¢ed

JOURNAL CF GEOFHYSCAL RESEARCH, 'VOL.

D. B. Melrose

91, NO. A7, PAGES 7970-7980, JULY 1, 1986

A FHASEBUNCHING MECHANSM KR FINE STRUCTURES |N AURCRAL KILOMETRIC RADIATION AND
. JOVIAN DECAMETRC RADIATION b

~ -
BT L BN SRV
Rees L LbER

= e

i , School of Physics, University of Sydney, New South Wales, Australia
. 4

LTI

Abstract. Fine structures observed in the
auroral kilometric radiation (AKR) and in the
Jovian decametric radiation (DAM) show rema\kable
similarities to fine structures in discrete VLF
emissions. The feedback model of Helliwell for
discrete VLF emissions is modified to apply to
ARK and DAM. An important constraint on the model
is that the frequency drift must be close to that
characteristic of a propagating elect'ron radiating
at its cyclotron frequency. For DAM the model
fits satisfactorily with the observational data.
For AKR it seems necessary to assume that the
basic fine structure is unresolved and that the
reported fine structures are envelopes of these
basic structures drifting at a rate associated
with the exciting agency, which is presumed to be
a localized parallel electric field. It is argued
that these basic fine structures mey be drifting
rapidly at a rate proportional to the parallel
electric field (provided it is > 0.1 mV m1) and
that their bandwidth, determined by the relativ-
istic velocity spread, should be less than = 1 kHz
Triggering of AR by type III bursts can be ex-
plained naturally in terms of the model.

1. |Introduction

The electron cyclotron mesx theory [Melrose,
1976; wu and Lee, 1979] for the auroral kilometric
radiation ((AKR) and for the Jovian decametric
radiation (ODAM) has been quite successful in ac-
counting for many features of the observed emis~
sions. Notable successes include the prediction
that ARR should be in the x mode from a region
with plasma frequency wp much less than the elec-
tron cyclotron frequency fe [Melrose, 19761; the
prediction that AKR can be driven by an upward
directed loss cone distribution [Wu and Lee, 1979],
as subsequent calculations based on observational
data of the electrons confirmed [Melrose et al.,
1982; Omidi and Gurnett, 1982]; and the natural
explanation [Hewitt et al., 19811 for the obser-
vational evidence that DAM has an emission pat-
tern locally confined to the surface of a hollow
cone. However in spite of these and other suc—
cesses, the cyclotron maser theory in its present
form remains at best an incomplete theory for AR
and DAM.

One aspect in which the theory is internally
unsatisfactory concerns time scales. With measur-
ed distribution functions, the calculated growth
rates are too smdl to account for effective am-
plification in one pass through the source. This
is as it should be: the characteristic growth
time for the cyclotron maser is quite short, and
the maser should saturate (in the case of AKR) in
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a few tens of milliseconds [e.g., Melrose et al.,
1982]. As saturation occurs the distribution
function should relax so that the feature associ-
ated with the available free energy is smoothed
out. The observed distribution functions are
measured over a few seconds and must correspond
to the relaxed distribution, which may contain
little evidence of the features actually driving
the instability. Whatever these features are,
they need to be generated on a similar time scale
to that in which they are smoothed out, i.e., a
few tens of milliseconds. Likely mechanisms in-
volve parallel electric fields [e.g., Mozer et
al., 1980]1; there is observational evidence for a
correlation between AKR and the electric field
{e.g., Morioka et al., 1981]. However, it is
questionable whether the maser mechanism is ten—
able on the short time scales which are evidently
involved. On a sufficiently short time scale.
phase coherence effects must be important, and
then a maser theory is inapplicable. V& now
argue on observational grounds that a phase-
bunching theory and not the conventional maser
theory is appropriate at |least for some purposes.

It has long been known that DAM contains fine
structures, called S (for "short") bursts, [ e.g.,
Warwick, 1967]. Detailed observations of DAM at
at very high resolution were-reviewed by Ellis
{1974, 1982]. He found S bursts during about
half of the Jupiter noise storms. These bursts
have bandwidths as narrow as 2 kHz and are com—
monly drifting with [df/dt| = f where
df/dt = 10 Mt s~ and f = 10 MHz Ellis found
drifts predominantly from high to low frequency,
but reverse drifts and more complicated structures
were sometimes observed. Similar fine structures
were reported in AR by Gurnett and Anderson
(1981] and Morioka et al. [1981]. Gurnett and
Anderson suggested that ARR consists of discrete
narrow band structures, rather than of a contin-
uous broadband emission. These structures have
bandwidths of 1 kHz or less and drift either
predominantly upward or predominantly downward in
frequency with a variety of structures. A par-
ticular feature of the fine structures, noted by
both Ellis [1974] and Gurnett and Anderson [1981],
is that they are strongly reminiscent of fine
structures in discrete VLF emissions. This sug-
gests that any explanation for these fine struc-
tures should be applicable to all three cases,
namely AKR, DAM and VLF emissions.

In this paper an attempt is made to develop a
theory for fine structures in AKR and DAM by
adapting the accepted phenomenological theory
[Helliwell, 19671 for discrete VLF emissions.

VLF emissions involve electrons resonating with
whistlers, and in the model the interaction is
assumed to be confined to an "interaction region"
(IR) which can drift along the field lines. The
important modification which needs to be made to

.apply this theory to ARR and DAM is to the reson-
ance condition which now applies to x Wwodé wavesT
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Also in AKR and DAM, relativistic effectsare
important, and need to be retained in the reson-
ance condition (¥wu and Lee, 1979].

An important motivation for the present invest-
igation i s the evidence [Calvert, 1981, 1985a, b;;
Farrell and Gurnett, 1985] that AkR and Jovian
hectometric radiation (HOM) can be triggered by
radio bursts originating in the solar wind,
specifically type 111 and type II solar bursts.
(Triggering of DAM has yet to be observed; the
relevant solar radio bursts would be generated
several solar radii fromthe sun.) Calvert !
[1985a, b] has argued that such triggering pri-
vides strong support for his feedback model
[Calvert, 1982] for the generation of AKR The
feedback loop in Calvert's [1982] model involves
only the waves, which are assumed to be partially
reflected at end points. Fine structures and
triggering occur in VLF emissions and are inter-
preted in terms of a feedback mechanism, but in
this case the feedback loop involves both the
particles and the waves. Particles entering the
IR are phase-bunched by whistlers leaving the IR,
and later as these particles approach the other
side of the IR they generate a new whistler at a
slightly different frequency. This whistler pro-
pagates back to phase bunch a new group of par-
ticles. This wave-particle feedback loop requires
that the particles and waves be propagating in
opposite directions through the IR. Potentially
this feedback mechanism offer sa natural explan-
ation for the triggering of AKR, DAM and HOM by
analogy with the well-known triggering of discrete
WLF emissions. Triggering is discussed only
briefly in the present paper (cf, section 5.4).

Three important ingredients in Helliwell's
[1967] model for discrete VLF emission are the
"consistent wave condition,” the feedback loop
ad the saturation mechanism. The consistent wave
condition selects those particles and waves which
remain i n resonance for the maximum time in an
inhomogeneous system; in practice it relates the
frequency drift to the motion of the IR. The
application of this condition to x mode radiation
i s discussed in section 2. (Some of the results
of section 2 have been derived by Le Queau et al.
[1985].) The feedback loop requires waves and
particles propagating in opposite directions
through the IR whereas in Wi 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 velocity intermediate between those of
the particles and the waves so that the relative
motions of particles and waves to the IR are op-
posite. This requirement on the velocity of the
IR imposes a severe restriction on the modd in
terms of the allowed frequency drift rates (cf.
section 6). The saturation mechanism in
Helliwell's model i s wave trapping, and it is
assumed here that this applies also to the x mode.
(Le Quéau et al. [1984] have also proposed trap-
ping as the saturation mechanism for AKR) Trap-
ping should be relevant, rather than saturation
through quasi-linear effects[e.g., W et al.,
1981; Melrose et al., 1982; Pritchett ad
Strangeway, 1986], provided the emission i s suf-
ficiently narrow band.

The paper i s set out as follows. In section 2

i s discussed and adapted to apply to the x mode
case; the effect of a parallel electric fieldis
included in the resulting expression for the fre-
quency drift rate dw/dt. (The angular frequency .
isw = 2rf.) Saturation of the growth due to wave
trapping i s discussed in section 3, and in section
4 possible sources of free energy are considered.
Several more minor aspects of the mechanism, in-
cluding triggering, are discussed in section 5.
The applications to DAM and to AKR gre explored in
section 6, and the conclusions are summarized in
~section 7.

2. The Frequency Drift

In the theory of discrete VLF emissions there
i s a condition imposed called the "consistent
wave condition” by Helliwell [1967] and the
"second-order resonance” by Nunn [1974].
Matsumoto [1979] expressed this condition in terms
of derivatives of the relative phase, ¥ eay, of
the wave and the particle., (The relative phase
mey be identified as the quantity ¥ - ¢ appearing
in (A8a) and (&9) of the appendix.) The condition
dy/dt = 0 gives the usual resonance condition, and
this additional condition is d2$/dt2 = 0. Ina
homogeneous medium, dy/dt = 0 implies that the re-
sonant particle experiences systematic acceleration
by the wave fields; in principle this acceleration
can continue until the particle velocity has
changed sufficiently so that it drifts out of re-
sonance. In an inhomogeneous medium the time of -
the resonant interaction i s limited by spatial
gradients, which cause a particle and wave init-
ially in resonance to move away fromresonance as
they propagate. The additional condition
d2y/dt2 = 0 selects those particles and waves which
dc not get out of phase due to the first-order
changes. These first-order changes include a fre-
quency drift dw/dt 'as well as the effectof the
gradients due to the inhomogeneity. Only particles
which satisfy this additional condition are import-
ant in the interaction.

An arbitrary resonance, at the sth harmonic
(s=0,%1,...), corresponds to the resonance
condition

&
kv = 0 1)

2,2 2,2
w - 8@ (1-v|/e® - v“/c )
The consistent wave condition i s

Y
dlw - sne(l-vi/cz-vﬁ/cz) k) =0 @

In practice. (2) determines the frequency drift
dw/dt in terms of the spatial gradients and the
driftvelocity vyg of the interaction region:

9k
b

i
- XIR.grad{sﬂe(l—vi/cz—vﬁ/cz) - kuv"} ; 3)

Before applying this to the case of interest here,
specifically to x mode waves for s = 1, let us
note the important details of the application to

the consistent. wave candition of Helliwell [1967] . _whistlexrs. . . oo . .
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In the case of VLF emissions the whistlers are
usually assumed to be propagating parallel to the
field lines. Then one has [ky| =

w/clu/(Qe—~w) P4, and one mey write |3ky/3w| = °
1/vg, where vg is the group speed. In (1) the
relativistic effects are unimportant, and kgvg and
fle are larger in magnitude than w. The resonance
at s =1 then requires kyvy < 0, i.e., electrons
and whistlers propagating in opposite directions
along the field lines. 'I'n (3) only the component

of vig along the field lines is relevant. s in
(1)-the relativistic-effects are ignored. and the
relevant gradients are in Q,, w, and vy. The

parallel velocity is assumed to vary in accord
with energy conservation, v = constant, and
conservation of the first agﬁabaLic invariant
v_L/Qe = constant. A further condit‘.ion is imposed,
but is not particularly restrictive: 'in order for
feedback to occur the propagation velocity of the
interaction mg be intermediate betveen'the pro-
pagation velocity of the electrons and that of the
waves. Thus if the electrons are moving to the
right (vyj >-0) and the waves to the left (at - vg),
one requires-- V < vip < v|: Note that for . -

R} <0, the drfft rate dm}dt. can have the oppos-
|te sign to vydQ./dz, where z denotes distance .
along the field line. That is, electrons propag-
ating toward decreasing cyclotron frequencies can
emit a rising tone. There is no inconsistency in
this because electrons are continuously flowing
through the IR, and the electrons radiating at
one time are not the same as the el ectrons radi -
ating at a later time.

For x modewaves at s = 1 the dominant terms in
(1) give w = Ry, and the relativistic correction
and Doppler term (kyvy) are small. The emission
me be above the cutoff atw = Wes”

= %n + &[n + 21% . a_+ul/a (4)
Yy v = e TWplYe )
and this requires kyvy > 0. For present purposes
it is sufficient to expand the square root in

(1), and also in (2), and retain only the first-

order relativistic correction. Then (1) ney be

replaced by
24 w2 . 2
\ vy (vn vC) v0 (5)
with
L]
k c2 ) 2 (w-sQ )c2
v = H— » v, = V2 -— (6)
c sne 0 c s

e

e now set s = 1. On assuming v 24+ v“ = constant
and vJ_/n = constant, one finds that the dominant
terms in (3) give dm/dt: = vig-gradQe. Thus the

variation in vy and v is unlmportant

An important constraint on the theory is that
feedback must be possible. Consider the frame in
which the IR is at rest. By analogy with the case
of whistlers, feedback is possible if the parallel
velocity of the particles and the parallel group
velocity of the waves are oppositely directed in
this frame. Only then can the waves emitted by
particles at one end of the'lR phase bunch incom-

-is_a characterist

The para'IIeI group velocity Vgl of the waves may

5 T e

be approximated by v, except near the cutoff
frequency. More specifically one has v,y & v
whenever one has- 3uN, /3w & 1. In the lgborat:ory
frame the:condition for feedback to operate.’
becomes - kLT S

< max[v",vc]

vl < vy o
In practice‘it’is likely that |v, = vy| is much
smaller than either v, or vy, and then (7) implies
a very narrow range for vigj. The sign of v, = vy
is positive for a loss cone distribution (cf.
equation (24)), but more generally one could en-
visage cases where v, ~ vy iS negative. The feed-
back mechanism can operate for either sign.

The drift of the IR, including possible motion
across the field lines, is discussed further in
section 5.3.

Suppose the interaction region is drifting along
the field lines (i.e., vygy = 0). Then (3). when
taken together with (7) and vy = v, implies
dw/dt = vipd2/dz. This is a very restrictive con-
dition. It is effectively the condition assumed by
Ellis [1974] gnd by Gurnett and Anderson [1981] in
interpreting the frequency*drifts observed in the
fine structures of DAM and AKR, respectively; these
authors actually: assumed 'dw/dt = v dRe/dz. -For DAM
the observed drifts seem to be consistent with
du/dt = vydRg/dz for vy >0 (upward motion toward
decreasing @) with vy/e = 0.1 [Ellis, 1974], al-
though rarer drlfts inconsistent with this are ob-
served. For AKR the observed drifts would imply
v between 3 and 300 km s~1 [Gurnett and Anderson.
1981], and it seems'unlikely that these inferred
drift velocities do correspond to vy. Gurnett and
Anderson [1981] suggested that the inferred drifts
might be characterigtic of motion at the ion sound
speed, and Morioka et al. {1981] suggested that
they mey be associated with propagating double
layers or electrostatic shocks. '

Although a parallel electric field has no ef-
fect on the resonance condition, it cannot be ig-
nored in the consistent wave condition. Let the
electric potential be ¢ = ¢(z). Then conservation
of energy and of the first adiabatic invariant

imply, respectively.
2, .2 2,
v_L+ vi T & ) constant 8)
2
v_L/ﬂe = constant )
In view of (5), the condition (3) becomes
2. 2 2.
d{v_L+ (vu-vc) —vo} = 0 (10)
and together with (8) and (9) this implies
dQ (v v E
dw _ e[l "M
C s SLS e ¢ U [Zv" EO] -4y
where some small terms are omitted and where
mczr 1 dﬂe N
fo T T Te @ a2

electric field. The term-in-

o d b -

volving Ey = d¢/dz in. (11) arises as follows.
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Fig. 1 (a) Atan initial time t = tg a cross

section of the IR is centered on a point zg along
the field lines. The resonant particles, the IR
and the emitted radiation have velocity components
vj, virl and ve, respectively, along the field
lines as indicated. For the case drawn, v, > vy
is assumed. (b) At a later timet = t; thie IR 1s
centered on a point z3 = z5 + vrpy(ti-tg). The
waves and particles which were inside the IR at

t ="£g are now inside the regions marked by dashed
lines and dotted lines and centered on

z, * zg +v (t1-tg) and z, = zg * vj(ty-ty), re
spectively. The partlcles now in the IR were
above the IR at t = tg and have been phase bunched
by waves emitted at t < tj. These particles gen-
erate waves which phase bunch particles that enter
the IR at t > £

The part with v Ey arises from kydvy/dt, and the
part with = vgEp arises from the rate of change of
the relativistic gyrofrequeacy (d/dt){n (1~v272¢2)},
with the change in vy and dominated by the ef-
fect of the electric acceleration.

In the terrestrial auroral zones one has
Eg = 0.1 mv m-~, and typical parallel electric
fields are stronger than this, e.g., Ejf = 1oV o
iS common [e.g:, Mozer et al., 1980; Weimer et
al., 1985]. Hence dw/dt should be dominated by

the electric effects, and dw/dt should be roughly
proportional to Ej.

The sense of'drift is from
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high to low frequencies for an upward motion of

the IR, i.e., for vigy > 0 (with dRg/dz < 0). A
correlation between dm/dt and Ejp was suggested by
Morioka et al. [1981] based on observatlonal data.

3. Saturation Effects

The model developed above has several further
detailed features which require consideration.

These are discussed in this section and in the
next two sections. However, these further detalls

are not of much practical significance to the
applications to DAM and AKR, and the reader in-
terested primarily in the applications would |ose
little by proceeding directly to section 6.
Saturation of the wave growth is attributed to
wave trapping. It is postulated that the bunching
time (or the bounce or trapping time) is equal to
the resonance time, which is the time spent by a
resonant electron in .the IR of length L. The.

bandwidth of the emission is limited by the trap-..-

ping frequency wy.  -In this section we first es—~--
timate the'length.of the- IR, and then,we consider:"
the bunching time and the bandwidth. L,

Let A be the frequency mismatch away from T
resonance: Cow

P L .."w* AR A IRAIR

' ' 2,2 2, 273
_A = gy - sne(l—vJ_/c —vulc.)

R R F RLl Do

:- k“ ﬂ 1(1{)

e
To a first approximation we reqwreA =0 and

da = 0 inside the IR, and these conditions in ef-
fect locate the 'center of the: IR. Consider a
frame comoving .with the IR, and l et quantitiesin
this frame be denoted 'by primes. In the IR frame,
A" is not a function of t', and if z' measures
distance from the center of ‘the IR, we may approx-—
imate A' by z'da/dz, where dA/dz iS to be deter-
mined .at the center of the IR. An electron with.
velocity vy in the'laboratory frame bas a velocity
v = vypl-in the IR frame, and hence we have ..
dt' = dz'/|vy-vygyl|-. The length of the IR is de-
termined by setting L/2 equal to the distance over
which the phase changes by v [Helliwell, 1967].
Thus we set

J de'a' = « 14)

where the integral 'isfromt' = 0 to
On integrating across the IR,

t' v "'V
b ghe condition

(14) lea s to

(15)

’ b
dA
L = ZE“IVII_VIRII | /‘El:l

Using (11) we may replace (15) by

. ke
L = F_“l"n"’ml] "mll:l
ldm/dtl
where we ignore drift of the IR acress the field
lines.
The resonance time is the time spent by an el -
ectron in the IR:

as")

-

(16)
vy~

te |
pa:l

“ .

L amatar e AR, TapA—— s
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The time required for bunching is estimated in the
appendix. One has
[ M N A N
5 T T2
w'l'

L
ek
R B |:_2 ﬁ'e]

mc

an
where

. (18)
\

is the trapping (or bounce) frequency. with E the
electric amplitude of the waves. The saturation
amplitude is assumed to be determined by the con-
dition tp = ty in Helliwell's [1967] model, with
|a] in (57) implicitly assumed to be equal to wr.
A justification for the latter assumption is that
the minimum spread in frequency (e.g., the minimum
bandwidth) is determined by wyr due to the forced
motion of electrons induced by the wave. Thus the
saturation amplitude is determined by tpuwp = 1,
giving

2 [vy=vigl

|E

a9

o]

e |V |

IRK
If we ignore drift across the field lines and use
(11) with (12), then (19) becomes

E 1 vyl
E T am v, (20)
0 L

The bandwidth can be no narrower than wy, im-

plying
1 Mol o %
81 v dt

1
t IRI

(Aw) = w, =
min T R

21)

The factors involving the velocities in (20)
and (21) can be determined only when a specific
model for the free energy is assumed, as discussed
in the next section.

4. The Source of Wave Growth

A peculiar feature of the phase-bunching model
is that no reference needs to be made to the nature
of the wave growth, nor to the source of free en-
ergy which is driving it. Questions relating to
the nature of the growth mechanism apply to dis-
crete VLF emissions, as well as to the case of
interest here, and these questions continue to be
the source of controversy.

It has long been known that whistlers can be
driven unstable by suprathermal electrons with a
loss cone anisotropy. A theory by Kennell and
Petschek [19661, for example. provides a satis-
factory explanation for the average properties of
such electrons in the magnetosphere. In this
theory the free energy is due to the loss cone
anisotropy, and the vave growth involves a maser
instability. From an observational viewpoint an
obvious deficiency with this theory is that the
observed whistlers are the discrete VLF emissions
whose generation involves phase-coherent effects,

WHEreas the maset theory ts—e

independent. Helliwell's [1967] phase-bunching

Melrose: Phase-Bunching Mechanism for AXR and DAM

Fig. 2. For an idealized loss cone distribution
there are no particles between the line a = ag

(¢g = loss cone angle) and the vy axis, and there
is a sharp gradient in f near the edge of the loss
cone. The resonance circle drawn (center (v.,0)
and radius vg) passes through a point (vy,v;) on
the edge of the loss cone, such that the circle
lies outside the shaded circles or radius v where
the thermal electrons are located.

theory and Kennel and Petschek's [1966] quasi-
linear theory satisfactorily explain different
aspects of electron-whistler interactions in the
magnetosphere, but they appear te be incompatible
theories. Attempts at relating Helliwell's theory
to conventional mechanisms have been discussed by
Matsumoto [1979]. The most favored idea is that
the distribution function of the electrans is
distorted locally, so as to increase 2f/3vy and
hence the growth rate. However, this local dis-
tortion is due to whistlers, and it is not clear
how net free energy can be supplied to whistlers
in this way.

Wha appears to be required to make the twa
theories compatible is a mechanism whereby phase
bunching can enhance wave growth. A possible re-
solution of chis impasse has been suggested by
Winglee [1985] who proposed a transient form of
wave growth due ta a postulated initial phase
bunching of the particles. Although this growth
mechanism is different from that in the random
phaae approximation, it can be driven by the same
sources of free energy as can a maser mechanism.
In the following discussion it is assumed that the
growth mechanism is analogous to that proposed by
Winglee.

For AKR there is a variety of possible sources
of free energy. Melrose [1976] propoaed a source
due to a beam (on theoretical grounds), and Wi and
Lee [1979] identified a more effective source due
to a loss cone anisotropy. These were discussed
critically by Gurnett and Anderson [1981] who
identified a further possible source of free en-
ergy in a "hole" in the distribution function.
More recent evidence for "electron conics”
[Menietti and Burch, 19851 offers yet a further
possibility.

In principle the phase-bunching mechanism 1is
not dependent on which of these or other sources
of free energy actually drives the growth. How-
ever, the parameters vy, vi, v and vg do depend
on the form of the free energy. The source of
free energy is localized in velocity space, and
vy, vy are to be identified with this location.
TF1e parameters v., vg are those of a resonant -
semicircle (cf. equation (5)) and must be such

has e -—thet--the-semieircle-passes-through.the saurce of

free energy. In addition, the free energy is
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associated with a gradient in velocity space, and
there is an optimum resonant semicircle which
weights the maximum contribution to wave growth
from the arc through the source of free energy
and the minimum contribution to damping from the
remainder of the semicircle. The values of v,, vy
are to correspond to this optimum semicircle.

For illustrative purposes | et us assume that
the source of free energy is an idealized |oss cone
distribution, as illustrated in Figure 2. The
source of free energy is along the line a = «j,
where ag is the loss cone angle. In practice the
distribution function decreases with increas{‘:g v,
and there is a region near the origin where the
loss cone is filled by cold electrons. The opti-
mum semicircle in this case is illustrated in
Figure 2. For this semicircle one has, from tri-
angle ABC in Figure 2

Vg = stmaO (22a)
_wd) - T
M AR AR At/ DS
and, from triangle DBC in Figure 2, .:,~
Ve TV T V@'"% (23a)
v, = V,cosa, . (23b)

In addition_for the semicircle not to intersect the
region v < v, to which the cold electrons are as-

sumed to be confined, one requires

\V

c yzv (24)

with the equality sign for the optimum semicircle
in this idealized case.
Using the relations (22) and (23) we mey elim-

inate v, and vy in (11) in favor of e through

v - V“

c _ 2
-—Zv—"—— = %tan 0.0

(25)
The functions of velocity which appear in (20) and

(21) simplify, provided we further assume that
vIﬁ" is approximately equal to ve. This assumpt-

ion provides minimum values of & and Aw. The re-
levant results are
E P
EO ar tana0 (26)
and
4
= i 27
(), sinad B"T |§%|:| @n

respectively.

The detailed results (25) to (27) are illus-
trative and are not used below. The important
point is that the parameters in the theory are to
be determined by the form of the distribution
function, and specifically by the location of the
source of free energy in velocity space.
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5. Discussion of the Mechanism

In this section we discuss several aspects of
the model, concentrating on the differences bet-
ween the applications to discrete VLF emissions
and to AKR.

5.1. Axial Versus Azimuthal Bunching

A notable qualitative distinction between cases
with N2cos28 > 1 and N2cos26 < 1 is that in the
former case phase bunching is predominantly axial
and in the latter case it is predominantly azi-
muthal [e.g., Chu and Hirshfield, 1978; Winglee,
1983]. This is demonstrated exglicitly in the
appendix. Whistlers have N%cos®s >> 1, and the x
mode waves of interest here have N2cos48 << 1.
While the distinction between axial and azimuthal
bunching is important in understanding the mechan-
isms in detail, it isof no significance for the
model outlined above.

ISR P

5.2. The Frequency Mismatch

The treatment given in the appendix shows that

ghase_ bunching is effective slightly off resonance.
pecifically, the frequency mismatcl

Co 2,24
A= w §Qe.(l_v/c% - kv, (28)

needs to be greater than the growth (or damping)

rate in grder for phase bunching to occur with
little energy transfer. _In addition, phase bunch-

ing occurs only for (1—N2cos26)A > 0, so that the
required sign of A is different for whistlers and
for x mode waves. Thus on entering the IR the el-
ectrons should have a nonzero 4 of the appropriate
sign for phase bunching, and as they drift through
the IR, A should decrease in magnitude until the
electrons are close enough to resonance to trans—
fer energy to the waves. This requirement has
been included in the VLF case by Winglee [1985].
There is no difficulty in accommodating the re-
quired change in A, provided that the consistent
wave condition dA/dt = 0 remains a valid first
approximation. With A changing by less than about
wr in a resonance time, which is assumed to_be of
the order of m,}l, this requires |da/de| < wf.
Nonlinear corrections have been ignored in the
resonance condition, and it is consistent to neg-
lect them here, provided the actual frequency
drift rate |dw/dt| exceeds the required |da/dt

5.3. L ateral Extent and Lateral Drift

of the IR

In the case of whistlersit is reasonable to
assume that the waves are propagating along the
field lines (|cos8| = 1), and then the lateral
extent of the IR is of only secondary importance
compared with its length along the field lines.
The angular distribution of the radiation in the
case of 4KR islikely to be similar to that which
is thought to occur for mesx emission from a
loss-cone distribution. Thus the radiation should
be confined to the surface of a hollow cone with
half-angle ® = arc cos(v./c) [e.g., Hewitt et al.,
1982] with its apex at the point of emission. In
order for radiation emitted by particles at one
end of the IR to phase bunch particles at the other

e S— At el
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Fig. 3. Electrons leaving the bottom of tr\e IR at

points A and B radiate on the surface of cones
with half-angle 8. The lateral extent of the IR
should be such that these cones pass through the
top rather than the sides of the IR. The minimum
width is Ltan8, such that rays emitted at A and B
pass through D and C, respectively.

end of the IR, a distance L along the field lines
away, the lateral extent of the IR needs to be
greater than Ltan6, as illustrated in Figure 3.

There is a strong tendency for the IR to spread
across the field lines in all directions due to
the large angle @ of emission. The |ateral extent
of the IR should adjust quickly to fill the entire
cross-sectional area occupied by electrons with
available free energy. However, regions with
cross-sectional area greater than about (Lt:=1ne)2
can operate independently of each other, and it is
probable'that the source is composed of individual
subsources of roughly cylindrical shape with height
to diameter in the ratio |cos8| = ve/e. A region
of larger lateral extent than this islikely to
break up due to phase coherence gradually being
lost over lateral distances greater than about
Ltan$.

54. Triggering

The feedback mechanism can be initiated by a
triggering wave. This wave must have the appro-
priate properties to resonate with the electrons
with the available free energy, and the amplitude
of this wave must be adequate to cause phase bunch-
ing in the time available. Once the phase bunching
has been initiated, a self-sustaining emission can
continue and drift away in frequency from the
triggering wave.

An x mode emission due to an upward directed
loss-cone distribution [e.g., W« and Lee, 1979;
Melrose et al., 1982; Omidi and Gurnett, 1982]
could be triggered by another x mode wave with
properties similar to those of the emitted wave.
For example, AKR could be triggered by a type II1
burst as follows. The incoming type III radiation
splits into local X mode and 0 mode components.
Provided the x mode component is incident on the
cutoff layer w = wy at an angle @ £ arc cos(vc/c)
to the magnetic field, then just after reflection
the wave has appropriate conditions to trigger an
emission. That is, this wave has the appropriate
value of w and 8 to resonate with the relevant
electrons and to phase bunch them.

One can envisage more complicated processes
which could trigger x mode emissions. An example
is that for the o mode component of the incoming
type IIT emission. This component can resonate
with upgoing electrons (k) < 0, vy < 0) at w <,

Melrosed &hase-Bunching Mechanism for AKR and DAM

and can phase bunch them. These upgoing electrons
can then radiate in the x mode due to this phase
bunching, and thereby initiate a self-sustaining x
mode emission.

The details ofihow triggering might occur wa-—
rant a careful investigation. The discussion
given here indicates only that triggering is pos-
sible in principle and that it is plausible that
it occurs in practice.

6. Application to DAM and AKR
~

The main predictions of the feedback mode for
fine structures in AKR and DAM are that the drift
rate should lie in the range min[vn,vc] < vy
< max[v),v.], and that the minimum bandwidth Is
approximately the trapping frequency.

The frequency drift rates in Jovian S bursts
were analyzed by Ellis [1974] under the assumption
that the emission is at the local cyclotron fre-
quency for an electron propagating along a magnet—
ic dipole field line. The observed drift rates
fit quite well with this model for electrons with
speed = 0.1 c. In the feedback model the drift
rate vigy of the IR is restricted to close to the
parallel velocity of the electron. 1t follows
that the predicted drift rate (cf. equation (11))
is nearly the same as in the model assumed by
Ellis, provided that the parallel electric field
is unimportant. Thus for DAM the feedback model
provides an acceptable explanation for the char-
acteristic observed frequency drifts. The usual
drift is from high to low frequency, implying an
upward drifting IR and hence a source of free
energy in upward propagating electrons. A loss
cone distribution of reflected electrons is plaus—
ibly the source of such free-energy. There are,
however, rarer examples of drifts from low to high
frequency, and drifts which reverse. their semse. .
One may account for drifts from low to high fre-
quency by postulating a source of free energy in
downward propagating electrons. However, it is
difficult to account for drifts which reverse
their sense because this suggests that vigi passes
through zero, which is not possible for x mode
emission. )

Ellis [1974] found some fine structures in DAM
with bandwidths at the minimum instrumental |imit
of a 2 kHz at 10 MHz  Setting (Aw)py, = wp, and
assuming R¢/27 = 10 MHz vy = 0.1le, the electrjc
field strength implied by (18) is E# 40 mV w1,
There is no simple way of relating this parameter
to observed quantities. By way of illustration,
|l et us suppose that the source region for DAM con-
sists of mawy elementary source regions each as-
sociated with an IR, and that these IRs fill some
fraction of the volume of the average source. _The
average brightness temperature for DAMis > 10+/ K
[Dulk, 1970]). The brightness temperature from
each IR can be estimated from E, the assumed solid
angle Aq of emission and the assumed relative
bandwidth Af/£. For E = 40 v m~l one finds
Tg = 3 x 1013/a0(af/£) = 1017/a2, where we set
Af/f = (2 kHz)/10 MHY) to obtain the final estim-
ate. The emission is highly directional, implying
A0 << 1. Provided the filling factor is not too
small, this estimate of Tg is compatible with the
observed brightness temperatures. Another test,
which is not independent of the foregoing one, -
arises from the estimate that the source size is .
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< 400 km [Dulk, 1970]. |If this is assumed to be
the lateral extent of the IR, then with

vc/v % vp/c = 0.1, the implied length L of the IR
from Ltan8 < 400 km is L < 40 kn n estimating L
from (15') with |vg-vygp| and vigy of the order of
0.1 ¢ and dw/dt = 27 x 10 M s-1, one finds

L # 10 km These estimates suggest that the re-
ported observations of DAM and its fine structures
are consistent with the feedback model.

The comparison of the predicted and observed
drift rates is far less satisfactory for AKR than
for DAM. Gurnett and Anderson [1981] analyzed the
observed drift rates in terms of motion of e;gc-
trons emitting at the cyclotron frequency, 1i.e.,
using the same model as Ellis [1974]. The drift
velocities so calculated were between 3 and 300
km s~1, which they tentatively related to the ion
sound speed. Morioka et al. [1981] obtained
qualitatively similar results and argued that the
velocity increases with height in the auroral
zone. They inferred that the deduced source -
motion is closely related to the parallel electric
field. These inferred velocities are at least a
factor of 10 smaller than the typical speeds of
the electrons thought to have available free
energy. This poses a serious difficulty. For the
X mode it is essential that kyv) in (1) be posi-
tive, such that the requirement w > w, (cf. equat-
ion (4)) is satisfied. For w /2, << 1 one
requires |cos8| > w,/Q, [e.g., Hewitt et al..
19821 and hence vyp, & v, ¥ v > w,c/Re. Arbi-
trarily slow drift rates vig) are hot consistent
with the kinematics for x mode emission.

To see how this difficulty might be overcome.
consider how the-expression (11) for the frequency
drift rate might lead to |dw/dt| << |vjdfg/dz|,
where vydQ,/dz is the rate assumed in the model
used by Ellis [1974], Gurnett and Anderson [1981]
and Morioka et al. [1981]. We have already argued
that vygy must |ie between v, aad vy and that v vy
is positive and cannot be arﬁitrari{y small for
the x mode Thus it does not seem possible to ac-
count for the low drift rates in terms of
|veri| << |vy], L.e., in terms of a slowly drift-
ing IR, while retaining the assumption that the
emission is in the x mode In (11) there is also
a contribution from the drift of the IR across
the field lines. Motion of the IR toward the pole
increases ldw/dt| and motion toward the equator
decreases |dw/dt| compared with motion of the IR
along the field lines. Although in principle the
IR could drift fast enough across the field lines
to give |dw/dt| << |vydRe/dz| due to this effect,
this is an unlikely explanation because of the
very narrow range of latitudes to which the rele-
vant ("inverted V) electrons are confined at any
one time.

There are two other possibilities. One involv-
es the parallel electric field. It follows from
(11) that we can have |dw/dt| << |v“dne/dz| , pro-
vided the condition

v -vIl Ell

2v I EO

= -1 (29)

is satisfied. However, although one could envis-

age this condition being satisfied incidentally

in specific events, there is no apparent reason

why it should normally be satisfied. Indeed, for
he.expected.values.of Yo _ n*_,__mlﬂ..._Eﬂ_.and_Eg.im“

this AKR source region, it is likely that the
left-hand side of (29) is positiveand > 1. The
other possibility is that the emission occurs very
close to the cutoff frequency. Then we can have
V, “ » am/akn << vy, and the drift of the IR may be
s%ow, i.e., one may have vyp) & vgy << vy. Then,
,according to (3) one hes

dw v v dQ
So . _IRNTEL.
dt vy dze (30$)

whére we ignore a term from dk)/dz and assume

v = 0. This possibility presents difficulties
due to dw/dt and vydRe /dz having opposite signs.
Individual emissions are necessarily_restricted to
the narrow range of frequencies << “‘p/ne where N,
is much less than unity.

It mey be concluded that none of these possi-
bilities is favorable. In order to overcome the
dilemma associated with the slow drift rates ob-
served in AKR there seem to be three options:

(1) thedrifts are as the theory implies

(dw/dt ="v dQg/dz), and the observations require
interpretation, (2) the feedback mechanism pro—
posed here is incorrect, or (3) the emission is
not at s=1in the x mode We now argue for
option 1 and comment on option 2. Option 3 iS not
considered further.

Option 1 needs to be explored from an obser-
vational viewpoint. Consider the situation with
DAM. The high drift rates observed [Ellis, 1974]
are seen only at the highest resolution. At lower
resolution the rapidly drifting bursts have envel -
opes which have much slower drift rates. It is
conceivable that the measured drift rates for fine
structures in ARKR correspond to such envelopes,
and that on a fine scale these envelopes will be
seen to consist of many rapidly drifting, present-
Iy unresolved bursts. A superficial inspection of
the records published by Gurnett and Anderson
[1981] shows a fuzziness in the slowly drifting
structures which is suggestive of their being en-
velopes of such more rapidly drifting structures.

Option 2 would require major rethinking of the
feedback mechanism. Here the feedback is due to
the relative motion of waves and particles through
the IR. Calvert [1982] has developed a feedback
model for ARR in which reflection of the waves (on
both sides of a source region) feeds them back to
interact with the particles. Thus Calvert's feed-
back mechanism involves only the waves. A further
possibility would be to have a feedback of the
particles. For example, a parallel electric field
can trap electrons between a magnetic mirror
(sina = 0) below and the reflection (v = 0) due to
the electric field above. Phase-bunched electrons
could reenter the IR after a pair of such reflect-
ions. Further possibilities arise if one allows
more than one wave-particle interaction, e.g., one
could have two complementary IRs, one for upgoing
and the other for downgoing electrons in the fore—
going model, with the phase bunching in one caus—
ing growth in the other after the electrons have
reflected. However, we are forced to consider
these alternatives only if option 1 turns out to
be excluded by observation.

Let us therefore return to the suggestion that
the observed slow drifts correspond to the envel -
ope of unresolved rapidly drifting bursts. It is
natural to attribute the slow drift to that of an

—electric field structure.. A _local electric field _.
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can distort the distribution function locally on
a short time scale, meking free energy available
on this time scale, as should be the case accord-
ing to an argument presented in section 1. This
complements the suggestions nmeck on observational
grounds [Gurnett ad Anderson, 1981; Morioka et
al., 1981] in favor of a source related to an el -
ectric field structure. There is also evidence
for this in modulation of ax® at a frequency char-
acteristic of ion waves [Grabbe, 1982], as these
waves are known to be associated with electric
field structures [Mozer et al., 1980].

The postulated fine structures shoyld be drift-
ing either at about dw/dt = vydRe/dz OF \at
dw/dt & (dRa/dz) (ve-vy) Ej/Eg 1 T the latter is the
larger, as ssars likely. The bandwidth nay be
narrower than can currently be resolved. A band-
width of = 1.-kHz has been quoted [Gurnett ad
Anderson, 1981] for the observed fine structures.
I f these were the basic fine structures then
theory would imply wp/27 = 1 kHz. The implied
electric amplitude from$18) with wp/27 = 1 kHz,
Qe/2r = A0 kHz, vy = 10 ms1lisE =1V wl,
which is very high. |f the true fine structures
have an intrinsic bandwidth s 100 Hz then the
electric field is s 10 av w-l, ad i f the band-
width i s = 10 Bz then the electric field is
E= 01 ov wl, The saturation value of E nay be
estimated fromthe theory, e.g., using (20), or
the corresponding result (26) for an idealized
loss cone distribution, with £ 01 o olin
the auroral zones. Fa a field E = 1 v m~l the
intrinsic bandwidth i s only 3 Hz, for example,
ad this is probably smaller than the Doppler
spread. The actual relative bandwidth Aw/Q,_ex-
pected would then be of the order of avyv./c2,
where Av| is the range of vy for the electrons
driving the wave growth. Fa electrons with an
energy around 1 keV this Doppler spread implies a
bandwidth of several hundred hertz.

7. Discussion ad Conclusions

A general conclusion of this investigation is
that the ideas originally developed for discrete
VLF emissions [Helliwell, 1967] nay be adapted to
apply to discrete x noe emissions. Qualitatively
this mekes it plausible that the similarities in
the fine structures observed in 4&xR, DAM ad VLF
emissions are due to the underlying emission
mechanisms being similar.

The mogt important differ encebetween the ap-
lications to whistlers ad to x node waves con-
cerns the drift velocity ad the associated drift
rate in frequency. Fa whistlers the drift rate
of the IR is only weakly constrained. |t must lie
between the group velocity of the whistlers ad
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 IR mug |ie between the
parallel velocity of the waves ad of the partic-
les (i.e., between v, ad vi) in order for the
feedback process to be possible, but in the x nodke
case, ve ad vy must have the sare sign, ad in
practice they are roughly equal. In the absence
of a parallel electric field the implied frequency
drift rate i s dw/dt = vydR./dz. However, a paral-
lel electric field can have an important effect on
the drift rate, as i s apparent from(11), for a
parallel electric field Ej in excess of a

A
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characteristic electric field (cf. eguation
(12)), which i s of the order of 0.1 mv m~1 in the
auroral zone. |f the effectof the electric field
dominates then the drift rate is proportional to
Ep.

The observed drift rates in DAM fit quite well
with the theory, but the drift-rates in AKR are
too small. |t is suggested that the finest
structures in axR have yet to be resolved, ad
that the observed drift rates are those of envel-
opes of much nore rapidly drifting narron-band
emissions.

Qe of the motivations for this investigation
i s the evidence that ax® (and Jovian HOM) can be
triggered by solar radio bursts [Calvert, 1981,
1985a, b] . Although no detailed modd for such
triggering has been developed here, it is highly
plausible that discrete aX® emissions can be
triggered i fthey are generated in a way analogous
to discrete VLF emissions, whose ability to be
triggered is well established. W suggest that
incoming solar radio emission splits into x node
ad o nmoe components, ad that the triggering is
probably due to the x node conponent just after
it has been reflected.

The nodd outlined here is essentially kine-
matic. The nature of the gronmth mechanism invol-
ved has yet to be agreed upon, ad remains contro-
versial for the VLF case. Hee we have argued
qualitatively in favor of a mechanism proposed by
Winglee [1985] for enhanced growth due to phase
bunching; the essentially new feature (inthis
context) in Winglee's theory is the relaxation of
the time asymptotic condition in kinetic theory.
This allows a new type of growth which i s trans-
ient in that it is associated with the initial
conditions (e.g., due to phase bunching) ad which
dies anay due to phase mixing. This type of wawe
growth requires a source of free energy analogous
to that required for gromth due to conventional
cyclotron maser action. As ramarked in section 1,
the nodd based on the cyclotron meser theory it-
self requires featuresin the distribution funct-
ion which drive the instability ad persist for
only a fewtens of milliseconds in the case of
ARR, The viewpoint at which we row arrive i s that
these fine structures drive discrete emissions
through a phase-bunching mechanism. These fine
structures in the distribution ssam (on both ob-
servational ad theoretical grounds) to be related
to parallel electric fields.

Appendix: Phase Bunching
A simple nodd for the interaction between a
spiraling electron, with nomatum

p = (pcos$, p sing, py) (AL)

ad position

X = x

0 + (Rsin¢. -RCOS@. V't) (Az)

ad awae in the x-z plane with amplitude

E = ee(t) e-iw(t'f)

+ c.c. (A3)

(c.c. = complex conjugate) is as follows. After

——— it
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substituting (A1), (A2) and (A3) in the equation
of motion, and writing

L LTIseYL "’(t’x) 9 r (AA)

Y-k R"in¢

with

T T k.xy + WAy € L @s)
RN PSR Rt T D RS AP A N T L B PR
one can expand |n Bessel functlons to flnd

ey

o n . A
d—t-J-' s z ~ eg(t) I:e =1(¥- 8“{(1 NBucose)
sm—co
s . . s 7
(ex Js—lest) + NB"sineez T.Li Js} + c.c‘]
. (A6a)
dpn - . e -i(‘y;;¢“)'*' "':‘.sn _. : '\V . .
_dT A- "SE—E-JE'(t) [e s {(l B u_).,est

+ NBHcose(ex (A6b)

J —ieJ')} + cc]
s y°s ;

4 - g4 -e:_(t_) 1e'_i§‘y's¢? {(l;Neucose)

Sx=—03-

(—eJ'+ie RJ)+:LNBSin6eyJ

vy k

- ' Cea v
NBllsineest} + c.c.] o (A6c)
where the argument of the Bessel functions is‘
kR, with R = v; /9, @ = eB/ym, and with N = ke/u,
k.L = ksin®, ky, = kcos®, p, = ymv; = ymBc,
Pj = ymv) = ymBjc. ) o

In the small gyroradius limit k3R << 1, only
s = 0,1 contribute. Here we concentrate on the
case s = 1 and assume that the frequency mismatch

A = »-Q k"v“ (A7)
is smaller than other relevant frequencies. Then
(A6) may be reduced to

t

d(¥=¢) _ , _ee(t) | 1 _-i(¥-¢)
dt 2me B,

{(l—NBncose) (ex-iey) + Nsusineez} +‘c.c.:|

(ABa)
dA _ _ee(r) [2 o-1(¥-9)
dt 2mc Y
{m(l—NZCOSZS) - }A(ex-iey) + c.c.:l (ABb)
%.YE. - - % Ble—i(‘l’—cb) (e ~le ) + c.c.:l (A8c)

The bounce frequency is identified by approxi-

mating d2(¥-¢)/de2 by da/dt from (ABa), and omit-

ting the term A in the braces in (A8b) to find

: E&P- - - u%cos (¥-¢) - (A9)
de B T 5 S G

ey -y R .. N

S gk

with
2 2 ’
2 et-:BJ_u(l-N cos 9)(ex-ie )

f’-\‘wTJ-,,;»l-a' Sdte yme .
where €is assumed constant for this purpose.

The phase bunching of relevance here may be
described as follows. W assume that e€(t) may be
regarded as constant. V& use (A6ec) to write
¢ = 2t to a first approximation, finding
¥ - ¢ = - k.xg + At. Then on integrating (A8b),
the integral™is of the form

.:.;} N (Alo)

t

s

00t

| ‘AE 03 (e A-t‘_ .

where Aisa constant and Where ‘PO is the initi aI
phase k.xq. On substituting this expression for
A(t) 1nto (A8a) and integrating, there are various
terms which describe oscillating phase changes,
and one term of the form

c mB_L(ex-ie )

Y- = - = A sinwo(l-NZCOSZG) t

(All)

For A(l—Nzcosze) > 0 this causes electrons with
relative initial phase yg > 0 to drift toward

¥ = 0, and causes electrons with initial phase

Yo < 0 also to drift toward y=0, leading to phase
bunching about ¥ = 0. The rate at which this
phase bunching occurs is w2/A. The analysis
breaks down if e(t) varies secularly with time
over a time scale < 1/[A|, 1.e., when |A| is less
than about the growth or damping rate.

Acknowledgments. | thank R. G. Hewitt for
helpful comments on the manuscript.

The Editor thanks W. Calvert and R. M. Winglee
for their assistance in evaluating this paper.

References

Calvert, W., The stimulation of auroral kilomet-
ric radiation by type III solar radio bursts,
Geophys. Res. Lett., 8, 1091. 1891.

Calvert, W, A feedback model for the source of
auroral kilometric radiation, J. Geophys. Res.,
87, 8199, 1982.

Calvert, W., Triggered Jovian radio emissions,
Geophys. Res. Lett., 12, 179, 1985a.

Calvert, W., Auroral kilometric radiation trigger-
ed by type II solar radio bursts, Geophys. Res.
Lett., 12, 377, 1985b.

Chu, K. R, and J. L. Hirshfield, Comparative
study of the axial and azimuthal bunching
mechanisms i n electromagnetic cyclotron instab-—
ilities. Phys. Fluids, 21, 461, 1978.

Dulk, G. A, Characteristics of Jupiter's decamet—
ric radio source measured with arc-second re—

—.—..80lution, Astrophys. J., 159, 671, 1970.







7980

Ellis, G R A.,, The Jupiter radio bursts, Proc.
Astron. Soc. Aust.,, 2, 236, 1974.

EIIis G. R A, Observations of the Jupiter S
* bursts between 3.2 and 32 MHz, Aust. J. Phxs

. '. 35, 165, 1982. tam Easta e Mo, .

Farrell, W' M., and D. A. Gurnett, Astatrstrcal
study of solar type III bursts and auroral
kilometric radiation onsets J Geophys. Res.,
© 90, 9634, 1985. , - *- .

Gtabbe, C L., Theory of 'the-fine' structure of
auroral kilometric radiation, Geoghxs. Res.
Lett., 9, 155, 1982. .

Gurnett, D. A., and R R Anderson, The k
radio emission spectrum: relation to auroral
acceleration processes, in Physics of Auroral
Arc Formation, Geophys. Monogr. Ser., vol. 25.

ometric

edited by S.-1. Akasofu and J. R. Kan, pp. 341-
350. AGU, Washington, D. C., 1981.
Hellivell, R. A, A theory of discrete VLF emis-

sions from the magnetosphere J. Geophys Res.,
72, 4773. 1967. o 5

Hewitt, R. G.. D. B Melrose and K. G. RUnnmark.
A cyclotron theory for the beaming pattern of
Jupiter's decametric radio emission, Proc.

+ Astron. Soc. Aust., 4, 221, 1981.

Hewitt, R G, D. B. Melrose, and K. G. Rnnmark,
The loss-cone driven electron-cyclotron maser.

Aust. J. Phys., 35, 447, 1982.
Kennel C F, and H E Petschek, Limit on stably

trapped partrclefluxes J. Geophys Res., 71,
1, 1966.

Le Quéau, D, R Pellat, and A. Roux, Direct
generation of the auroral kilometric radiation
by the maser synchrotron instabmsity: An an-

alytic approach. Phys. Fluids, Ty 247, 1984.
Le Queau, D, R Pellat, and A. Roux, The maser

synchrotron instability in an inhomogeneous
medium: Application to the generation of the
auroral kilometric radiation, Amn._Geophys.
Gauthier Villars, 3, 273, 1985.

Matsumoto, H., Nonlinear whistler-mode interaction
and triggered emissions in the magnetosphere:
A review,

in Wave Instabilities in Space Plasmas.

edited by P. J. Palmadesso and K. Papadopoulos,
pp. 163-190, D. Reidel, Hingham, Mass., 1979.

Melrose. D. B., An interpretation of Jupiter's
decametric radiation and the terrestrial kilo-
metric radiation as direct amplified gyroemis-
sion, Astrophys. J., 207, 651, 1976.

tMelrose, D. B.. K. G. Ronnmark, and R G. Hewitt.
Terrestrial kilometric radiation: The cyclotron
theory, J. Geophys. Res., 87, 5140, 1982.

Melro';e'g Phase-Bunching Mechanism for AXR and DAM

Menietti, J. D.,, and J. L. Burch, "Electron conic"
signatures observed in the nightside auroral
zone and over the polar cap, J. Geophys. Res..
90. 5345, 1985. .

Morioka, A., H. Oya, and S. Miyatake, Terrestrial
kilometric radiation observed by satellite
JKIKEN (EXOS-B), J. Geomaegn. Geoelectr., 33,
37, 1981.

Mozer, F. S, C A. Cattell, M. K. Hudson. R L.
Lysak, ¥, Temerin, and R. B. Torbert, Satellite
measurements and theories of low altitude aur-
oral particle acceleration, Space Sci. Rev,,
27, 155, 1980.

Nunn, D., A self-consistent theory of triggered
VLF emissions, Planet. Space Sei., 22, 349,
1974.

Oomidi, N. and D. A. Gurnett, Growth rate calcul -

ations of auroral kilometric radiation using
the relativistic resonance condition, J. Geo-
phys. Res, 87, 2377, 1982.

Pritchett, P. L., and R J. Strangeway, A simul-
ation study of kilometric radiation generation
along an auroral field line, J. Geophys. Res.,
90, 9650. 1985.

Warwick, J. W., Radiophysics of Jupiter. Space

. Sci._Rev.,'6, 841, 1967.

Weimer, D. R.; C. K. Goertz, D. A. Gurnett. N. C.
Maynard, and J. L. Burch, Auroral zone electric

fields from CE 1 and 2 at magnetic conjunctions.

J. Geophys. Res., 90, 7479, 1985.

Winglee, R M., Interrelation betveen azimuthal
bunching and semirelativistic maser cyclotron
"instabilities, Plasma Phys., 25, 217, 1983.

Winglee, R M., Enhanced growth of whistlers due
to bunching of untrapped electrons, J. Geophys.
Res., 90, 5141, 1985.

Wu, C. S, and L. C Lee, Atheory of the terrest-
rial kilometric radiation, Astrophys. J., 230,
621, 1979. , .

W C S, S T Tsai, M. J. Xu, and J. W. Shen.
Saturation and energy-conversion efficiency of
auroral kilometric radiation, Astrophys. J.,
248, 384, 1981.

D. B. Melrose, School of Physics, University of

Sydney, Sydney, New South Wales 2006, Australia.
Telephone: (02) 692 2538. Telex: Unisyd AA26169.

(Received December 11. 1985:
revised March 6, 1986;
accepted March 11, 1986.)

R R (PR ML






