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Abstract. Electron distributions obtained in the source regions of auroral
kilometric radiation (AKR) by the Fast Auroral SnapshoT (FAST) satellite have
revealed several free energy sources with positive gradients with respect to v
superimposed on a broad plateau with a radius close to the primary incident
electron acceleration energy and covering pitch angles from near field-aligned all
the way to the {(upgoing) loss cone. Two-dimensional electromagnetic particle
simulations are used to demonstrate that such a distribution arises as a quasi-
steady feature of a process in which the increase of the perpendicular velocity of
the electrons as they propagate into a region of increasing magnetic field strength
is balanced by the diffusion to lower v: caused by the electron-cyclotron maser
instability. The maser radiation is emitted nearly perpendicular to the ambient
magnetic field at frequencies between the relativistic and nonrelativistic cyclotron
frequencies. In these circumstances, the entire primary auroral electron distribution
can contribute to the resonant wave-particle interaction, leading to electric field
intensities of the order of 500 mV/m. In contrast, a pure loss cone distribution is
shown to produce much weaker electric fields, leads to emission at angles 2 10°
away from perpendicular, and cannot produce the broad plateau observed in the
electron distribution. The simulations and linear theory indicate that the maser
instability in a uniform system produces an intrinsic bandwidth of the order of a few
tenths of 1% of the cyclotron frequency (~0.5-1.0 kHz in the AKR source region).
Any narrower spectra would appear to require some nonuniform or time-dependent

feature in the source region.

1. Introduction

The auroral kilometric radiation (AKR) was origi-
nally discovered as electromagnetic radiation propagat-
ing away from the Earth [Benediktov et al., 1965 . Sub-
sequent work clearly established that AKR is generated
at high altitudes over the auroral regions in association
with bright auroral arcs [Gurnett, 1974; Kurth et al.,
1975, AKR is the dominant plasma emission in the
auroral zone at frequencies greater than 1 kHz [ Gurnett
et al., 1983; the typical power radiated is of the order
of 107 W, while the peak power level can be as large as
10° W.

Copyright 1999 by the American Geophysical Urion.

Paper number 1998JA900179.
0148-0227/99/19987A800179808.00

t is now generally agreed that the most likely mecha-
nism for the generation of AKR (as well as its analogs at
Jupiter, Saturn, and Uranus) is the electron-cyclotron
maser instability [Wu and Lee, 1979]. The cyclotron
maser mechanism provides the following characteristic
predictions: {1} emission occurs near the local electron
cyclotron frequency (le; (2) the plasma frequency wpe
in the source region must be much smaller than ; (3)
generation of the radiation occurs primarily in the right-
hand extraordinary {R-X) mode. There is now strong
evidence supporting all of these features. Despite these
successes of the maser instability in explaining the gen-
eral features of AKR, there remain several fundamental
unanswered questions regarding the generation process.
Two of the most significant are the identification of the
precise free-energy source that drives the maser instabil-
ity and the explanation of the fine structure appearing
at frequencies of 1 kHz and lower.
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There are at least three possibilities for the free-
energy source. (1) The source originally suggested by
Wu and Lee (1979 was the loss cone associated with
the upgoing electrons that have mirrored in the geo-
magnetic fleld. That this feature is the dominant source
has been questioned on the basis of two-dimensional (2-
D) particle simulations employing a model auroral zone
electron distribution function [Pritchett and Strange-
way, 1985 and Viking observations [Ungstrup et al.,
1990; Louarn et al., 1990; Roug et ol., 1993]. The lat-
ter revealed that at the edge of the AKR source re-
gion (as opposed to the interior) there is frequently a
well-pronounced loss cone, and yet AKR is not gener-

ted there. It thus appears that the presence of a loss
cone is not sufficient for AKR generation [Louarn et al.,
1990]. (2) The upward directed paralle! electric feld in
the auroral acceleration region should tend to accelerate
plasma sheet electrons downward to form a beam-like
distribution. As these elecirons move down the field
lines into an increasing magnetic field, their pitch angle
should increase due to conservation of the first adia-
batic invariant. The electron distribution should thus
have a peak at large pitch angles and a hole at small
pitch angles [Winglee and Pritchett, 1986]. This pro-
duces 2 large region of the distribution function with
8f/0v. > 0 and leads to emission nearly perpendicular
to the magnetic feld. (3) In the presence of a constant
electric field, there is a region of velocity space which is
inaccessible {in the absence of collisions or diffusion) to
electrons of either magnetospheric or lonospheric origin
[Chiv and Schulz, 1978]. Nevertheless, the Viking obser-
vations indicate that this region is not depleted; rather,
it shows a broad plateau and sometimes even a positive
slope [Louarn et al., 1990]. It has been suggested that
this region of trapped electrons is formed when the elec-
trons experience a time-varving electric field and that
it is the trapped electrons around v; = 0 that produce
the positive 8f/8v, gradient and thus drive the maser
instability.

A characteristic feature of AKR is the fine structure
[Gurnett et al., 1979]. In high resolution spectra AKR
is observed to consist of many closely spaced, narrow-
band (~1 kHz) components that display 2 high degree
of variability with time, sometimes rising, sometimes
falling, and sometimes showing quite convoluted behav-
ior [Gurnett and Anderson, 1981. Furthermore, the
bandwidth of these tones is quite variable, with val-
ues as low as 5 Hz having been inferred [Baumback and
Calvert, 1987.. One possible explanation for such ex-
tremely narrow spectral features is the feedback mech-
anism leading to radio lasing [Calvert, 1982, 1995]. In
addition, it has been stressed by Le Quéau ef al. [1985]
that the inhomogeneity of the magnetic field should play
a crucial role in determining the AKR spectrum.

The Fast Auroral SnapshoT (FAST) satellite has
made wave and 3-D electron observations in the AKR
source region with unprecedented frequency and time
resolution [Ergun et ol, 1998; Delory et al., 1998].
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The AKR emissions were observed to have strong tem-
poral and/or spatial variations. Of particular signifi-
cance was the observation of peak electric field ampli-
tudes in the source region typically greater than 100
mV/m and reaching as high as 300 mV/m (the satu-
ration level of the FAST instrument at AKR frequen-
cies). These large amplitudes were seen in short bursts
of ~100-ms duration. These peak amplitudes are con-
siderably larger than the level of 20-50 mV /m reported
by Viking de Feraudy et al., 1987] in the source re-
gion. Since the Viking results were obtained with s
swept frequency analyzer with a sweeping time of 2.4 s,
the sweeper may have missed the very short duration
bursts. The electron data dispiay a broad plateau over a
wide range of pitch angles, indicating that the distribu-
tions have been rapidiy stabilized by AKR wave growth.
The FAST observations confirm that the AKR source
is in a density-depleted cavity that is dominated by
kot electrons and is nearly void of low-energy electrons
[Strangeway et al., 1998a]. The source region emissions
are typically within ~2% of Q. and occasionally fall
below (g, which is consistent with the strong modi-
fication of the plasma dispersion from the cold wave
approximation predicted for densitv-depleted cavities
satisfying wpe/e < wre/c [Pritchett, 1984; Pritchett
and Strangeway, 1983; Strangeway, 1985; Winglee and
Pritchett, 1986].

In the present work we use the detailed FAST electron
distributions to examire the questions of free-energy
source and inherent bandwidth for the cyvclotron maser
mechanism. This is done by constructing electron par-
ticle distributions which are used as input to 2-D, ini-
tial value, relativistic, electromagnetic particle simula-
tions. The particle distributions are qualitatively sim-
ilar to those used previously by Pritchett and Strange-
way [1985] and Winglee and Pritcheit [1986], but now
the simulations have much higher grid resolution and
number of particles so that the condition Qe /wype 2 50
characteristic of the AKR source region can be ade-
quately modeled. The results of the simulations show
that the very intense fields observed by FAST can be
produced by the maser instability if the entire primary
auroral electron distribution can contribute to the reso-
nant wave-particle interaction. In contrast, a purely up-
going loss cone produces much weaker emissions. The
characteristic bandwidth observed in the simulations for
the case of a uniform system with no feedback mecha-
nism is found to be Aw/Q, ~ 2-3 x1073, where Aw is
the full width at the 1/e power points. These results are
confirmed by linear theory calculations and estimates
for the observed number of e-foldings reguired to pro-
duce the observed AKR power levels. For the value
Q. /27 = 440 kHz typical of the FAST observations,
this vields a frequency bandwidth of ~1 kHz. This is
considerably larger than most of the fine structure ob-
served by FAST. )

The outline of the paper is as follows. In section 2
we discuss the FAST particle measurements and con-
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struct an electron distribution function f(vy,v.) that
is suitable for use in an initial value simulation. Sec-
tion 3 presenss the resulss of particie simulations using
this FAST-based f(v:,v.) as well as an upgoing loss
cone. Section 4 discusses the frequency bandwidth of
the electron-cyclotron maser instability based on linear
theory applied to a simple model distribution function.
Section 5 contains the summary and discussion.

2. Electron Distribution Function

Plate 1 shows electron contour plots in v;,v. space
from a FAST crossing of the AKR source region on orbit
17681. The crossing occurred near 22 MLT, and the elec-
tron data were averaged over a 40 s interval near 06:44
UT. Figure 1 of Strangeway et al. [1998a) shows addi-
tional particle and fleld data from the same pass during
the interval 06:42-06:47 UT. During the central part
of this longer interval, there are intense wave emissions
extending down to, and even slightly below, the local
electron-cyclotron frequency fee. In addition, the elec-
tron and ion spectra are relatively monoenergetic, with
an absence of low-energy electrons and with the ions
narrowly confined to a few degrees around 180° pitch
angle (corresponding to upgoing particles). These fea-
tures indicate that the accelerating electric feld struc-
ture extends both above and below the FAST space-
craft. The most notable features of the velocity space
plot in Plate 1 are the presence of a clear beam struc-
ture at v = 0 and vy ~ 2.7 x 10* km/s and a broad
enhancement extending in a nearly circular arc from the
beam feature all the way into the upgoing part of the
distribution. Near 90° pitch angles, there is a broad
plateau in the distribution, and on the upgoing side,
there is a clear loss cone feature.

The features of the distribution in Plate 1 are quite
similar to those expected for a beam of primary au-
roral electrons accelerated by a parallel electric feld
and propagating into a region of increasing magnetic
field strength [Winglee and Pritchett, 1986, and they
show a striking resemblance to the results of particle
simulations obtained for the case of an auroral distri-
bution with the hot electron population exceeding the
cold electron population, nNpet > 7eoia (See Figure 13b
of Winglee and Pritchett 1986].)

It is known from theoretical considerations [Le Quéau
et al., 1984b] and confirmed by the particle simula-
tions [e.g., Pritchett, 1986a that the diffusion produced
by the resonant interaction of strongly supraluminous
waves (w/kyc > 1) with weakly relativistic electrons oc-
curs almost entirely in v, with v; remaining constant.
This diffusion leads to a reduction in the 8f/8v. gra-
dient that drives the instability, and saturation of the
maser instability appears to occur as a result of quasi-
linear diffusion [Wu et aol,, 198la; Pritchett, 1986a).
Thus the broad plateau observed in Plate 1 and in
the additional distributions discussed by Delory et al.
[1998] is consistent with a process in which the primar-
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ily monoenergetic auroral electron distribution has been
spread to large pitch angles by propagating into the in-
creasing geornagnetic field and diffused to smaller values
of v, by the maser instability.

In order to determine an electron distribution that
is suitable for use in an initial value particle simula-
tion, one should remove the effects of this diffusion in
v.. Thus we have integrated the FAST distribution
shown in Plate 1 over v to obtain a reduced distribu-
tion f(vi),

flog) = / 2rv flog,vl)dus. 1)
E>400eV

The integration is restricted to energies above 400 eV
+0 avoid contamination from photoelectrons. The distri-
bution f is then centered along the elliptical arc repre-
senting the accessibility boundary for electrons of mag-
netospheric origin [Chiu and Schulz, 1978; Pritchett and
Strangeway, 1985, terminated at an upgoing pitch an-
gle of 45°, and given a velocity spread of Av/c 2 0.007.
The resulting distribution in vy,v; space is shown in
Figure 1. We shall adopt the descriptive name “horse-
shoe” to refer to this type of distribution. {A similar
feature was observed in DE 1 electron distributions by
Menietit et al. [1993], which they referred to as a “ba-
nana” distribution.)

3. Simulation Results

We now perform 2-D, initial value, electromagnetic
particle simulations using the distribution shown in Fig-
ure 1. For comparison we will also show the resuits ob-
tained using a purely thermal particle population with
a perfectly sharp loss cone boundary at an upgoing an-
gle of 45°. The 2-D particle code is similar to that
used previously by Pritchett and Strangeway [1985] and
Winglee and Pritchett [1986], except that it is now pos-
sible to use a much larger number of grid points and
particles. The results discussed in this section employ
an Ly X Ly = 512A x 128 grid (with the external mag-
netic field oriented parallel to the y axis) and 1,440,000
particles. The grid spacing A is 0.12 km. The exter-
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Figure 1. The initial electron distribution function

fluy,u.) used in the particle simulations. The value of
f changes by a factor of 2 between adjacent contours.
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nal magnetic fileld and plasma density are assumed to
be spatially uniform, periodic boundary conditions are
assumed in both the 2z and y directions, and the ions
are kept fixed during the simulation. The time step is
taken to be Q. At = 0.2. Once the initial electron distri-
bution is specified, the only remaining parameter in the
simulation is Q. /wpe. For a typical density of 0.6 cm™3
and a cyclotron frequency of 400 kHz, this ratio is 57.
We shall use the value ) /wpe = 50 in the simulations.
Figure 2 shows the time history of the total electro-
magnetic energy (normalized to the initial electron ki-
netic energy; produced by the horseshoe distribution of
Figure 1. As expected, there is a strong maser instabil-
ity excited by this distribution. The linear growth rate
for the fastest growing mode is v/ = 3.1 x 1073, The
instability saturates at (3.t ~ 2800. At this time the
peak electric field is approximately 500 mV/m. This is
comparable to or slightly larger than the peak fields ob-
served by FAST [Ergun et al., 1998]. It is thus clear that
the horseshoe type distribution has enough free energy
to produce the most intense observed levels of AKR.
In contrast, the simulation using a perfectly sharp up-
going loss cone distribution produces a much weaker
maser instability. As shown in Figure 2, the growth
rate is much smaller, v/Q, ~ 9 x 10™%, and the maxi-
mum radiation energy produced is smaller by a factor
of 12. It thus seems to be very likely that the most
intense AKR must be produced by a process involving
the entire primary auroral electron distribution.
Figure 3 shows the development of the electron dis-
tribution function in the simulation using the horseshoe
distribution. Figure 3a shows the initial distribution,
while Figure 3b shows the distribution at saturation. It
is clear that diffusion to smaller values of v has almost
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Figure 2. Time history of the total electromagnetic
energy (normalized to the initial electron kinetic en-
ergy Eg) produced in 2-D particle simulations using a
horseshoe distribution and a 45° upgoing loss cone.
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Figure 3. Contours of the electron distribution

Fluy,u.) in the 2-D simulation using a horseshoe dis-
tribution. (a) Initial distribution, (b) distribution at
saturation {Q.t = 4800), {c) average of the distribu-
tions in 2 and b. The value of f changes by a factor of

2 between adjacent contours.

completely eliminated the positive 9f/8v_ slope in the
initial distribution. (There is also some migration to
larger values of v.. This occurs due to scattering of the
electrons to higher v by the radiation which is retained
in the system due to the assumption of periodic bound-
ary conditions. This effect would be significantly re-
duced in an open system where the radiation is allowed
to escape from the source region 'Pritchett, 1986b).) In
addition, the beam feature at v: ~ 0 has been removed.
Figure 3¢ shows the average of the initial and saturation
distributions. This average exhibits qualitatively many
of the features in the original FAST distribution of Plate
1 including the beam feature, enhancement along the. el-
liptical accessibility boundary for magnetospheric elec-
trons, and a (weak) loss cone. This panel supports the
interpretation that the FAST observations represent a
quasi-steady condition in which the introduction of new



PRITCHETT ET AL.. AKR FREE ENERGY SOURCES AND BANDWIDTH

magnetospheric electrons is balanced against the diffu-
sion to smaller values of v caused by the maser insta-
bility. In contrast, Figure 4 shows the initial and finai
electron distribution functions in the simulation using
the upgoing loss cone. Here the diffusion is confined
to the upgoing side, and the downgoing electrons are
basically unaffected by the development of the maser
instability. Thus a loss cone driven maser instability
could not explain the observed plateau in the downgo-
ing electron distribution.

Figure 5 shows the power spectrum for the E, elec-
tric field averaged over the entire duration 0 < Q.¢ <
4800 of the simulation. The peak frequency occurs at
w/Qe = 0.984, and the full width at half maximum is
Aw/Q, = 0.003. Figure 6 shows a similar plot for the
simulation with the 45° loss cone; here the duration of
the run is 0 < Q.t < T206. Now the dominant mode
has a finite value of ky (ky/k. ~ 0.21) which Doppler
shifts the observed frequency of w/Q, = 1.007 down to
the gyrofrequency. The bandwidth is about the same as
before. This substantial value of ky corresponds to wave
propagation at an angle of ~12° away from perpendic-
ular to the magnetic field. In contrast, the FAST ob-
servations within the source region [Ergun et al., 1998
reveal that the emission is within 3° of perpendicular
and is consistent with k; = 0.
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Figure 4. Contours of the electron distribution

Fflug,uy) in the 2-D simulation using a 45° upgoing
loss cone distribution. (a) Initial distribution, (b) final
distribution {Q# = 7200). The value of f changes by a
factor of 2 between adjacent contours.
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Figure 5. Power spectrum in the frequency range
0.95 < «/Q. < 1.05 computed over the entire dura-
tion of the simulation using the horseshoe distribution:
(top) linear scale; (bottom) logarithmic scale.

4. Bandwidth of the Maser Instability

The power spectra in Figures 5 and 6 represent the
effect of the evolution of the maser instability over a
number of e-foldings. In this section we use the results
of a linear theory calculation of the maser instability
bandwidth to estimate how the power spectrum should
sharpen as a function of the number of e-foldings. We
compare these estimates with the simulation results and
the FAST observations.

In evaluating the dispersion relation for the linearized
Vlasov-Maxwell equations for the conditions of the AKR
source region, it is essential to solve the full relativis-
tic dispersion relation [Pritchett and Strangeway, 1985].
Any attempt at an approximate calculation which is
based on retaining the results of cold plasma theory
for the wave dispersion introduces significant errors in
the growth rates and angular distributions [Pritchett,
1986a]. Most relativistic dispersion calculations have
been based on the Dory-Guest-Harris [Dory et al., 1965
(DGH) distribution:

Flog,ve) = (@322 (02 fo?) exp[— (27 + v} /a7,

@
for which it is possible to derive analytic expressions for
the dielectric elements in the semirelativistic approxi-
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Figure 6. Same as Figure 5 but for the simulation
using the 45° upgoing loss cone distribution.

mation [Tsai et al., 1981; Wu et al., 1981b; Wong et al.,
1982; Winglee, 1983; Le Quéau et al., 1984a; Yoon and
Chang, 1989]. In this procedure the relativistic gamma
factor in the resonance denominator is approximated
by 1+v%/2¢?, while all other relativistic corrections are
neglected.

In (2), I is a positive integer and o = V2vp, =
(2T./m)*/? is the thermal velocity. The maximum of
(2) as a function of vy occurs for v2, = lo?, and the
halfwidth of the distribution is dv_ fv.o = (41)~%/2 for
1> 1. Thus the DGH distribution has an enhancement
at large pitch angles. While it clearly does not model
in detail the type of horseshoe distribution indicated in
Figure 1, we shall find that the growth rates and an-
gular distribution are in very good agreement with the
present simulation results. Thus the DGH distribution
provides an adequate model for determining the band-
width of the maser instability.

We use the DGH dielectric elements to solve for the
{(complex) wave frequency w = w, + v 25 a function of
the (real) wavenumber k. This allows us to determine
the maximum growth rate v.,. Now consider the wave
spectrum as a function of time. In the linear stage the
field amplitude will vary as E = Fge?t and the feld
intensity as E® = EZe®". After n e-foldings based on
the maximum growth rate (¢ = n/4m). we have E? =
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EZe*™ /"= We want to determine the frequency for
which the spectrum is reduced to 1/e of its maximum
value. This will occur for 2n7v, /% = 2n—1 or Y /v =
1=1/2n. If n = 1, for example, then v /v, = 1/2, and
we recover the full width at half maximum of the linear
theory. For n > 1, v, — ¥, and the peak will sharpen.

The peak growth rate for the DGH distribution oc-
curs for k; = 0. We have solved the R-X mode disper-
sion relation for [ = 2 and ¢?/a? = 100 and 200 corre-
sponding to peak energies of 5 and 2.5 keV, respectively.
The corresponding thermal energies mv2., /2 are 1.3 and
0.64 keV. The real frequency and growth rate at max-
imum growth for the case of Q/wpe = 50 are wn /N
= 0.9942 and 7, /Q. = 0.00312 for ¢*/o? = 100 and
0.9977 and 0.00262 for ¢?/o® = 200. Figure 7a shows
the linear growth curve as a function of w for the case
of ¢®/a® = 100. Figure 7b shows an expanded version
of the growth curve in the vicinity of maximum growth.

0.0040 T

0.0030
L3
o

~ 0.0020
>

C.0010

0.99960

0.99400

0.00305

v/

T SV UUP RIS I ¢

0.99425 (.9958C

w/Q,

Figure 7. {(a) Growth rate v/, as a function of
the frequency w/Q, for the electron-cyclotron maser in-
stability computed for the DGH distribution (2) using
?/a? = 100, [ = 2, and Q,/wpe = 50. (b) A portion
of the growth curve from a in the vicinity of maximum
growth. The vertical dashed lines marked a, b, ¢, and d
indicate the location of the 1/e power points that would
be obtained after n = 10, 20, 50, and 100 e-foldings in
amplitude, respectively.



10,323

PRITCHETT ET AL.: AKR FREE ENERGY SOURCES AND BANDWIDTH

8°LL-

£9lL-

45
<
Wi

(({00s/w)-,wo)#)°'607

Vel

oct-

cObet

vo LG

0 _¢o boG-

191 NqGI0 vo

HOTEOT DOINOL ATV a1 10 Rriraenn ¥ owx 2 oy aonde Tof :D 01 @ord INONIOD TOINOIRT *T OIRILY

(s/w) AyooloA "eled

_mo w

8661 0¥:20:81 62 4dV Po,

T T _ T T T

_ T T

1 — 1

1 i — 1 ] 1 1 _ 1 ]

1

ol-

mo—o_.-

OleG-

vo LG

movo_.

LS9

‘9 v¥:9
ip

- 02E°LY:E€¥:90/1LE-10-L66}
anINg eses |Sv4

(s/w) Ayooje “died



Q b O i < DG e M ey 3 4 b Ioh Wb o
HEST 08 e SEVSEAESAEE $HY o8 bs8g88 daappdoabdglpPele
g ® So P dNBa YR 8.8 EREE8ES S8 pg SERTEEFCYAET 28 G
R 28 08353 &® b @ E R B CLAESERELEECON aRgeHE a8 1997,
v . o= A N T “ Lobhae S G BA g Hgd By ey | O 2 by
~ B Eo g s IR HebBo 88388848 © .88 mM SHRHALEBIE SR PRETAH el
o 3= 4 o8 < g R &0 W ) 5 =] & B PR S o9 H s T B v B
p23 5.8 8 <0y L, Buws g @ g g O L Yadig g g 8o i 28 5 gk =G g & f
5 e W e He B SRR ] (o A% s PR By oo i e @0 g1 &9 a8 4 H u Ly @ > §
d Sy ;9 . . o g & 29 Eoaofl gL s FHT BT oY gewg by g 8
S o e U , L @ N o B o8 oy £ L2 o @ o4 by £ o O @ 3 Oy B
LEC ST o EUdoFH gl g 3 og 7 s ! SIRCIEY Ll IR 8 Ha o B HE Yy 8 880
: S~ =i @ N £ > . O BROLds  HHEESS B, &
BB Q8 By g HE el gg Y > Qg op B Wy B 2 oo &% 8o &y rul 85
3 A Ay : o RN O s o s EE BRI R0l 00 HEEYw 4 0HQE N7 IR
S all g R galg P ipd 8L g0 3 , 8g@pesgassng VHGg desslgna®  d
~~ 3 8 o HBAESNgy P nhk e 3K - B R A = B S cEHEE g ey bmuagag gy
= e & &y LS mrEeE R ® o O oa ’ ) S ouEPg gadygdg 2N R § Haoso g e vy
3 ma [S T 3 [#53 : Q et e Y Youoo s o Lol E? < el 85 Y @ )] sl W O w8 A 5 > QB LS ]
o AR e SN £ AR i e B _ : wa ns & O H £ I VIR I ®F g oo b
SoEIETS (8o g8y A6 S8 BagLERgtBHETEC HAWLEHSSE o B, 80
D T 88 3 w .. B L o C e @ = HOPAT 0l g g B 1 O o~ a o Yfem oo @ o0
SEHdER NI 9By ce gt E R Hoy 3 B dnogefd  $AET 88 dudbagty, a8 Havgy
S Cer T O RS g« 5 ¢ Q k610 e QP 3 > S OO S oW T : g
LY g gL O ST P RN g 030 A % RIEAIEETHg8TaEY FoE oo aT 8888 gwl
K & - P ; 3 o] B Mo g
NP QU I = z& -G 4 e RS .1“6 K a 1& H 5 e & B EE I PN & 0 L O T S = I = I o O
9 & B S e AW e D g 88 K8 g O a8 d80925899", Bl & aw A B R e B = I S
S 3 AR H T O g g i3 a5 a4l 2509820 am & FERu danoag gl
HE LN §Ea g EEE I R° 5 L IMTEH Yoo g8 0 f HiggHAidgogHBE Y
OB IMEEPRe TS I 2AQR R 5% LA EgEEg, s 0a0d TVHESHREB R S8 0H 8 g
" > v 3 E < & . 4 H ~ " e > . o
SEE NG R RGP e N7, 8L EA P8 SBopSBEEtEERuEy BRABOSZsia g gk 80
) B uy v 5o < o g a0 5 “ ol RO -5 £ B g 0 6 g o OE O ol
E o e R R b el o] o) R kol P g & 6 4 L & Q ow T 2 ¢RI !
® a1 G 8 » A4 T o O feg ot & & > R R B O R B er S : = @ e T =1 2 e I
- <> T = o D b s o o e E7 0 © R B B S o ¥ T 0o 4 i wo O 'S
[ S TR s S PO B-F T e kW0 A H D D : 9 PR A B R Y I * O S T B IS o HB RGeS g g 2y
TEET8c 8y asyssgbg§Sa g 5 o Hapoghgudgasg YyolysaiansE6gY
3 ) ™~ ol Q0O Yy & 4 SRS & F4 @ @ @ bp o3 T D oSl 3ot Mo £
o~ it To B ErEEE Y 9 o R < 1 B &M g R I V= + 3 e {8 d™w
N I ] & 8< o ¢ 8D = oy gd g v g A g HE R g 9wl oy © g -4 3
By o HeRETIL g Y g o S - 3 i O 8 1880y Qo 5520 P X ET B o
Do N §RH T oty o MR8 D g P s B 1O P g eal BT LM EaE BOoROXE
T W S8 g & @ W o o MO OBE o3 TR H Qo mawe & 5D ft R 3 $0 ¢ O M oAa &
g2~ og Rg 3 o0 2 w 5% o B o5 e - SR N G N R T S LE R B GO Qo G oG O
H BT 8 of & o P N R Fog 8.0 # S LD S A T § P58 Sgoeoddaadao st gk g
< B Fa 0 2 oy .mm " 2 £l 2G5 = v 3] v P QO rv I3 ey [ A I SO < 4 IR ARk I S DRt o » £ O g 'h
TEE gy B S B8 ua Ty 3084 = I IR R R B ®oH B0 o BO R T Ho o o @ g
s 8 S ™ = I e Let & o0 5 A R R R PN R S NI I I B - I L TR = I
HESR A8 n ERRERMEE H3 2 i BEfESERdrEAY SEEHS80EEsdedd
* 3 P
[ ] n._a.,n Q Po Qe o o A ST I T S TS ) S i
55, g g oy uuhl g RO s B R I U4 BHAEL Mooy o wm o W o BT R s R &
e EE gEERBEUE FUPS§gtT SlEFSPAESUEES WEEEl 5 2
2w o T o N ; FL FE ; i ®
2 5 g pm 5 -4 W. s 8 ..m m o b mgm BB mmj I Amvd B R 2 3 s :Lm s 5 © o ph ‘m ‘ﬂ_u PR
N B SLeel gy H R . Goo W WL e e g - VRO S
sofne BEAISERY GH P IEFY BAYEAuSgatate EHaty 5 o | 888888
ol , o] ot ; < - ¢ A4 B O e 32 . 3 g i
& G o O o 8 & &F 3.0 3 r I by T3 : ; 2oea i .
o o : : A A oIk D "o ¥ >y LR P q ' ¢ » DO
g $8° RS Bowdsd SHAETEH0E W] 89 HHea B 8 mEE S 2R BN 3 “
I N < . . R E P R I : Iy s o
oot L82exd8y A Ha08 EBgangHEOTRENR wo ey o
S : . K 3 -2 . K, [ g i~ .y ~ - ¥ )
2Ruey SHRa8E FUSHETES 5,88 au 88 uHu BE e 3
v . ef BEE ccea ] 540 8% 0 2o $oHgEgLACcdeTE 38535 > Y
~ R g L 2w @ g e o o 2 | Yoy Baw 6o PR e O @y ; .
- eI i Pt e &4 o B oo IV A4 vt o0 . 3 o YO b e
€ Bl - ) m,m £ sw (B >, 38 % LR 3o Ms RN R & .mum B BEow®8 g L £ A,w
[ ) ) ! S £ -3 R B - n D b N > X ] ¥ "l
g 5 g i= m ~& 888 2 = &8 .g N S PuNM B .mwc o B3 3 5 N8 g R e
Mo Bl B0 o P ey o e s B o 3 e Mg o < ey A O e "
.,m LS w2 HS o m @ W R L, = 60 ' 38 & B 4 @ Moy i B EPg .9 o 2 2 o
g N~ 90 B & @ Q by T e @ o £ < @ b O @O HEp @ mw. N H.H A o B o
- g TUD gy A 8 oy x gOWda OF B P @R g L, R 2 T 3RS IER
A goeoa8d 58 R B av SR oA P Mm IR IR R S m il GO YLD v N D
S 888 G498 HoSdaglhe?® wEv 38 708 8e 388 g . @ 838883
™ o Y o R P TR - JEPE = N Soa=S 0 w08, 0 fre S VI « EBBHBSSHD
2.8 88988188 3EdA 2 88 HEELga gt E R0 RTRASEDS & 2| eesess
ESHESG R EE SEEEY HEEE HEREETErgdalgatdad g "o
Eglyg A8 E399%8yg BH 8S VHgREeBE 10 % "s.a 8 O g 3
=, < 8736 » S hoH a3 A o B! ooy e & 2]
o Do 2w 1 S B = R > g e ow $ ] W M o@ e Mu w2 e @ R e O W [oal
Ho8 B a8% aveg2y S HY2E N P B g8 E Oy e B 8
Pab g e oa E SPEH3NE oS BI8EONEO8 ) (Y HL8 8w e s & &
L H e B AnZ R8T ELETY S8 88VAHe (HITVRESEE®
B o.w2Bal383 1% S BG CHAg f B H 8B ES o BG P ELERGY ot TG
&b &0 AM R © o3 IS s O N @ W Ge M% LW oy % MW e .20 B o Jw/ T aMw. S o w .“w. ® mumv
i oAl dm T W o T A o o & A 2 PER e e 3 £ S8 st
2 SEHZEE L, nHER EReo BE88M FeafdEad, 8888 2 B S Qo .
- el g 3 | O MY REI T w0 W RS 2 B B9 o 8 2ARR 3
000 Bk Samd & ol B X B ROSS e G G AT SR .,Mw Mﬁ ‘s B ..MWJ mmu T% fmwv B8 O RS S




PRITCHETT ET AL.. AKR FREE ENERGY SOURCES AND BANDWIDTH

on the order of 500 mV/m, consistent with the FAST
observations. The plateaued distributions observed by
FAST are thus seen 10 be consistent with & process in
which the increase of the perpendicular velocity of the
electrons as they propagate into a region of increasing
magnetic field strength is balanced by the diffusion to
lower v caused by the maser instability.

While the upgoing loss cone does contribute to some
extent in driving the maser instability in the present
simulations, the results are quite different from the case
of the pure loss cone driven instability originally envi-
sioned by Wu and Lee [1979]. In order to satisfy the res-
onance condition for such a distribution, a finite value
of k; is required, corresponding to emission at a sub-
stantial angle ( 2 10°) away from perpendicular to the
magnetic field. The FAST observations reveal that the
wave propagation in the source region is consistent with
ky = 0 to within a few degrees. Also, the pure loss
cone distribution produces wave emission at frequen-
cies above 2, and would thus not be able to explain the
observations extending below (. down to the relativis-
tic cyclotron frequency. Simulations for the idealized
case of a perfectly sharp 43° loss cone indicate that
the maser fleld energy is considerably weaker than is
produced by the horseshoe type distribution. Finally,
the diffusion produced by the loss cone driven instabil-
ity affects only the upgoing electrons and thus cannot
produce the broad plateau covering the downgoing elec-
trons which is characteristic of the FAST observations.

In the present simulations, which were carried out in
a strictly uniform geometry, saturation occurred after
some 7 e-foldings in the fleld amplitude, and the ob-
served full width at the 1/e power points was Aw/Q, ~
0.003. Linear theory estimates show that for the mor
realistic case of ~14 e-foldings above the cosmic noise
background levels, this bandwidth would be reduced
only t0 Aw/Qe ~ 0.002. Thus the intrinsic maser band-
width in a uniform geometry with parameters charac-
teristic of the AKR source region is ~ 0.3-1.0 kHz.
This is indeed comparable to some of the observed AKR
fine structure, but it is considerably broader than the
finest structures (100 Hz and below) which have been
reported. It is apparently not possible to produce 100
Hz structures from a single transit of maser radiation
across the observed few hundred km wide auroral cavity.

The present simulations suffer from the limitations of
the initial value approach and the assumption of a uni-
form magnetic field and plasma configuration. A much
more realistic approach would be to incorporate the
FAST particle distributions into a driven model of the
AKR source region such as that considered by Pritchett
and Winglee 1989]. The results of this model (in a very
limited spatial domain with dimensions of tens of kilo-
meters) indicated that the AKR maser radiation should
possess a rultiple wavepacket structure with individ-
ual bursts occurring on millisecond timescales. These
results are intriguingly similar to the bursty nature of
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the FAST observations in the AKR source region re-
ported by Strangeway et al. {1998b], and this similarity
suggests the obvious next step for a comparison of sim-
ulations and observations.
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