v, + v i  = constant 
and v2/ne = constant,  one f inds  t h a t  the dominant 
terms% (3) give dw/dt = vIR.grawe. Thus the  
va r i a t ion  in v, and v l  is unimportant. 

An important const ra in t  on the  theory i s  t h a t  
feedback must be possible.  Consider the  frame in 
which the  I R  is a t  r e s t .  By analogy with the case  
of whis t lers ,  feedback is possible i f  the  p a r a l l e l  
ve loc i ty  of the  p a r t i c l e s  and the p a r a l l e l  group 
ve loc i ty  of the  waves a r e  oppositely d i rec ted  in 
t h i s  frame. Only then can the  waves emitted by 
p a r t i c l e s  a t  one end of the '  I R  phase bunch incom- - 
The p a r a l l e l  group veloci ty  vgl of the  waves may 

be approximated by vc except near the cutoff  
frequency. More spec i f i ca l ly  one has v I = vc 
whenever one has. awNx/aw :: 1. I n  the  l&oratory  
frame the icmdi t ion  f o r  feedback t o  o p e r a t e . '  ' 

becomes ' .  . . '.:* .L ; : - . ' . ' .  . 
. . .' . . 

min[v,, ,vcl < VIPll < max[vusvc1 
. . I L ,': . 

: (7) 

+ 1 '  , 
I n  p rac t i ce  it is l i k e l y  t h a t F  (vc - vg 1 is  much 
smaller  than e i t h e r  vc o r  vg, and then (7) implies 
a very narrow range f o r  v ~ ~ g .  The s ign of vc - v i  
is pos i t ive  f o r  a l o s s  cone d i s t r ibu t ion  (cf .  
equation (24)), but  more generally one could en- 
visage cases where vc - v( is negative. The feed- 
back mechanism can operate f o r  e i t h e r  s ign.  

The d r i f t  of the I R ,  including possible motion 
across the  f i e l d  l i n e s ,  i s  discussed fu r the r  i n  
sec t ion 5.3. 

Suppose the  in t e rac t ion  region is d r i f t i n g  along 
the  f i e l d  l i n e s  (i.e.. vIu 0). Then (3). when 
taken together with (7) and vn = vc, implies 
dwldt z vIRIldn/dz. This is a very r e s t r i c t i v e  con- 
d i t ion .  It is e f fec t ive ly  the condition assumed by 
E l l i s  [I9741 gnd by Gurnett and Anderson [I9811 i n  
in t e rp re t ing  the frequency* d r i f t s  observed i n  t h e  
f i n e  s t ruc tu res  of DAM and AKR, respectively;  these  
authors a c t u a l l y  assumed 'dw/dt = vlldne/dz. &For DAM 
t h e  observed d r i f t s  seem t o  be consis tent  with 
dwldt E vlldne[dz f o r  vll > '0 (upward motion toward 
decreasing ne) with vn/c E 4.1 [ E l l i s ,  19741. a l -  
though r a r e r  d r i f t s  inconsistent  with t h i s  a r e  ob- 
served. For AKR t he  observed d r i f t s  would imply 
vn between 3 and 300 km s-1 [Gurnett and Anderson. 
19811, and i t  seems 'unlikely tha t  these inferred  
d r i f t  v e l o c i t i e s  do correspond t o  v ~ .  Gurnett and 
Anderson [I9811 suggested tbt the inferred  d r i f t s  
might be cha rac te r ig t i c  of motion a t  the  ion sound 
speed, and Morioka e t  a l .  [I9811 suggested t h a t  
they may be associated with propagating double 
l aye r s  o r  e l e c t r o s t a t i c  shocks. 

Although a p a r a l l e l  e l e c t r i c  f i e l d  has no ef-  
f e c t  on the  resonance condit ion,  i t  cannot be ig-  
nored i n  the consis tent  wave condition. Let t h e  
e l e c t r i c  po ten t i a l  be 4 = $(z). Then conservation 
of energy and of the  f i r s t  adiabat ic  invar iant  
imply, respectively.  

' Ze 4 = constant v, + VII - - 
m . . 

v:/ne = constant 

I n  view of (5). t he  condit ion (3) becomes 

and together with (8) and (9) t h i s  implies 

where some small terms a r e  omitted and where 
- .  - 

is a c h a r a c t e r i s t i c e l e c t r i c  f i e l d .  The term in- - -I --.-..._..l .-.-- jl__.__.___d__j - . . 
volving Ell - d+/dz in. (11) a r i s e s  a s  follows. 

f 
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high t o  low frequencies for  an upward motion of 
the  I R ,  i.e.. fo r  V I R ~  > 0 (with dQe/dz < 0) .  A 
co r re la t ion  between dw/dt and En was suggested by 
Morioka et a l .  [I9811 based on observational data. . . . - -. . L 

3. Saturation Effects 
. . 

3. "11, The model developed above has several  fu r the r  '. 
! - .  !-,I vi .;! . ;  . . deta i led  features  which require consideration. 

. . 
. . .  . .  C) .s, ; These.are discussed i n  t h i s  sect ion and in the  . ,- . . 

! next two sections.  IIowever,'these fur ther  d e t a i l s  
I , .  
I . . a r e  not of much p rac t i ca l  significance t o  the 

i I 

. :.;- \ appl icat ions  t o  DAM and ' AKR, and the reader in- 
20 - - teres ted primarily in the applications would lose  

l i t t l e  by proceeding d i rec t ly  t o  sect ion 6. 
Saturation of the  wave growth i s . a t t r i b u t e d  t o  

.r x wave trapping. It is postulated tha t  the  bunching 
time (or the  bounce o r  trapping time) is equal t o  
the  resonance time, which 1s the  time spent by a 
resonant e lect ron i n t h e  I R  of length L. The. 

. . .  bandwidth of the  emission is limited by the  trap- .. ' 
ping frequency WT.: . In  t h i s  sect ion we f i r s t  e s - . .  

2. , - 
-' . . .  .: .. 3 ..... . t imate t h e '  length .  of the, I R ,  and then, we consider .' 

, .  . .......... the bunching time and the bandwidth. ' . '  . . 
. . i:  I ..... r '  ------ ""' ;--1 . . ( b 1 Let A be. the frequency mismatch *way from --:+' . . 

. . . . . . . .  .. ..:. . .  . . . . .  , (' ..-.: , . . . . .  ...... . . < . . .  . ) ..-.--- :, .: :: ,1.' . . . . . .  " &. < 
... resonance: ?,: . . . . .  ----,----, I ,: -: \:.: , . . .  . . . . . .  .......... . . . . . . . . .  . , - .  L '  

. .  . 'ic . .  I... ..: - .  . . 
. . . . .  -- .............. 

. .............. . -. 
I . . . . . . . . : . . . . .  L " . . J  , I , ..:. :, 

. . ,  ~ - . .  . . . . . .  c,. .' :f$.c,;?.: .; , . , ,:, >, :~ . . - . .  
. , .;$'.-; . . .  . . ' . . . . .  

,. . .  ., ' . , ' 7  . . . . c. / 
I 

- - 

Fig. 1. (a) A t  an i n i t i a l  time t = t o  a cross  
sec t ion  of the  I R  is centered on a point z0 along 
the  f i e l d  l ines .  The resonant pa r t i c l e s ,  the I R  
and the  emitted radia t ion have veloci ty  components 
V I  , vIRll and vc, respectively,  along the f i e l d  
l i n e s  a s  indicated.  For the  case drawn, vc > vll 
is assumed. (b) A t  a l a t e r  time t = tl the  I R  is 
centered on a point  z l  = zO + vIRu(tl-tO). The 
waves and p a r t i c l e s  which were ins ide  the I R  a t  
t ='to a r e  now ins ide  the regions marked by dashed 
l i n e s  and dotted l i n e s  and centered on 
5 = zo + vc (tl-to) and zp = z0 + vll (tl-to) , re-  
spect ively .  The p a r t i c l e s  now in the I R  were 
above the  I R  a t  t = to and have been phase bunched 
by-waves emitted a t  t < ti. These p a r t i c l e s  gen- 
e r a t e  waves which phase bunch p a r t i c l e s  t h a t  en te r  
the  IR a t  t > tl. 

. , . . - 3 .  . . . . . .  ? _ . . . .  , . . . , .  ,. . ' . > . .  . . 
To a f i r s t  approximation we require A = 0 and 
dA = 0 ins ide  the I R ,  and these conditions in ef-  
f e c t  loca te  the 'center of the: IR .  Consider a 
frame comoving .with the  IR, and l e t  q u a n t i t i e s  in 
t h i s  frame be denoted 'by primes. I n , t h e  IRframe, 
A '  is not a function of t ' ,  and i f  z '  measures 
d is tance from the  center  o f t h e  I R ,  we may approx- , 
imate A '  by z'dA/dz, where dA/dz is t o  be ,deter-  
minedat .  the  center  of the IR.  An e lect ron with. 
veloci ty  vn i n  the ' laboratory frame bas a veloci ty  
VII - VIRII .in the I R  frame, and hence w e  have . . 
d t '  = d z ' l  lvR-vIRn 1 . . The length of the  I R  is de- 
termined by s e t t i n g  L/2 equal t o  the dis tance over 
which t h e p h a s e  changes by r . [ I I e l l iwe l l ,  19671.. : 

Thus we s e t  . '  ' . , 

where the in teg ra l  'is from t '  - 0 t o  
t ' ~ / 2  lvn-vIRn I . on in tegrat ing across  the  IR, 
(14) 1eads . to  the  condition 

Using (11) we may' replace (15) by 

The p a r t  with vCEu a r i s e s  from kndvn /d t ,  and the  L = C" vl-vIR! V I R ~ '  
. (15') 

p a r t  with - VIE[ a r i s e s  from the  r a t e  of change of (dw/dt 1 
I the  r e l a t i v i s t i c  gyrofrequency (d/dt){ne(l-v2/2c2) 1, 

with the  change in v R  and v2 d o h a t e d  the ef- where we ignore d r i f t  of the I$ across the  f i e l d  
f e c t  of the  e l e c t r i c  acceleration.  l ines .  

I n  the  t e r r e s t r i a l  auroral  zones one has The resonance time is the time spent by an e l-  
Eg = 0.1 mV in-', and typ ica l  p a r a l l e l  e l e c t r i c  ectron in the  IR:  
f i e l d s  a r e  stronger than t h i s ,  e.g., El ;: 1 mV m-' 
is COT [e.g., Mozer e t  a l . ,  1980; Weimer e t  
a l . ,  19851. Hence dwldt should be dominated by L 
the  e l e c t r i c  e f f e c t s ,  and dw/dt should be roughly t~ I (16) 

proportional t o  En. The sense o f ' d r i f t  is from I v u - ~ I R u  1 
I_ -_---I_ 1--- .- --- 
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The time requi red  f o r  bunching is est imated in the  
appendix. One has  

where 

- , 
is t h e  t rapping  (or  bounce) frequency. with E t h e  
e l e c t r i c  amplitude of t he  waves. The s a t u r a t i o n  
amplitude is assumed t o  be determined by t he  con- 
d i t i o n  t = tB i n  Hel l iwel l ' s  [I9671 model, wi th  
) A (  in (P7) i m p l i c i t l y  assumed t o  be equal  t o  WT. 
A j u s t i f i c a t i o n  f o r  t h e  l a t t e r  assumption is t h a t  
t h e  minimum spread i n  frequency (e . g., t he  minimum 
bandwidth) is determined by UT due t o  t h e  forced  
motion of e l e c t r o n s  induced by the  wave. Thus t he  
s a t u r a t i o n  amplitude is  determined by t R w T  = 1, 
giv ing  

I f  we ignore d r i f t  a c ros s  t h e  f i e l d  l i n e s  and use 
(11) with (12),  then (19) becomes 

The bandwidth can be no narrower than wT, im-  
ply ing  

The f a c t o r s  involving the  v e l o c i t i e s  i n  (20) 
and (21) can b e  determined only when a s p e c i f i c  
model f o r  t h e  f r e e  energy is assumed, a s  discussed 
in t h e  nex t  s ec t i on .  

4. The Source of Wave Growth 
t 

A pecu l i a r  f e a t u r e  of the  phase-bunching model 
is t h a t  no re ference  needs t o  be  made t o  t h e  na tu re  
of t h e  wave growth, nor t o  t h e  source of f r e e  en- 
ergy which is d r iv ing  it. Questions r e l a t i n g  t o  
t he  na tu re  of t h e  growth mechanism apply t o  d is-  
c r e t e  VLF emissions, a s  wel l  a s  t o  t he  case of 
i n t e r e s t  here ,  and these  quest ions continue t o  be 
t h e  source of controversy.  

It has  long been known t h a t  wh i s t l e r s  can be 
dr iven  uns t ab l e  by suprathermal e l ec t rons  with a 
l o s s  cone an iso t ropy.  A theory by Kennel1 and 
Petschek [1966], f o r  example. provides a s a t i s -  
fac to ry  explana t ion  f o r  t h e  average p rope r t i e s  of 
such e l e c t r o n s  in the  magnetosphere. I n  t h i s  
theory t he  f r e e  energy is due t o  t he  l oa s  cone 
an iso t ropy,  and t he  vave growth involves a maser 
i n s t a b i l i t y .  From an observat ional  v ievpoin t  an 
obvious def ic iency  with t h i s  theory is that t he  
observed w h i s t l e r s  a r e  t he  d i s c r e t e  VLF emissions 
whose genera t ion  involves phase-coherent e f f e c t s ,  

1-1_ _-._ 
whereas t he  maiflrtfea~e~hase----- 
independent. He l l iwe l l ' s  [I9671 phase-bunching 

Fig. 2. For an i dea l i zed  l o s s  cone d i s t r i b u t i o n  
t he re  a r e  no p a r t i c l e s  between the  l i n e  a = a0  
(ao = l o s s  cone angle)  and t he  vll a x i s ,  and t h e r e  
i s  a sharp  gradient  i n  f near  t he  edge of t he  l o s s  
cone. The resonance c i r c l e  drawn (center  (vc.O) 
and rad ius  vo). passes through a point  (vll.vL) on 
t he  edge of t he  l o s s  cone, such t h a t  t h e  c i r c l e  
l i e s  ou t s ide  t he  shaded c i r c l e s  o r  rad ius  v where 
t he  thermal e l ec t rons  a r e  located.  

theory and Kennel and Petschek's  [I9661 quasi- 
l i n e a r  theory s a t i s f a c t o r i l y  explain d i f f e r e n t  
a spec t s  of e lec t ron- whis t le r  i n t e r ac t i ons  i n  t h e  
magnetosphere, bu t  they appear t p  be incompatible 
t heo r i e s .  Attempts a t  r e l a t i n g  Hel l iwel l ' s  theory 
t o  conventional  mechanisms have been discussed by 
Matsumoto [1979]. The most favored idea  is t h a t  
t he  d i s t r i b u t i o n  func t ion  of t he  e l ec t r ans  is 
d i s t o r t e d  l o c a l l y ,  so  a s  t o  increase  a f /av i  and 
hence t he  growth r a t e .  However, t h i s  l oca l  d i s-  
t o r t i o n  is due t o  wh i s t l e r s ,  and i t  is not  c l e a r  
how n e t  f r e e  energy can be supplied t o  wh i s t l e r s  
i n  t h i s  way. 

What appears t o  be require'd t o  make the  twa 
t heo r i e s  compatible is a mechanism whereby phase 
bunching can enhance wave growth. A poss ib le  r eL  -- 
s o l u t i o n  of ch i s  impasse has been suggested by 
Winglee [I9851 who proposed a t r ans i en t  form of 
wave growth due t a  a pos tu la ted  i n i t i a l  phase 
bunching of t h e  p a r t i c l e s .  Although t h i s  growth 
mechanism is d i f f e r e n t  from t h a t  i n  t he  random 
phaae approximation, i t  can be dr iven  by the  same 
sources  of f r e e  energy a s  can a maser mechanism. - 

I n  t he  fol lowing d iscuss ion  it is assumed t h a t  t h e  
growth mechanism is analogous t o  t h a t  proposed by 
Winglee. 

For AKR t h e r e  is a v a r i e t y  of poss ib le  sources 
of f r e e  energy. Melrose [I9761 propoaed a source 
due t o  a beam (on t h e o r e t i c a l  grounds), and Wu and 
Lee [I9791 i d e n t i f i e d  a more e f f e c t i v e  source due 
t o  a l o s s  cone anisotropy.  These were discussed 
c r i t i c a l l y  by Gurnett and Anderson [I9811 who 
i d e n t i f i e d  a f u r t h e r  poss ib le  source of f r e e  en- 
ergy i n  a "hole" i n  t he  d i s t r i b u t i o n  function. 
More recent  evidence f o r  " electron conics" 
[Menie t t i  and Burch, 19851 o f f e r s  y e t  a f u r t h e r  
p o s s i b i l i t y .  

I n  p r i n c i p l e  t h e  phase-bunching mechanism i a  
not  dependent on which of these  o r  o ther  sources 
of f r e e  energy a c t u a l l y  d r ive s  t he  growth. How- 
ever ,  t he  parameters vll, v ~ ,  vc and vo do depend 
on t he  form of t he  f r e e  energy. The source of 

i 1 
f r e e  energy is loca l i zed  i n  ve loc i t y  space, and 5 
V I ,  VL a r e  t o  be  i d e n t i f i e d  with t h i s  loca t ion .  k 
The parameters vc, vo a r e  those of a resonant - 
semic i r c l e  (cf .  equation (5 ) )  and mst be  such 1 

- E h e M h e ~ k e h - p t h m t r o h t h p . ~ ~ ~ ~ ~ ~ ~  nf 
21 

f r e e  energy. I n  addi t ion ,  t he  f r e e  energy i s  i 
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associa ted  with a gradient  in ve loc i ty  space, and 5. Discussion of the  Mechanism 
t h e r e  is an optimum resonant semici rc le  which 
weights t h e  maximum contr ibut ion  t o  wave growth I n  t h i s  s ec t ion  we discuss seve ra l  aspects  of 
from the  a r c  through t h e  source of f r e e  energy the  model, concentrat ing on the  d i f ferences  bet-  
and the  minimum contr ibut ion  t o  damping from t h e  ween the  appl ica t ions  t o  d i s c r e t e  VLF emissions 
remainder of t h e  semicircle.  The values of vc, vo and t o  AKR. -- . 
a r e  t o  correspond t o  t h i s  optimum semicircle.  

For i l l u s t r a t i v e  purposes l e t  u s  assume that 
t h e  source of f r e e  energy is an ideal ized  l o s s  cone 
d i s t r i b u t i o n ,  a s  i l l u s t r a t e d  i n  Figure 2. The 
source of f r e e  energy is along the  line a = ao, 
where ag is the  l o s s  cone angle. I n  p rac t i ce  the  , d i s t r i b u t i o n  function decreases with increas  ng v. 
and t h e r e  is  a region near t he  o r i g i n  where t h e 
l o s s  cone is  f i l l e d  by cold e lec t rons .  The opt i-  
mum semici rc le  i n  t h i s  case  is i l l u s t r a t e d  i n  
Figure 2. For t h i s  semicircle one has,  from tri- 
angle ABC in Figure 2 

vo - v s ina  
c 0 (22a) 

5.1. Axial Versus Azimuthal Bunching 

A notable  q u a l i t a t i v e  d i s t inc t ion  between cases  
with N2cos28 > 1 and ~ 2 c o s 2 8  < 1 is t h a t  i n  the  
former case  phase bunching is predominantly a x i a l  
and i n  the  l a t t e r  case  it is predominantly az i-  
muthal [e.g., Chu and Hirshf ie ld ,  1978; Winglee, 
19831. This is  demonstrated ex  l i c i t l y  i n  t h e  

2 5' appendix. Whist lers  have N cos e >> 1 and t h e  x 2 mode waves of i n t e r e s t  here  have N2cos 8 << 1. 
While the  d i s t i n c t i o n  between a x i a l  and azimuthal 
bunching is important i n  understanding the  mechan- 
isms i n  d e t a i l ,  it is of no s igni f icance  f o r  t h e  
model out l ined  above. 

L 1. 

5.2. The Frequency Mismatch 
. * 

' ' The treatment given i n  the appendix shows that 
and, from t r i a n g l e  DBC in Figure 2, . -, - phase bunching is e f f ec t ive  s l i g h t l y  off resonance. 

. - Spec i f i ca l ly ,  the  frequency mismatch 
v c - v I  = v s i n a  o o (23a) . 9 

{ A  = 
2 2 4  

w - sRe<l-v /c  ) - kIlvl  v, = v cosa 
(28) 

0 0 : (23b) 
, - needs t o  be g rea t e r  than the  growth (or damping) 

I n  addi t ion  f o r  t he  semici rc le  not  t o  i n t e r s e c t  t he  r a t e  order f o r  phase bunching t o  occur with 
region v < 7 s  t o  which the  cold e l ec t rons  a r e  as-  l i t t l e  energy t ransfer .  I n  addi t ion ,  phase bunch- 
sumed t o  be confined, one requi res  ing  occurs only f o r  (1-N2cos28)~ > 0, so  t h a t  t h e  

- required s ign  of A is d i f f e ren t  f o r  wh i s t l e r s  and 
v - v  > v  c 0 -  (24) f o r  x mode waves. Thus on enter ing  the  I R  t he  el- 

ect rons  should have a nonzero 4 of t he  appropr ia te  

wi th  the  equa l i ty  s ign  f o r  t he  optimum semici rc le  
i n  t h i s  i dea l i zed  case.  

Using the  r e l a t i o n s  (22) and (23) we may e l i m -  
i n a t e  vc and vll i n  (11) i n  favor of a. through 

The funct ions  of ve loc i ty  which appear i n  (20) and 
(21) s impl i fy ,  provided we fu r the r  assume t h a t  
vIAII is approximately equal  t o  vc. This assumpt- 
ion provides minimum values of ,P and Au. The re- 
levant  r e s u l t s  a r e  

E - P - tana Eo 41T 0 

and 

4 
( A U ) ~  - s ina  0 k 8 r  l*l] d t  (27) 

respect ive ly .  
The d e t a i l e d  r e s u l t s  (25) t o  (27) a r e  i l l u s-  

t r a t i v e  and a r e  no t  used below. The important , 

po in t  is t h a t  t h e  parameters i n  the  theory a r e  t o  
be determined by t h e  form of the  d i s t r i b u t i o n  
function,  and s p e c i f i c a l l y  by the  locat ion  of t he  
source of f r e e  energy i n  ve loc i ty  space. 

s ign  f o r  phase bunching, and a s  they d r i f t  through 
the  I R .  A should decrease i n  magnitude u n t i l  t h e  
e l ec t rons  a r e  c lose  enough t o  resonance t o  trans-  
f e r  energy t o  the  waves. This requirement has 
been included i n  the  VLF case by Winglee 119851. 
There is no d i f f i c u l t y  i n  accommodating the  re-  
quired change i n  A ,  provided tha t  t he  cons is tent  
wave condit ion d ~ / d t  - 0 remains a va l id  f i r s t  
approximation. With A changing by less than about 
WT i n  a resonance time, which is assumed t o  be of 

2 the  order of w ~ ' ,  t h i s  requi res  I d ~ / d t l  < o ~ .  
Nonlinear correc t ions  have been ignored in t h e  
resonance condit ion,  and it is consis tent  t o  neg- 
l e c t  them here ,  provided the  ac tua l  frequency 
d r i f t  r a t e  I do/dt 1 exceeds the  required 1 dA/dt 1 . 
5.3. La te ra l  Extent and Latera l  D r i f t  
of t h e  I R  

I n  the  case  of wh i s t l e r s  i t  is reasonable t o  
assume t h a t  t he  waves a r e  propagating along the  
f i e l d  l i n e s  ( ( cos8 1 = I ) ,  and then the  l a t e r a l  
ex ten t  of t h e  I R  is  of only secondary importance 
compared with its length  along the  f i e l d  l i n e s .  
The angular d i s t r i b u t i o n  of t he  r ad ia t ion  in t h e  
case  of AKR is l i k e l y  t o  be s imi l a r  t o  t h a t  which 
is thought t o  occur f o r  maser emission from a 
loss-cone d i s t r ibu t ion .  Thus the  r ad ia t ion  should 
be  confined t o  t h e  surface  of a hollow cone with . 
half- angle e = a r c  cos(vc/c) [e.g., H e v i t t  e t  a l . .  
19821 v i t h  its apex a t  t he  point  of emission. In  
order f o r  r ad ia t ion  emitted by p a r t i c l e s  a t  one 
end of the  I R  t o  phase bunch p a r t i c l e s  a t  t he  o ther  
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Fig. 3. Electrons leaving the  bottom of tl\e I R  a t  
points  A and B r ad ia t e  on the  surface of cones 
with half- angle 8. The l a t e r a l  extent of the I R  
should be such t h a t  these cones pass through the  
top r a the r  than the  s ides  of the  I R .  The minimum 
width is LtanB, such tha t  rays emitted a t  A and B 
pass through D and C,  respectively.  

end of the  I R ,  a d is tance  L along the f i e l d  l i n e s  
away, the  l a t e r a l  extent of the  I R  needs t o  be 
g rea te r  than LtanB, a s  i l l u s t r a t e d  in Figure 3. 

There i s  a strong tendency f o r  the  I R  t o  spread 
across  t h e  f i e l d  l i n e s  i n  a l l  d i rec t ions  due t o  
the  l a r g e  angle B of emission. The l a t e r a l  extent 
of t h e  I R  should adjus t  quickly t o  f i l l  the  e n t i r e  
cross- sectional  a rea  occupied by e lec t rons  with 
ava i l ab le  f r e e  energy. However, regions with 
cross- sectional  a rea  greater  than about ( ~ t a n i 3 ) ~  
can operate independently of each other ,  and it is 
probable ' tha t  the  source is  composed of individual 
subsources of roughly cy l ind r i ca l  shape with height 
t o  diameter i n  the  r a t i o  (cos8 1 - vc/c. A region 
of l a rge r  l a t e r a l  extent  than t h i s  is l i k e l y  t o  
break up due t o  phase coherence gradually being 
l o s t  over l a t e r a l  d is tances  greater  than about 
Ltani3. 

5.4. Triggering 

The feedback mechanism can be i n i t i a t e d  by a 
t r igge r ing  wave. This wave must have the  appro- 
p r i a t e  proper t ies  t o  resonate with the  e lec t rons  
with the  ava i l ab le  f r e e  energy, and the amplitude 
of t h i s  wave must be adequate t o  cause phase bunch- 
ing i n  the  time avai lable .  Once the  phase bunching 
has been i n i t i a t e d ,  a self- sustaining emission can 
continue and d r i f t  away i n  frequency from the  
t r igge r ing  wave. 

An x mode emission due t o  an upward di rec ted  
loss-cone d i s t r i b u t i o n  [e.g., Wu and Lee, 1979; 
Melrose e t  a l . ,  1982; Omidi and Gurnett, 19821 
could be t r iggered by another x mode wave with 
proper t ies  s imi l a r  t o  those of the emitted wave. 
For example, AKR could be tr iggered by a type I11 
burs t  a s  follows. The incoming type 111 radia t ion 
s p l i t s  i n t o  l o c a l  x mode and o mode comppnents. 
Provided t h e  x mode component is incident on the  
cutoff  l aye r  w = y, a t  an angle B = a r c  cos(vc/c) 
t o  the  magnetic f i e l d ,  then jus t  a f t e r  r e f l ec t ion  
the  wave has appropriate conditions t o  t r igge r  an 
emission. That is, t h i s  wave has the  appropriate 
value of w and B t o  resonate with the  relevant 
e l ec t rons  and t o  phase bunch them. 

One can envisage more complicated processes 
which could t r i g g e r  x mode emissions. An example 
i s  t h a t  f o r  the  o mode component of the  incoming 
type 111 emission. This component can resonate 
with upgoing e lec t rons  (kII < 0 ,  V# < 0) a t  w < Qe - 

and can phase bunch them. These upgoing e lec t rons  
can then r ad ia t e  i n  t h e  x mode due t o  t h i s  phase 
bunching, and thereby i n i t i a t e  a self- sustaining x 
mode emission. 

The d e t a i l s  of,how triggering mipht occur war- 
ran t  a ca re fu l  investigation.  The discussion 
given here indicates  only t h a t  t r igger ing is pos- 
s i b l e  in p r inc ip le  and tha t  it is plausible tha t  
i t  occurs i n  pract ice .  . . 

6. Application t o  DAM and AKR 
'\ 

The main predictions of the feedback model f o r  
f i n e  s t ruc tu res  i n  AKR and DAM a r e  tha t  the d r i f t  
r a t e  should l i e  i n  the  range min[vEl.vc] < VIRI~ 

< max[v~,vc],  and tha t  the  minimum bandwidth i s  
approximately the  trapping frequency. 

The frequency d r i f t  r a t e s  in Jovian S bur s t s  
were analyzed by E l l i s  [I9741 under the  assumption 
t h a t  the  emission i s  a t  t he  loca l  cyclotron f r e-  
quency f o r  an e lec t ron propagating along a magnet- 
i c  dipole f i e l d  l i n e .  The observed d r i f t  r a t e s  
f i t  qu i t e  well  with t h i s  model f o r  electrons with 
speed = 0.1 c. I n  the feedback model the  d r i f t  
r a t e  v ~ ~ l l  of the  I R  is r e s t r i c t e d  t o  c lose  t o  the  
p a r a l l e l  ve loci ty  of the  electron.  It follows 
t h a t  the  predicted d r i f t  r a t e  (cf .  equation (11)) 
is near ly  the  same a s  i n  the  model assumed by 
E l l i s ,  provided t h a t  the  p a r a l l e l  e l e c t r i c  f i e l d  
is unimportant. Thus f o r  DAM the  feedback model 
provides an acceptable explanation f o r  the  char- 
a c t e r i s t i c  observed frequency d r i f t s .  The usual 
d r i f t  is from high t o  low frequency, implying an 
upward d r i f t i n g  I R  and hence a source of f r e e  
energy in upward propagating electrons.  A l o s s  
cone d i s t r ibu t ion  of ref lec ted  e lec t rons  is plaus- 
i b l y  the  source of such free-energy. There a re ,  
however, r a r e r  examples of d r i f t s  from low t o  high 
frequency, and d r i f t s  which rever6e.thei.r sense,- .- 
One may account f o r  d r i f t s  from low t o  high f re-  - 
quency by postula t ing a source of f r e e  energy i n  
downward propagating electrons.  However, it is - - -  
d i f f i c u l t  t o  accoun; f o r  d r i f t s  which reverse 
t h e i r  sense because t h i s  suggests t h a t  VIRH passes 
through zero, which is not possible f o r  x mode 
emission. 

E l l i s  [I9741 found some f i n e  s t ructures  in L k l  
with bandwidths a t  the minimum instrumental l i m i t  
of a 2 kHz a t  10 MHz. Set t ing  (Au),~, = 9, and 
assuming Qe/2v = 10 MHz, v l  = 0 . 1 ~ .  the e l e c t r i c  
f i e l d  s t rength  implied by (18) is E ;: 40 mV m-l.  
There is no simple way of r e l a t ing  t h i s  parameter 
t o  observed quant i t ies .  By way of i l l u s t r a t i o n ,  
l e t  us suppose t-hat the  source region fo r  DAM con- 
sists of many elementary source regions each as- 
socia ted  with an I R ,  and t h a t  these I R s  f i l l  some 
f rac t ion  of the  volume of the  average source. The 
average brightness temperature f o r  DAM is  2 1017 K : 

[Dulk, 19701. The brightness temperature from 
each I R  can be estimated from E, the  assumed s o l i d  ? 
angle A n  of emission and the  assumed re l a t ive  i 
bandwidth Af/f. For E = 40 mV m-l one f inds  2 
TB = 3 x 1 0 l 3 / ~ n ( b f / f )  = 1017/~f l ,  where we s e t  . J 

-% 

Af/f = (2 kHz)/lO MHz) t o  obta in  the f i n a l  estim- < 
a te .  The emission is highly d i rec t ional ,  implying 
Afl << 1. Provided the  f i l l i n g  f ac to r  is not too 
small, t h i s  est imate of Tg is compatible with the  
observed brightness temperatures. Another t e s t ,  

Q 
- 3  which is not independent of the  foregoing one, - 

a r i s e s  from the  est imate tha t  t he  source s i z e  is 7 - e  
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< 400 km [Dulk. 19701. I f  t h i s  i s  assumed t o  be - 
the  l a t e r a l  extent  of the  I R ,  then with 
vc/v = vll/c = 0.1, the  implied length L of the  I R  
from Ltane < 400 km is  L < 40 km. On estimating L 
from (15') with Ivn-vIRg 1 and V I R ~  of the  order of 
0.1 c and dw/dt - 2n x 10 MHz s-1, one f inds  
L = 10 km. These estimates suggest that the re-  
ported observations of DAM and i ts  f i n e  s t ruc tu res  
a r e  consis tent  with the  feedback model. 

The comparison of the  predicted and observed 
d r i f t  r a t e s  is  f a r  l e s s  sa t i s fac to ry  f o r  AKR than 
f o r  DAM. Gurnett and Anderson [1981] analyz the  
observed d r i f t  r a t e s  in terms of motion of e x c -  
t rons  emitt ing a t  the  cyclotron frequency, i .e. ,  
using the  same model a s  E l l i s  [1974]. The d r i f t  
v e l o c i t i e s  so  calcula ted were between 3 and 300 
km s-l, which they t en ta t ive ly  re l a t ed  t o  the  ion 
sound speed. Morioka e t  a l .  [1981] obtained 
qua l i t a t ive ly  s imi la r  r e s u l t s  and argued t h a t  the  
veloci ty  increases with height i n  the  auroral  
zone. They inferred t h a t  the  deduced source - 
motion is  c losely  re l a t ed  t o  the  p a r a l l e l  e l e c t r i c  
f i e l d .  These inferred ve loc i t i e s  a r e  a t  l e a s t  a . 
f ac to r  of 10 smaller than the  typical  speeds of 
the  e lect rons  thought t o  have avai lable  f r e e  " 

energy. This poses a ser ious  d i f f i c u l t y .  For the  
x mode i t  is  e s s e n t i a l  t h a t  kllvll i n  (1) be  posi- 
t i v e ,  such t h a t  the  requirement w > + (cf.  equat- 
ion (4))  is  s a t i s f i e d .  For w /fl << 1 one 
requires  Icose( > w /fl ~ E w i t t  e t  a l . .  
19821 and hence vI$ =eve = v I  > wPc/fle. Arbi- 
t r a r i l y  slow d r i f t  r a t e s  V I R I ~  aFe not consis tent  
with the  kinematics f o r  x mode emission. 

To see how t h i s  d i f f i c u l t y  might be overcome. 
consider how the-expression (11) fo r  the  frequency 
d r i f t  r a t e  might lead t o  I dw/dt 1 << Ivsdfle/dz 1 , 
where vIldfle/dz is  the  r a t e  assumed i n  the  model 
used by E l l i s  [1974], Gurnett and Anderson [I9811 
and Morioka e t  a l ,  [1981]. W e  have already argued 
t h a t  V I R ~  must l i e  between v and v and t h a t  vcvll 
is  pos i t ive  and cannot be a r g i t r a r i l y  small f o r  
the  x mode. Thus it does not seem possible t o  ac- 
count f o r  the  low d r i f t  r a t e s  i n  terms of 
lvIRH I << IvH 1 ,  i .e . ,  i n  terms of a slowly d r i f t -  
ing I R ,  while r e t a in ing  the  assumption that the  
emission is  i n  the  x mode. In  (11) there  is a l s o  
a contr ibut ion from the  d r i f t  of the  I R  across 
the  f i e l d  l ines .  Motion of the  I R  toward the  pole 
increases Idw/dt 1 and motion toward the  equator 
decreases (dw/dt( compared with motion of the  I R  
along the  f i e l d  l i n e s .  Although in pr inciple  the  
I R  could d r i f t  f a s t  enough across the  f i e l d  l i n e s  
t o  give Idw/dtl << Ivlldfle/dzl due t o  t h i s  e f f e c t ,  
t h i s  is an unlikely explanation because of the  
very narrow range of l a t i t u d e s  t o  which the  re le-  
vant ("inverted V") e lec t rons  a r e  confined a t  any 
one time. 

There a r e  two other  p o s s i b i l i t i e s .  One involv- 
e s  the  p a r a l l e l  e l e c t r i c  f i e ld .  It follows from 
(11) t h a t  w e  can have ldw/dt( << Ivlldfle/dzl , pro- 
vided the  condition 

is s a t i s f i e d .  However, although one could envis- 
age t h i s  condition being s a t i s f i e d  incidenta l ly  
in spec i f i c  events,  the re  is no apparent reason 
why i t  should normally be s a t i s f i e d .  Indeed, f o r  
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t h i s  AKR source region, i t  i s  l i k e l y  t h a t  the  
left-hand s ide  of (29) is pos i t ive  and > 1. The 
other poss ib i l i ty  is that the  emission occurs very 
c lose  t o  the  cutoff frequency. Then we can have 
v ,i - aw/akl << VII.  and the  d r i f t  of the  I R  m y  be 
sfow, i .e. ,  one may have VIRl = vgn << v l .  men,  

,according t o  (3) one has 

- du ; -2- ' I R I I ~  11 dfle 
' d t  v,, dz 

where we ignore a term from dkll/dz and assume 
vIRI = 0. This poss ib i l i ty  presents d i f f i c u l t i e s  
due t o  dw/dt and vkdfle /dz having opposite signs.  
Individual emissions a r e  necessari ly r e s t r i c t e d  t o  

2 the  narrow range of frequencies << w /fl where Nx 
is much l e s s  than unity.  P e 

It may be concluded that none of these possi-  
b i l i t i e s  is  favorable. In  order t o  overcome the  
dilemma associated with the  slow d r i f t  r a t e s  ob- 
served i n  AKR, there  seem t o  be three  options: 
(1) the  d r i f t s  a r e  a s  the  theory implies 
(dw/dt = - v  dfle/dz), and the  observations require  
in te rp re ta t ion ,  (2) the  feedback mechanism pro- 
posed here is incorrect ,  o r  (3) the  emission is 
not a t  s = 1 i n  the  x mode. W e  now argue f o r  
option 1 and cormnent on option 2. Option 3 is not 
considered fur ther .  

Option 1 needs t o  be explored from an obser- 
vat ional  viewpoint. Consider the  s i tua t ion  with 
DAM. The high d r i f t  r a t e s  observed [E l l i s ,  19741 
a r e  seen only a t  the  highest  resolution.  A t  lower 
resolut ion the  rapidly d r i f t i n g  burs t s  have envel- 
opes which have much slower d r i f t  r a t e s .  It is 
conceivable that the  measured d r i f t  r a t e s  f o r  f i n e  
s t ruc tu res  i n  AKR correspond t o  such envelopes, 
and t h a t  on a f i n e  sca le  these envelopes w i l l  be 
seen t o  consis t  of many rapidly d r i f t i n g ,  present- 
l y  unresolved burs ts .  A super f i c i a l  inspection of 
the  records published by Gurnett and Anderson 
[1981] shows a fuzziness in the  slowly d r i f t i n g  
s t ruc tu res  which is  suggestive of t h e i r  being en- 
velopes of such more rapidly  d r i f t i n g  s t ruc tu res .  

Option 2 would require  major rethinking of the  
feedback mechanism. Here the  feedback is due t o  
the  r e l a t i v e  motion of waves and p a r t i c l e s  through 
the  IR .  Calvert [I9821 has developed a feedback 
model fo r  AKR i n  which re f l ec t ion  of the  waves (on 
both s ides  of a source region) feeds them back t o  
i n t e r a c t  with the  p a r t i c l e s .  Thus Calver t ' s  feed- 
back mechanism involves only the  waves. A fu r the r  
p o s s i b i l i t y  would be t o  have a feedback of the  
pa r t i c l e s .  For example, a p a r a l l e l  e l e c t r i c  f i e l d  
can t r a p  e lect rons  between a magnetic mirror 
(s ina  = 0) below and the  re f l ec t ion  (v = 0) due t o  
the  e l e c t r i c  f i e l d  above. Phase-bunched e lect rons  
could reenter  the  I R  a f t e r  a p a i r  of such r e f l e c t-  
ions. Further p o s s i b i l i t i e s  a r i s e  i f  one allows 
more than one wave-particle in teract ion,  e.g.. one 
could have two complementary IRs, one f o r  upgoing 
and the  other  f o r  downgoing e lect rons  in the  fore- 
going model, with the  phase bunching i n  one caus- 
ing growth in the  other a f t e r  the  e lect rons  have 
ref lec ted.  However, we a r e  forced t o  consider 
these a l t e rna t ives  only i f  option 1 turns  out t o  
be excluded by observation. - 

Let us therefore  r e tu rn  t o  the  suggestion t h a t  
the  observed slow d r i f t s  correspond t o  the  envel- 
ope of unresolved rapidly d r i f t i n g  burs ts .  It is  
na tu ra l  t o  a t t r i b u t e  the  slow d r i f t  t o  t h a t  of an 
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can distort the distribution function locally on 
a short time scale, making free energy available 
on th is  time scale, as should be the case accord- 
ing to  an argument presented in section 1. This 
complements the suggestions made on observational 
grounds [Gurnett and Anderson, 1981; Morioka et  
al., 19811 in  favor o f  a source related to an el-  
ectric field structure. There i s  also evidence 
for th is  in modulation of  AKR at a frequency char- 

1 acteristic of  ion waves [Grabbe. 19821, as these 
waves are known to be associated with electric 
field structures [Mozer e t  al., 19801. 

The postulated fine structures shoyld be d r i f t -  
i n g  either at about do/dt = vldne/dz or 
do/dt = (dne/dz)(vc-vl) ~ 1 1 %  if the lat  it er i s  the 
larger, as seems likely. The bandwidth may be 
narrower than can currently be resolved. A band- 
width of = 1.kHz has been quoted [Gurnett and 
Anderson, 19811 for the observed fine structures. 
I f  these were the basic fine structures then 
theory would i m p l y  oT/2n z 1 kHz. The implied 
electric amplitude from $18) with oT/2a - 1 kHz. 
ne/2u - 300 kHz, vl - 10 m 6-1 i s  E = 1 V m-1, 
which i s  very high. I f  the true fine structures 
have an intrinsic bandwidth z 100 Hz then the 
electric field i s  z 10 mV m-1, and if  the band- 
width i s  = 10 Hz then the electric field i s  
E ;: 0.1 mV m-l .  The saturation value of  E may be 
estimated from the theory, e.g.. using (20). or 
the corresponding result (26) for an idealized 
loss cone distribution, with = 0.1 mV m" in 
the auroral zones. For a fie1 "a E E 1 mV m-l the 
intrinsic bandwidth i s  only 30 Hz, for example, 
and th is  i s  probably smaller than the Doppler 
spread. The actual relative bandwidth Ao/ne ex- 
pected would then be of the order of  ~ v ~ v ~ / c ~ ,  
where Avll i s  the range of  vn for the electrons 
driving the wave growth. For electrons with an 
energy around 1 keV this  Doppler spread implies a 
bandwidth of  several hundred hertz. 

7 .  Discussion and Conclusions 

A general conclusion o f  this  investigation i s  
that the ideas originally developed for discrete 
V L F  emissions [Helliwell, 19671 may be adapted to 
apply to discrete x mode emissions. Qualitatively 
this  makes it plausible that the similarities in 
the fine structures observed in AKR, DAM and V L F  
emissions are due to the underlying emission 
mechanisms being similar. 

r The most important difference between the ap- 
lications to whistlers and to x mode waves con- 
cerns the d r i f t  velocity and the associated d r i f t  
rate i n  frequency. For whistlers the d r i f t  rate 
of  the I R  i s  only weakly constrained. I t  ?st l i e  
between the group velocity o f  the whistlers and 
the parallel velocity of  the resonant electrons, 
but these have opposite signs. The analogous re- 
quirement for x mode waves i s  quite restrictive. 
Again the velocity of the I R  must l i e  between the 
parallel velocity o f  the waves and of  the partic- 
les  (i.e., between vc and v l )  in order for the 
feedback process to be possible, but in the x mode 
case, vc and vll must have the same sign, and in 
practice they are roughly equal. In the absence 
o f  a parallel electric field the implied frequency 
d r i f t  rate i s  do/dt = vfidne/dz. However, a paral- 
l e l  electric field can have an important e f f e c t  on 
the d r i f t  rate, as i s  apparent from ( l l ) ,  for a 
parallel electric field El in excess of  a 

characteristic electric field EO ( c f .  equation 
(12)) .  which i s  of the order of 0.1 mV m-l  in the 
auroral zone. I f  the e f f e c t  of  the electric field 
dominates then the d r i f t  rate i s  proportional to 
E n .  

The observed d r i f t  rates in DAM fit  quite well 
with the theory, but the dri f t .rates in  AKR are 
too small. I t  i s  suggested that the finest 
structures i n  AKR have yet to be resolved, and 
that the observed d r i f t  rates are those o f  envel- 
opes of  much more rapidly drifting narrow-band 
emissions. 

One of  the motivations for this investigation 
i s  the evidence that AKR (and Jovian HOM) can be 
triggered by solar radio bursts [Calvert, 1981, 
1985a. b ] .  Although no detailed model for such 
triggering has been developed here, it i s  highly 
plausible that discrete AKR emissions can be 
triggered i f  they are generated in a way analogous 
to discrete V L F  emissions, whose ability to be 
triggered i s  well established. We suggest that 
incoming solar radio emission splits into x mode 
and o mode components, and that the triggering i s  
probably due to the x mode component just a f t e r  
it has been reflected. 

The model outlined here i s  essentially kine- 
matic. The nature of the growth mechanism invol- 
ved has yet to be agreed upon, and remains contro- 
versial for the V L F  case. Here we have argued 
qualitatively in favor of  a mechanism proposed by 
Winglee [I9851 for enhanced growth due to phase 
bunching; the essentially new feature (in this  
context) in Winglee's theory i s  the relaxation of 
the time asymptotic condition i n  kinetic theory. 
This allows a new type of  growth which i s  trans- 
ient i n  that it i s  associated with the in i t ia l  
conditions (e  .g . , due to phase bunching) and which 
dies away due to phase mixing. This type of wave 
growth requires a source of free energy analogous 
to that required for growth due to conventional 
cyclotron maser action. As remarked in section 1 ,  
the model based on the cyclotron maser theory it- 
self  requires features in the distribution funct- 
ion which drive the instability and persist for 
only a few tens o f  milliseconds in  the case of , 

AKR. The viewpoint at which we now arrive i s  that 
these fine structures drive discrete emissions 
through a phase-bunching mechanism. These fine 
structures in  the distribution seem (on both ob- 
servational and theoretical grounds) to  be related 
to  parallel electric fields. 

Appendix: Phase Bunching 

A simple model for the interaction between a 
spiraling electron, with momentum 

and position 

and a wave in the x-z plane with amplitude 

(c.c. = complex conjugate) i s  as follows. After 
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s u b s t i t u t i n g  (Al), (A2) and (A3) i n  t he  equation t i n g  the  term A i n  t he  braces in (Mb)  t o  f ind  
of motion, and wr i t i ng  . . 

* . . .  
,;; i.-J;.p?r a .$(t ,x)  - . ,I, , - , k p i n 4  ,"; d:i&.:q:T ;,(A41 , .  d t 2  . , .  +<. . ,  . , ...:?: . .> i  ,,i-- 

' (A9) 
. . . . . .  ,. , , . . .  . ,. . - 8 

. ., . . . .  ..: . z  -,.; ., t: ->.: :... <...;: ' .  . .  , ' :.f t, : . . :  : ' . : . . . . . . .  . . . -+--:, '' ..\ , .  . . -.. 
. . 

. . , .  
. . . . . .  . . , . 

with . . . . . . . . .  with , . 
. . 

I * .  
, .  . '# % - k.x + (w-k v ) t-' ; '  . (As) 2 ecB ,w( l -~~cos~8)  ( e i - i e  ) ,: 

.. : ; > i f . > ,  . ..;aa<';-. ; .. - ,-0 . ,  -.t. . . I , '  .,,+ :,::'. . , + 8: u~ .: =~ . ;,-& . 5 .. , # t a . . . . . . . . .  ymc 
.,' (AlO) 

.~ .,..',.. . . . .  . .... . . . . , , , , , ' : . , . .- . ,  . . ' . . ' . one can expand in Bessel funct ions  t o  f i n d  ., 
. . . .  

. . - .  . . . . .  . . .  * ' - ' . ' . I  . '  
'where o is assumed constant  f o r  t h i s  purpose. 

d p l  
OD ' I  , 

-i('#-s+) The phase bunching of relevance here  may be  
- d t  = Z - ec  ( t )  [e- ,' {;I-NiIcos8) described a s  follows. We assume t h a t  c ( t )  may be 

a=-OD regarded a s  constant .  We use (A6c) t o  w r i t e  
+ = n t  t o  a f i r s t  approximation, f inding 

J -ie J ' )  + NBIlsinOez 2L kLR J } + ....I Y - ,$ = - k.xo + A t .  Then on in t eg ra t ing  (Mb) ,  
x s y s the  i n t e g r i l - i s  of the  form 

J - ie  J ' )  + C.C. + B c s X  } - 1  ( ~ 6 b j  

where the  argument of the  Bessel funct ions  is 
klR, with R = vl/n, n = eB/ym, and with N = kclw, 
kL = ksin8,  k l  = kcos8, pL = ymvL = ymBLc, 
PI1 ' ymvll = YmBllC. 

I n  t h e  small gyroradius l i m i t  klR << 1, only 
s = 0 , f l  cont r ibute .  Here we concent ra te  on the  
case  s = 1 and assume t h a t  t h e  frequency mismatch 

is smaller than o the r  r e l evan t  frequencies.  Then 
(A6) way be  reduced t o  . 

I 

d A e o ( t )  [: e - i ( ~ - + )  - I -- - 
d t  2mc 

2 2 
w(1-N cos 8 )  - A  

3 = - EU kLe-'('#-+) (ex-ie ) + c 
d t  2mc Y 

The bounce frequency is i d e n t i f i e d  by approxi- 
.p&j.gnd2(~-b)/dt2 by dd/dt from (Maz,  and omit- 

where A is a constant  and where $0 is t h e  i n i t i a l  
phase k.xo. On ~ u b s t i t u t i n g  t h i s  expression f o r  
A(t) i n t o  (A8a) and in t eg ra t ing ,  t he re  a r e  var ious  
terms which describe o s c i l l a t i n g  phase changes, 
and one term of t he  form 

,.% 

b 1  

es wBL(ex-ie 
y - , $  o - -  . sinJIO(l-N 2 cos  2 8) t 

mc YA - - (All)  
2 2 

For A(1-N cos .0)  > 0 t h i s  causes e l ec t rons  with 
r e l a t i v e  i n i t i a l  phase JIO > 0 t d  d r i f t  toward 
$ = 0, and causes e l ec t rons  with i n i t i a l  phase 
$0 < 0 a l so  t o  d r i f t  toward $SO, leading t o  phase 
bunching about $ = 0. The r a t e  a t  which t h i s  
phase bunching occurs is  u$/A. The ana lys i s  
breaks down i f  o ( t )  va r i e s  s ecu la r ly  wi th  t i m e  
over a t i m e  s c a l e  < 1/ [ A  1 , i.e., when 1 A 1 is less 
than about the  growth o r  damping r a t e .  
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