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a)

Recent observations by the Fast Auroral SnapshoT satellite have provided high-time-resolution
measurements of three interrelated phenomena in the downward current region of the auroral
ionosphere: Intense parallel electric fie([dsuble layerslocalized to tens of Debye lengths; drifting
localized bipolar field structures interpreted in terms of electron phase-space holes; and intense
quasi-electrostatic whistler emissiofgery-low-frequency saucer®riginating on the same field

lines as the bipolar structures. Numerical simulations and theoretical modeling suggest how these
observations may be related. @002 American Institute of Physic§DOI: 10.1063/1.1455004

I. INTRODUCTION electron orbits. It is the relatively low phase-space density on
the lowest-energy trapped orbits that characterizes the object
A unified picture linking several different nonlinear as a “hole.” Nevertheless, there is still much to be under-
wave structures and particle phenomena in the downwargtood about the dynamics of holes and their interactions in a
current region of the auroral ionosphere is now beginning talD plasma. A generalization to higher dimensions in a mag-
emerge. Our understanding of this region has been greatiyetized plasma introduces new behaviors, as discussed below
aided by the high-time-resolution capabilities of the FASTin Sec. Ill. Electron holes are produced by the saturation of
(Fast Auroral SnapshoTsatellit¢ coupled with theoretical the electron two-stream instability via trapping. Thus, the
and numerical modeling efforts. The downward current regeneration of electron beams is believed to play a key role in
gion is characterized by electrons drifting primarily anti- the production of phase-space holes in the auroral plasma.
Earthward, and is thus not associated with the visible auro-  Electrostatic double layeté® are characterized by a lo-
rae. calized unipolar electric field, and thus are ideal candidates
In this paper, we consider the interconnection betweeror the generation of electron beams that can produce holes
three types of FAST satellite observations in the downwardsia the two-stream instability, as has been demonstrated by
current region: Localized unipolar parallel electric fields, bi-previous numerical simulatiot$. The first high-time-
polar parallel electric field pulses, and a class of wave emisresolution measurement of a strong unipolar parallel electric
sions known as “VLF(very-low-frequency saucers.” Each field in the downward current region—interpretable as the
of these observational phenomena can be associated withs@gnature of a double layer—was recently repoffewhat
basic plasma structure or wave mode, with the strong parallehakes this observation particularly interesting is the exis-
fields interpreted as electrostatic double layers, the bipolaence of a region of intense VLF turbulence on the high
pulses as the signatures of propagating electron phase-spasstential sidei.e., the side toward which electrons are accel-
holes, and the VLF saucers as lower-hybrid and electrostatigrated. This turbulence region, which was interpreted as
whistler waves propagating away from a localized sourceonsisting of electron holes, is separated by a gap from the
region. double layer field. New 1D Vlasov simulatiorisvere able
Bipolar pulses inE, (also referred to as solitary struc- to reproduce many of the features of the observed fields and
tureg are frequently observed by FAST in the downwarddistributions. These simulation results are reviewed below in
current regiorf,® and have also been observed in a number oec. II. A second similar event has recently been measured
other near-Earth space environmeht$An example of a by FAST* in which the VLF turbulence was temporally re-
sequence of such pulsds reproduced here in Fig. 1. These solved, thus verifying that it consisted of bipolar fields in-
bipolar fields have been interpreted as the signature of electicative of the presence of electron holes.
tron phase-space holes moving past the observing satellite The final class of observations in the downward current
parallel to the Earth’s magnetic field. In a one-dimensionakegion discussed in this paper are VLF sauc&r’ which
(1D) plasma, auroral electron phase-space holes have beare characterized by “V” or “U” shaped dynamic frequency
modeled as stable Bernstein—Green—Krusk&GK) states,  spectra as illustrated in Fig. 2. The standard interpretation of
with a unipolar potential structure that gives rise to trappedvVLF saucers is that they are lower-hyb(idH) and electro-
static whistler waves propagating away from a localized

apaper CI2 3, Bull. Am. Phys. Sods, 52 (200D). source regiqn. The schemgtic in the lower half qf Fig. 2
nvited speaker. provides a simple explanation for the characteristic saucer
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E whistlers generated via interactions with electron holes, the
S“m inferred source thickness places constraints on the coupling
- Dipole model, which is discussed in Sec. llID.

] The balance of this paper is structured as follows: In
Sec. Il, we review and expand upon the results of new 1D
Vlasov simulation§’ that describe the growth of an electro-
FIG. 1. Example of bipolar electric field pulses) from Ref. 3. static double layer in an initially field-free plasma at the site
of a relatively weak density perturbation. Emphasis is placed
upon the interrelation between the double layer and the elec-

shape in the absence of nonidealities such as propagati thon holes generated as a result of interactions of the electron

effects and source motion. The approximate fluid dispersion eam accelerated by the double_—layer field with l_aackg_round
. . . electrons. In Sec. lll, the generation of electrostatic whistlers
relation for the LH-whistler branch is

via an instability involving phase-space “tube§’e., a gen-
1) eralization of phase-space holes in a 2D magnetized
plasma?®! is considered as a source mechanism for VLF sau-
cers. Section IV contains concluding remarks.

4] 1 2 3 4 5
Time (ms)

w’= wEH + wg cos 0,

where 6 is the angle between the wave vectorand By .
Since the wave group velocity, is perpendicular t&, the
minimum frequencyw,,y, which is near the ion plasma fre- ||. COUPLED EVOLUTION OF DOUBLE LAYERS
qguency is observed when the satellite is directly above theAND ELECTRON HOLES

source region, with the frequency increasing at earlier and
later times. The relative location of the source can then be

inferred from the shape of the saucer, as explained using rigins of auroral currentper se but instead consider the
more general model in Ref. 18. High-time-resolution obser: evelopment of localized plasma structures that are driven

vations of the intense wave activity near the vertices of saut,)y currents that are assumed to be preexisting. In this sec-

cers have been shohto frequently consist of trains of UM We discuss the results of 1D open-boundary Viasov

bipolar pulses. Thus, electron holes appear to be associatéHnUIations that follow the evolution of an initially field-free

with the same magnetic field lines as the saucer source rgurrent-carrying plasma in which an initial perturbation in
gions the form of a charge-neutral density depression is introduced.

In Sec. lll, we discuss the relationship between electro—Details of the simulation are presented elsewléed only
static whistlers and electron phase-space holes, as inferrtljlae key fe_atures_ are sum_ma_mz_e_d_ here_. )
from past two-dimensional(2D) periodic two-stream The simulation domain is initially filled with Maxwell-
simulationd®2° and theoretical analysf:22Analysis of sau- ian electrons drifting to the right with velocity, nominally
cer spectry indicates that the source thickness paralléBgo equal to the electron thermal velocity, and Maxwellian

is of order 10 km or less. Thus if the saucers are composed ¢nS drifting to the lS,It ata nominal velocit = —v; , where
V;i=v(TiMa/Tom) ™4, T, /To=1, andm, /m,=400. A broad

(half-width of 160\.) charge-neutral density depression of
maximum depth 12.5% is placed in the center of the simu-
VLF SAUCER lation domain to seed the subsequent evolufiire initial
distributions, if homogeneous, would be stable to electron—
ion drift instabilitieg. The initial distributions do satisfy the
Langmuir and Bohm criteria of classical double-layer
theory? The drift velocitiesu, andu; are adjusted inside the
density depression to keep the electron and ion currents in-
dependently unifornti.e., J,=n,u, are independent aof).
Related simulatiorfs in which u,, is kept uniform instead
result in the initial generation of transient Langmuir waves.
i e L 13 The simulations discussed here were repeated in a larger
0020 0922 0924 0926 0928 0930 0932 simulation box and with a weaker initial density perturba-
Time (UT) Hours from 1997-02-01/09:20:00 tion. The stages of evolution remained relatively unchanged
)t I _ _ (although there was a significantly longer “startup” period in
satelllte trajectory the latter casesuggesting that the results described here are
not significantly biased by limited box size or choice of ini-
O\ vk tial perturbation.
The early stages of evolution follow the course conjec-
tured by Carlqvist* Electrons drifting into the region of
Bo lower density on the left side of the initial depression pro-
FIG. 2. Top: Example of a VLF saucer as observed by FAST satellite.duce anegativespace-charge layer. Meanwhile, on the right

Bottom: Schematic representation of satellite trajectory relative to the sauce$ide Of the_initial depre_SSion’ a |0_W8r'denSiFy population of
source region. electrons displaces a higher density population and produces

In this paper, we do not address issues relating to the

FREQUENCY (kHz)
Log (V/m) */Hz

Vg

Source Region
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FIG. 3. Simulation distributions and fields att=2500. (a) Electron dis-
tribution function; (b) ion distribution function;(c) electrostatic potential; FIG. 4. Same as Fig. 3 except at later timgt=4000. The gray curve in
(d) electric field;(e) ion density profile, with dashed curve indicating the frame(d) is the DC electric field observed by FASRef. 12 after scaling
initial density depression. as described in the text.

a positive space-charge layer. The resulting small charge

separation is that of an incipient double layer, with an elecfunctions'® Thus, the distribution of leftward-moving elec-
tric field pointing toward the left and thus capable of furthertrons at the right boundary is adjusted at each time step to
accelerating electrons in the direction they were originallyreflect the heating of the plasma.

drifting. (At these early times, motion of the heavier ions is By time w t=4000, a strong, well-definedaminay
relatively unimportany. double layer has developed, as seen in Fig. 4. The potential

Figure 3 shows the evolved distributions and fields at@mp(c) and unipolar electric fieldd) of the double layer are
time w4t=2500, which is well into the nonlinear phase of clearly visible at positionx/\o~280. The gray curve in
evolution. Electron holes are clearly visible in electronframe(d) is the DC parallel electric field measurement from
phase-spacé) as are their field signatures: Unipolar poten- FAST.? Values of the simulation parametexg=5+2.5 m
tial pulses(c) and bipolar electric field pulseg). The mean and n.T.=55.3 eVcm® were chosen to obtain optimal
potential is clearly much higher in the right side of the boxagreement between the simulation electric field and the data.
than in the left, but the electric field in the transition region The density depression has also deepened futeewith a
(x/\¢ between 300 and 35@s quite turbulent. Since there is Minimum density of only 25% of the original background
no isolated monotonically increasing potential ramp, we redensity.
fer to this structure as a “turbulent double layer.” A prelimi- ~ An overview of the plasma evolution can be seen in Fig.
nary analysis of related simulation rddsuggests that this 5, which is a time history of the electric field over the dura-
turbulence may be due to electron—i¢kinetic Bunemahn tion of the simulation run. Following an initial linear growth
instabilities. This hypothesis is supported by the perturbaPhase t=500), a near continuous series of electron holes
tions to the ion distribution(b), which has experienced a can be seen moving rightward across the right half of the
leftward acceleration by the same fields that accelerate elec-
trons to the right. The ion density has also deepened signifi-
cantly in the center of the box relative to the initial pertur-
bation (e), which is another characteristic of double-layer
formation.

It is important to emphasize that the electron holes are
not merely a byproduct of double layer formation. Instead,
they appear to play an important role in the evolution of the
double layer itself. This feedback mechanism whereby the
holes influence the double layer is a consequence of the heat-
ing of the embedding plasma through the saturation of the ol . . . ‘
two-stream instability—a process that involves the produc- 100 200 300 500 600
tion of holes via trapping. Because of the importance of elec- x/he
tron heating on the high-potential side, the simulation em g 5. Time history of the electric field in the interior of the simulation
ploys “adaptive” boundary conditions on the distribution domain.

1.0
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simulation domain. These holes continue to be generated  ugh= SO0 \
even when the acceleration region is very turbuleng., N .
2500 w t=3500 as in Fig. 3. Slower leftward-moving
structures also appear to originate from the turbulent region,
and can be interpreted as the result of an electrontken :
netic Buneman instability?® The laminar double layer of
Fig. 4 appears as the narrow dark region near.=300, :
which lasts fromwt~ 3500 to wt~4500. This period ter-

minates with a strong disruption caused by a large electron
hole that forms on the low-potential side of the double layer.
Similar but weaker disruptions can be seen earlier in the run.
A preliminary analysis suggests that these holes also origi-
nate via an electron—ion instabiliy.

The issue of double-layer disruption is an important one
in need of further study. The double layers measured by
FAST are observable due to the motion of the double layer
relative to the satellite, which is dominated by the drift of the
double layer in the ion frame at approximately the ion sound
speed? If double layers can be disrupted too easily, theFIG. 6. Isosurfaces inxv,,y) space off, at four times(increasing up-
probablty of observing one becomes very small Thus, % S e Swoior 1o rserie of prasesece e flowng
goal of future simulations will be to determine how double- passing orbits withv,>0 has been removed t.o aid visualization.
layer lifetimes depend on details of the initial distribution
functions and other characteristics of the plasma.

time

the direction perpendicular t8. However, as the waves

grow and electron holes form via trapping, the holes tend to
IIl. INSTABILITY OF PHASE-SPACE HOLES “line up” across B, resulting in an ensemble of “tubes” in
AND WHISTLER GENERATION X—vy—Yy phase space. These tubes undergo mergings much

The Vlasov simulations of double-layer formation andas simple holes do in 1D. Eventually thougdfter several
electron hole generation discussed above are 1D and, theraundredw *), the tubes begin to develop kinks simultaneous
fore, unable to address the relation of these structures to VLWith the appearance of electrostatic waves propagating al-
saucers, which are signatures of obliquely propagating LHNost perpendicular tB and satisfying the electrostatic whis-
and electrostatic whistler waves. However, previous periodidler dispersion relation of Eq1). As the whistlers grow, the
2D particle-in-cell (PIC) simulations initialized with spa- Kkinks become larger and eventually result in the breakup of
tially uniform counterstreaming electron populations in athe tubes into short segments of comparable size parallel and
strong magnetic field@.> w¢)1>?°showed that electrostatic Perpendicular td.
whistler generation is a byproduct of the nonlinear stages of ~The tube-whistler interaction and eventual breakup of
the 2D two-stream instability. In this section, we will review phase space tubes is illustrated in Fig. 6, which shows four
conclusions drawn from these simulations and a preliminaryptages in the evolution of an ensemble of initially straight
theory’>?? for the process producing electrostatic whistlerphase-space tubes as they interact with a monochromatic
waves. We will then present recent refinements to this theorWhiSﬂer. The isosurfaces of the electron distribution function

and suggest how this process may provide a source mech#-X—vx—y phase space shown in Fig. 6 are from a 2D mag-
nism for VLF saucer generation. netized Vlasov simulationthe simulation method is de-

scribed in Ref. 2. The simulation was initialized with a
series of straight tubes formed by uniformally extending
acrossB an ensemble of stable holes from a 1D two-stream
Counterstreaming electron populations saturate via trapsimulation. This same process was previously used in PIC
ping in 1D, with the saturated state consisting of an ensemblsimulations?’° However, because of the low noise in Vlasov
of electron phase-space holes. Holes moving at different vesimulations, we were able to seed the subsequent 2D evolu-
locities may interact with one-another by merging, eventution with a small-amplitude single whistler mode at the fun-
ally resulting in fewer well-separated holes. In the absence aflamental diagonal wavelength of the simulation donta,
dynamical ions, isolated electron holes in 1D are essentiallat the first nonzero mode in boky andk,). The cylindrical
stable phase-space structures. However, early unmagnetizedes, which are trapped-orbit isosurfaces, are still essen-
2D and 3D simulatiorfS showed that in higher dimensions tially straight at timewt=3007 following turn-on of the
electron phase-space holes will rapidly dissipate—a concluwhistler. By timewt =500, the whistler is clearly visible
sion that also follows for sufficiently weak magnetic fiefds. as a weakly shaded diagonal stripe in the isosurface “sheet”
Our past 2D simulations of two-stream evolufiof’  of the passing-electron distributiqanderneath the trapped-
show that the situation is actually more complex for strongeiorbit tubeg. The tubes are noticeably kinked at this time,
magnetic fields witH).> w, . During the linear phase of the with the displacement parallel to tlxeaxis in phase with the
two stream instability, the turbulence is highly incoherent inwhistler. Up to this point the growth of both the whistler

A. Nonlinear saturation of the two-stream instability
in a magnetized plasma
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amplitude and kink displacement have been linear, with thegreement with single-tube Vlasov simulations over a range
phase of the kinks remaining locked to the phase of the whisef hole sizes and values &f,, as does a simpler analysfs,
tler, which crosses the simulation box at its linear phase vewith one free fitting parameter.
locity. The final two times show the highly nonlinear phase
of evolution where the tubes have become mostly broken up
in they direction, leaving a number of small spheroidal sur-
faces that enclose regions of low phase-space density.
The aspect ratio of the simulation domain in Fig. 6 is  The simulations discussed in Sec. Il A indicated there is
critical to the evolution of the initially straight tubes. We a resonant coupling between tube vibrations and electrostatic
made a number of such runs that were identical in all rewhistlers. A preliminary theof} suggested that tube vibra-
spects except for the length, of the box perpendicular tB.  tions could be induced by the whistler electric field at the
The valueL, =80\, yielded the fastest growth rate, and position of the tube and whistlers in turn could be driven by
values significantly different from this yielded no growth at the perturbed electric field associated with a kinked tube. The
all. The parametet., controls the linear frequency of the first assertion does account for the dominant influence of
whistler whistlers on tube dynamics as embodied in the relation

oyl we= Kyl (KE+K5) Y=Ly [(LI+LE)Y2, (2) (02— 02) E=Ex(Xy), (5)

C. Tube—whistler interactions

which suggested that the instability might be due to a resowhere » is the frequency of the whistlefnominally
nance between the whistler and some property of the phaser,(k,,ky)1, andE,,(x;) is the whistler electric field evalu-
space tubes—specifically, the kinking of the tube—as is disated at the mean location of the center of the tube. Further
cussed next. analysis however reveals that the driving of whistlers by tube
vibrations is more complex than previously thought. Al-
though a rigorous treatment is beyond the scope of this pa-
per, we will present the main elements of the derivation here.
The electron fluid equations for whistler oscillations in a

The dynamics of a kinked phase-space tube was investstrongly magnetized plasma with external driving can be
gated numerically by initializing a 2D magnetized VIasov written as
simulation with a single tube in which a sinusoidal kink was

B. Vibrations of phase-space tubes

imposed at=0. This was accomplished by setting the initial Ity = — dxUy— dxUy, » (6a)
distribution function to be
Uy = —Exwt Fuy, (6b)
fe(X,vx,y) =Fo(X=&(y),vy), ()
) " . o X. . nwzvzd’Wv Exw= — xdw, (60)
where fy(x,vy) is the distribution for an electron hole in a . . _
1D plasma and the displacemeifly) takes the form wheren,,, Uy, ¢, andEy,, are the fluid density, velocity,
) potential, and self-consistent electric field of the whistler,
§(y)=Re & explikyy)]. (4)  andu,, andF,, represent the influence of the vibrating tube

For a given tube cross sectidas determined byfy), the =~ ©ON the whistler. The driving term in the momentum equation
initially kinked tube was found to “vibrate” with a frequency Fuw needs to incorporate both electric field and pressure gra-
o, that depended on the kink wave numbgr. For suffi- dient terms associated with the vibrating tube. Inclusion of
ciently small values ok, these vibrations were essentially the pressure terms effectively cancels the electric field con-

creased with increasinig, . electric-field driving, as previously claimed. Instead the

In the single-tube simulations just discussed, the paralleflominant driving effect enters via the continuity equation by
length L, of the simulation box was chosen so that theremeans of the coupling termy,, . The origin ofuy, can be
were no whistler modes witw,, nearw, , thus eliminating ~ S€€n in Fig. 7, which shows how electron phase space in the
possible resonant tube-whistler interactions. However, wheliCinity of a tube evolves over a single tube vibration period.
L, was increased untib,, from Eq. (2) equaledw, , simu- The key feature to notice here is that whereas the centroid of
lations initialized with a kinked tube exhibited tube vibra- the trapped orbit £ ¢) executes an elliptical trajectory in
tions of increasing amplitude together with the production ofphase space, the passing orbits shift horizontally, but not ver-
whistlers along the box diagonal, in support of the tube-ically. As a result, wheg=0 andé is a maximum as in Fig.
whistler resonance hypothesis. 7(a), there will be a net flux of electrons moving toward the

A theory for tube vibrations was developed for the spe-left, as depicted schematically by the gray arrows. Half a
cific case where the 1D distributioip(x,vx) took the form  period later(c), when ¢ is a minimum, the direction of net
of a BGK waterbag electron hofé.This theory is based on  fiux will have reversed. This oscillating flux is the origin of
the fact that a perturbing electric field resulting from thethe driving termu,,, in Eq. (63).
kinking of the tube acts on the trapped electréafter effec- The behavior illustrated in Fig. 7 yields thetal oscil-
tively averaging over the trapping or bounce peyitam pro- lating fluid velocity
duce a “restoring force” that causes the tube to vibrate like a _
string under tension. This theory yields good quantitative Ui X— &)= —vy(X)&, (7)
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(02— 02)Ex(X) = — 0?03 ({(v1)— 1)¢, (12)

where we have used the relati@th —iwé. Here,w is the

frequency of the tube vibratiotnominally »,). The follow-

ing approximations were used in derivii§2): The forcing

term F, in (6b) has been neglected since its influence is

normally small compared to that of,, in (6a). We also use

the fact that the parallel whistler wavelength is large com-

pared to the width of the tube. Thus, the small displacement

& can be neglected so that bothand x— ¢ can be replaced

by the mean tube positiox,. We also replace; in (11) by

its spatial averagév,) in the periodic simulation domain.

Note that(v,) — 1, which determines the strength of the cou-

3.9 pling, is positive definite, increases with the size of the hole,
and varies at;l. When Eq.(12) and Eq.(5) are combined

$ and solved fow, as in Ref. 21, there will be positive growth

! (Im(w)>0) providedw,, and w, are sufficiently close to

one another.

D. Implications for VLF saucer generation

-2 :
o2 % %2 In order for the tube-whistler instability to be a viable

) o ) candidate as a source for VLF saucer generation, it is neces-
FIG. 7. Passing and trapped waterbag orbits incatv, cross section of a

phase-space tube at four times during a single vibration period. Progressir\g‘lry that the whistlers can groyv tO. a large amplitude within
clockwise from top are snapshots when trapped orbit has respectively ithe =10 km ranggparallel toB) implied by the saucer spec-
maximum upward, rightward, downward, and leftward displacement intra. Consistency with this requirement cannot be ascertained
phase space. The in each frame marks the centroid of the trapped orbit. through periodic simulations alone. We can, however, con-
The gray arrows highlight the asymmetry in the electron flux near the centert t . titati del for tub ’h. H . t’
of the tube in the top and bottom panels. struct a semiquantitative model for tube—whistler interac-
tions in an open system.
If a whistler wave packet consisting of a narrow range of

wave vectors were to interact with an ensemble of phase-
pace tubes, coupling should be maximal if the whistlers and
ube vibrationsphase lockto one-another at a single fre-
quency. If this locking occurs, the whistler wave packet will
undergo absolute growth in the frame of the tube€.e.,
dw/dk=0). If we assume a whistler growth rate,/w.
AxUior= IxUry+ OxUy = dyUpy— dyNy (8)  ~10"2 from the 2D PIC simulatior$ together with a drift

. . W velocity vy~2x10° ms ! and plasma frequencyp.~2.5
where n,(x,t) is the electron density of the vibrating tube, «10° s1 from FAST observation® an approximate

which undergoes an approximately rigid displacement as can

be inferred from the waterbag distributions in Fig. 7 upongrOWth Iength)\_g=vd/yw~800 m 1S foun_d. Thus, 19 km S
. . S oo ! an adequate distance for over ten e-foldings of the instability.
integration over. (The rigidity approximation is also dis-

. ; ; : Once the tubes have been broken up into small structures
cussed in Ref. 21.Thefluid velocity u, is thus related tan, . . .
T : - perpendicular t®, the whistlers are free to propagate at their
through the continuity equation. A consequence of rigid denr. . o ; :
B . linear group velocity. At this time, the multiple Fourier com-
sity displacement is that ; C
ponents presumed locked to a single frequency during linear
Fn(x—&)~— f&xnto(x), U(x— &)= nto(X)Ev 9) growth, which can span a rangekpandk, , will decouple.
Thus, each mode will assume its linear frequency according
to dispersion relatioril), which is necessary to produce the

Nio(X)=v1(X)—va(X)—1 (10 characteristic saucer spectrum.

wherev,(X) is the velocity of the boundintrappedorbit of
the unperturbed waterbag distribution as defined in Fig. 1 o
Ref. 21. The velocityu,,; cannot contribute to the driving of
whistlers in its entirety, since it must also contribute to the
vibration of the tube itself. In other words

where

is the the density of the unperturbed waterbag distribution,
Here,v(x) is the velocity of the boundingassingorbits IV. CONCLUSIONS
defined in Fig. 1 of Ref. 21 and the last term on the right side  The model developed in this paper consists of two
of (10) is the contribution of the homogeneous neutralizingstages: First—as suggested by 1D open-boundary
ion background. Combining7)—(10) yields simulations—a double layer forms at the site of a density
. perturbation in a current-carrying auroral plasma. The gen-
Urw(X= €)== (02(X) = 1)¢. (1) eration of phase-space holes is a natural consequence of the
Solving Egs.(6) for E,,, in terms ofu,,,, and using(11) double layer and, in fact, appear to play an important role in
results in the following equation for resonant driving of the development of the double layer itself. Second—as sug-
whistlers by tube oscillations: gested by 2D periodic simulations—phase-space tubes,
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