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Abstract. Observations from the Polar and FAST satellites1 Introduction

have revealed a host of intriguing features of the auroral ac-

celerations processes in the upward current region (UCR).

These features include: (i) large-amplitude paraligl)and ~ Hull et al. (2003); Mozer and Hull (2001) and more re-
perpendicularg . ) fluctuating as well as quasi-static electric Cently Ergun et al. (2004) reported that auroral density cav-
fields in density cavities, (ii) fairly large-amplitude unipolar ities are the locations for large parallel electric fields X,
parallel electric fields like in a strong double layer (DL), (iiiy Which are invariably accompanied with perpendicular elec-
variety of wave modes, (iv) counter-streaming of upward go-{ric fields (E1) in the UpWard current region (UCR) of the
ing ion beams and downward accelerated electrons, (v) horiduroral plasma. The ratio @), to (E) ranges from~0.25
zontally corrugated bottom region of the potential structurest® O(10). It was also shown that the large-scale structures in
(PS), in which electron and ion accelerations occur, (vi) fil- the eI(_actrlc fields have substructures, which .have perpendlc-
amentary ion beams in the corrugated PS, and (vii) both upular width L | ~1-20 km. The temporal behavior of the f|eld_s
ward and downward moving narrow regions of parallel elec- rgvealed a low-frequency component below 10 Hz along w!th
tric fields, inferred from the frequency drifts of the auroral high-frequency components near ion cyclotron frequencies
kilometric radiations. Numerical simulations of U-shaped Of H" and He" ions. Pottelette et al. (2004) showed from
potential structures reveal that such observed features of thAST data that), responsible for accelerating auroral elec-
UCR are integral parts of dynamically evolving auroral U- tro_ns and ions coulld occur in localized regions, which are
shaped potential structures. Using a 2.5-D particle-in-cellduite narrow in altitude {10km) and are shifted up and
(PIC) code we simulate a U-shaped broad potentialstructur&own within a few kilometers. Furthermore, they found that
(USBPS). The dynamical behavior revealed by the simula-E || is turbulent and spiky with an upward average field. Prior
tion includes: (i) recurring redistribution of the parallel po- 0 these recent reports, McFadden et al. (1999) reported that
tential drop (PPD) in the PS, (ii) its up and downward mo- UCR region is characterized py dgep density cavities W|th_ no
tion, (iii) formation of filaments in the potential and density ?c"d plasma and they are primarily populated by. up-going
structures, and (iv) creation of filamentary as well as broad©" beams and down-going electron beams. Nonlinear elec-
extended density cavities. The formation of the filamentarytrostatic structures like electron and ion holes were also ob-
structures is initiated by an ion-beam driven instability of an Served and sometime simultaneously in the cavities; the elec-
oblique ion mode trapped inside a broad cavity, when it pe-tron holes were seen in conjunction with filamentary electron
comes sufficiently thin in height. The filaments of the PS cre-beams.

ate filamentary electron beams, which generate waves at fre- The purpose of this paper is to present results from 2.5-D
quencies above the lower hybrid frequency, affecting plasmaparticle-in-cell (PIC) simulations of U-shaped broad poten-

heating. This results in plasma evacuation and formation ofja| structures (USBPS) closely revealing some of the ob-

a cavity extended in height. The waves associated with filaseryed features of the electric fields in the UCR. We present
mentary electron beams also evolve into electron holes. Th@ere the temporal and spatial evolution of a 2-D U-shaped po-
transverse and parallel scale lengths of the regions with largential structure (PS) including breaking of a broad U-shaped
EjjandE as well as their magnitudes are compared with strycture into thinner density and potential substructures, the

satellite data. generation of both thin and broad density cavities, genera-
tion of ion cyclotron and lower hybrid fluctuations inside the
Correspondence td\. Singh cavity, formation of electron and ion holes, and motion of the

(singh@ece.uah.edu) PPD as aDL.
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scales of the physical processes involved in the DL dynam-
ics.

At the initial time ¢=0, the simulation region is empty.
We begin the simulations by filling the two plasma reser-
voirs and let the plasma in them self-consistently expand

into the simulation region, subject to the boundary condi-
tions ong(x, z). The plasma particles are allowed to leave
the simulated-plasma region while exitingzat0 andz=L..

0 Along x we use a periodic boundary condition on the par-
ticles. We use the following definitions and normalizations:
distances (x and z) are measured in units of Debye length
Ado=Geholwpo, time in units oft, =w, 1=(n,e?/me,) /2, ve-
locities (Vy, V., and V;) in the units ofa.p,=(kpT,/m)*/?,
potential ing,=(kgT,/e), electric fields inE,=¢,/A4,, €N-
ergy in W,=kpT, and current inJ,=en,a.pn,, Wherekp is

the Boltzmann constang is the magnitude of electronic
charge, anc, is the electrical permittivity of free space.
The plasma density is normalized in units i9f. Unless
stated otherwise, all quantities in the following text as well
Fig. 1. Geometry of the simulation: the simulated size of the plasmaas in the figures are expressed in their respective normalizing
is Ly xL; and the ambient magnetic field is along the z-direction. ynits. The time step in advancing the simulation is 0,05
The horizontal distribution of the applied potentgglx) atz=L is and spatial grid spacing is;, both inx andz. The ambi-
shown by (x). ent magnetic fieldB, was chosen to give,/w,,=3. In all

the simulations reported here, the applied potential drop is
0,=—30, and&=200,;,=150;1,, Wherep;;, is the average
hot ion Larmor radius and for the parameters of the simula-
o tions p;5,=13.3v4,. For satisfying the Bohm criterion for
We use a 2.5-D particle-in-cell (PIC) code to model the goyple layer formation we impose an average drift in the
USPS in the x-z plane as shown in Fig. 1. The ambi-neqgative; direction for the hot electrons in the top reser-
ent magnetic fieldB, is along z. We use an electrostatic yoir, namely, | Vyes|>deno, the hot electron thermal veloc-
code, in which Pm_sson equatlo_n for the electric p_o_tentlality; specifically we choséVyen|/a.no=1.1. The hot ions in
¢(x,z) is solved with the following boundary conditions: the top reservoir have no average drit, that is their velocity
¢(x=0, 2)=¢(x=Ly, z), p(x, z=0)=0, and distribution is non-shifted Maxwellian. The cold ions in the
bottom plasma reservoir are given an average drift in the pos-
itive z direction with zero drift for the electrons. Specifically,

. _ the drift velocity of the cold ions i¥;;.=1.54;.,, wherea;,
whereL, andL; are the size of the simulated plasma along js the cold ion thermal velocity.

x andz directions £ gives the perpendicular scale length in

the distribution of the potential applied at the top boundary

at z=L,, andg, is the amplitude of the applied potential. 3 Numerical results

For the UCRy, is negative. Note that the boundary condi-

tion in x is periodic. At the bottom of the simulated plasma We performed three runs in which all parameters were the
(z=0), we inject a cold plasma by maintaining a plasma resersame except for the dimension of the simulation box along
voir in which plasma particles have isotropic Maxwellian B,, L.. Inruns R-1, R-2, and R-3, we havg=256, 512 and
velocity distribution function with equal electron and ion 1024, respectively. In all these ruhg=1024, which accom-
temperatured,.,=T;co.=Tco. Likewise, at the top bound- modates nicely the imposed potential structure \§it200.

ary t=L;) we inject hot plasma from a plasma reservoir, in These three runs were performed to ensure that the plasma
which the hot electron and ion temperatures&jg=T, and  processes seen in them are authentic plasma physical phe-
Tino=4T,, respectively. In the simulations described here,nomena and not an artifact of the limited size of the simula-
we assumed thak.,=T,/10. We denote the plasma density tion box.

in the bottom and top reservoirs by, for the cold and,

for the hot plasma, respectively. In the simulations reported3.1 Temporal and spatial evolution of a U-shaped broad po-
here we have:.,=n;,=n,, that is, the same densities for tential structure (USBPS)

the cold and hot plasmas in their respective bottom and top

reservoirs, respectively. All simulations were performed for The top and bottom panels in Fig. 2 show the evolution of po-
ion to electron mass ratio M/m=400, which is found to be tential and density structures at early times2500, as seen
sufficiently large to separate different electron and ion timein run R-2; in the top and bottom rows of panels in Fig. 2
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equi-potential and equi-density contours are plotted. This 1000
early-phase evolution is associated with the initial filling of '
the simulation region with cold and hot plasmas from the bot-
tom and top boundaries, respectively. This filling is evident 3
be comparing the density panels f&r1000 and 1500; plas-
mas of higher densities are progressively penetrating deepe
into the simulation region from both top and bottom ends. At
the initial time=0, when there is no space charge, the po-
tential distribution along at anyx is linear giving parallel
electric fieldE, (x, 2)=¢(x, z=L;)/L.. The expanding plas-
mas modify the initial field forming a USBPS as seen in the
panel forr=1000 in Fig. 2; the perpendicular scale length of
the USBPS is determined by the applied non-uniform poten-
tial given by (1) and its parallel potential drop (PPD) is local-
ized in a deep density cavity near the bottom over the height
range fromz~128 toz~256 as shown by (x=512, 7) by

the black-line curve. But, this USBPS is not stable, as seeng
by the considerable changes in it shown in the subsequen®
panels at=1500-2500; first the equi-potential contours near
the bottom of the USBPS develop corrugation as seen from
the plot for#=1500. Subsequently, the narrow channels of men L
negative (low) potentials recede upward leaving behind thin o 1x/2§m: 40 1x/2§ma 40 1)‘/22&3 40 1)(/22&3 4
filamentary structures in both the potential and density struc- "

tures as seen from the plotsap000 and 2500; a noteworthy Fig. 2. Top row: Early-time evolution of a 2-D U-shaped potential

feature of the evolving PS is the persistent feature of COMUrycture. Equi-potential surfaces are shown in color with levels

gation at the bottom where the PPD occurs in multiple fine-jngicated by the color bar on the right. The solid-line curves in the
scale substructures. We point out here, that the above temypper panels show the parallel potential profile in the USBPS along
poral feature of the USBPS is recurring independent of thex=512. Bottom row: equi-density surfaces of density structures
initial condition of empty simulation region. Therefore, we associated with the potential structures in the top row with density
first present a summary of the evolution of the USBPS overscales shown by the color bar on the right. Times are labeled on the
the entire run time=10 000 before discussing the physics of top.
the recurring dynamic processes.

Figure 3 shows the further evolution of the potential (top
row) and density (bottom row) structures frarm3000 to Thus, we find from Figs. 2 and 3 that the potential and the
t=10000. The top row of the panels in Fig. 3 shows thatdensity structure undergo a cyclic evolution, including recur-
the potential structure, which had receded to higher heightsting formation of a USBPS, its filamentation, fast upward
by r=2500 slowly descends down reaching a low height neapropagation of the PPD, formation of thin and long substruc-
7z~128 at timesg~5000. Soon after the descent, the USBPStures in the plasma density underneath it, followed by plasma
again rather quickly recedes to higher heights and once agaiflepletions and creation of a broad density cavity, subsequent
it makes a relatively slow descent to nearly the same lowdownward motion of the bottom of the USBPS containing the
height by the time~9000, as it did previously at~5000. PPD forming a broad and vertically extended potential struc-
We point out that the process of receding to higher heightgure. When the parallel potential drop in the structure (US-
is much faster than that of the descent. Soon after the deBPS) reaches near the lower boundary, where cold plasma
scent of the PPD tg~128, the plasma density as well as the dominates, the above set of processes begin to repeat again.
potential undergo a rapid filamentation as clearly seen fromin R-1 with L,=256 and in R-3 withZ.,=1024 we saw the
the plots ar=2500 (Fig. 2), 6000 and 10000 (Fig. 3). The exactly same evolutionary behavior but with the duration of
filamentation leads first to the formation of density striations the cycles halved and doubled of that in R-2, respectively.
followed by creation of a broad density cavity with imbed-  The cyclic behavior of the potential structure in R-1, R-2
ded thin structures extending to large heights as seen fromand R-3 is more clearly revealed by the top panels in Fig. 4;
the density plots at=2000 and 2500 in Fig. 2, and@t7000 in these panels we have plotted) at the point (512, 128).
and 10000 in Fig. 3. The USBPS, with imbedded fine struc-The corresponding temporal variations in the plasma density
tures underneath, rises to higher heights near the top of the; at the same point are plotted in the bottom panels. The
cavity. Subsequently as the cavity refills with hot plasmapanels for R-1 reveal that and n; undergo nearly 5 cy-
from the top, USBPS descends down eventually reaching theles over the run time of=10000. In R-2 there are2.5
low height z~128, where the filamentation is triggered as cycles over the same run time while in R-3 only one cy-
mentioned above and the subsequent processes are repeateld is seen. In R-1 and R-2, only the first cycles or so

are affected by the initial refilling of the empty simulation

2

2/128),,

28),,
N

=]

0.5

0.0



786 N. Singh et al.: Dynamical behavior of U-shaped double layers

7000 8000 9000

4f 16004,

&4f 1600y,

0.5

2 3 40 1 2 3 40 1 2 3 40 1 2 3 40 1 2 3 40 1 2 3 4
X/256\, X/256),, X/256)4 X/256),, X/256) 4, X/256),

Fig. 3. Same as Fig. 2, but at later times; note the cyclic fast upward motion and relatively slow downward motion of the bottom of the
USBPS. Also note the cyclic formation of filamentary density cavities, their evolution into a broad cavity extended in height and then its

shrinking with the downward motion of the USBPS.
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Fig. 4. Top row: temporal variation of the potential at (128, 512) in r(a)R-1, (b) R-2 and(c) R-3. Bottom row: same as the top row, but
showing the density. Note the cyclic variation with 5 cycles, 2.5 cycles and 1 cycle in R-1, R-2, and R-3, respectively.

region and the latter cycles are the consequence of intrinsit)SBPS descends with the hot plasma expanding from the top
plasma processes driven by the electrodynamics of the USwith ion-acoustic speed

BPS. Comparing results from R-1 and R-2 with that in R-3,
we conclude that even in R-3 the results after very early time<Cs=[ (kg Teno, + 3kp Tiho)/M]1/2=0.16aeh 2)

t~2000 are essentially intrinsic plasma effects unaffected by _ _ _
the initial condition of an empty simulation region. The downward expansion occurs into the plasma cavity,

which is not an artifact of the initially empty simulation re-

The time taken for the USBPS to move from top to bottom gion, but it is a consequence of the self-consistent plasma
in R-1, R-2 and R-3 scales linearly with the vertical size processes occurring in the simulation, including cavity for-
This linear scaling of the transit time is expected because thenation.
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Fig. 5. Parallel velocity distribution of ions and electrorfa) x—V, phase space of ions lying in height range 42&192 atr=5000. Note
the counter-streaming of ion beams in the central reg{bh.Temporal evolution off; (V;) for ions in the height range 12&<192: (1)
t=4600, (2)r=4800, (3)=5000, (4):=5200.(c) Spatial evolution off; (V;) for ions atr=5000 (1)z <64, (2) 64<z<128, (3) 128z7<192,
and (4) 1927<256.(d) Spatial evolution ofF, (V) the same time and height rangerasV;) in (c).

In order to better understand the cyclic behavior of the US-allel potential drop is beginning to increase with time. This
BPS and its consequences, we next discuss the plasma effedtsdue to plasma expansion from the bottom. Increasing ion
and processes driven by the USBPS using results from R-2density below the USBPS gives rise to an increase in the ion
When the USBPS descends down to the lowest height, théeam density above the parallel potential drop in the USBPS.
potential at the point (256, 128) reachesyp,=—30 (Fig. 4),  The enhanced ion beam density triggers plasma instabilities,
which is the maximum applied potential difference given by which contribute to the initiation of the process of filamenta-
Eq. (1). Thus, the entire parallel potential drop is concen-tion of the USBPS and the plasma density as seen from the
trated belowz;~128 in a DL as shown by the 2-D PS in the plots for¢=6000 in the top and bottom panels of Fig. 3, re-
panel fors=5000 in Fig. 3 and the corresponding potential spectively. Atr=5000 when a horizontally broad PPD exists
profile ¢(z) alongx=512 plotted in the same panel; the par- nearz~128, there is a deep density cavity fairly localized
allel potential drop occurs in a density cavity near the bot-nearz~128 and the plasma density steadily increases with
tom as seen from the density structure /86000 in Fig. 3;  increasing height above it. However, remnants of prior fila-
the minimum normalized density in the cavity49.2 (also  mentations in the density are visible even in the density plot
see Fig. 8). As shown by the PS at the subsequent timeats=5000. The subsequent density plot=6000 shows that
in Fig. 3, The USBPS at=5000 is not stable; it begins to the filamentation in the plasma density has become deeper
undergo rapid filamentation as soon as it descends to suffiand it extends nearly to the top nearL,. The details of
ciently low heights where the influx of the cold ions from the progress in the filamentation process are shown later in
the bottom boundary in to the cavity becomes increasinglyFigs. 6 and 12.

strong. The density plot at=7000 (bottom panels, Fig. 3) shows

The ion density plot in Fig. 4e shows that just before that the filamented plasma below the corrugated PPD, now at
t=5000, the density at the point (512, 128) below the par-large heights, has eroded away giving rise to the formation
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hanced density interacts with the hot ions trapped in the low-
potential region of the USBPS. Since the hot ions themselves
are accelerated downward as a consequence of the expan-
sion of the hot plasma with the descending USBPS, there is
a counter-streaming of plasma beams in the low-potential re-
gion above the PPD. This is shown in Fig. 5a, in whichV,
phase space at5000 is plotted for the ions in the height
range 64z<192; the two distinct ion populations well sep-
arated inV, are clearly seen. Figure 5b shows the temporal
evolution of the parallel velocity distribution function for the
ions, F;(V,), in the central region (384x <640) of the US-
BPS over the height range 26<160. We find that over the
time from t~4800 to 5200 a colder and stronger up-going
beam emerges with the average beam velogjty,=0.38;

this beam is the consequence of the acceleration of cold
ions entering the USBPS from the bottom with increasing in-
flux. Likewise, a down-going hot ion beam also grows as the
hot plasma expands with the down-going USBPS. The aver-
age beam velocity of the hot ion beamVig,;=—0.12a,/,.
Figure 5¢c shows the s patial (height) evolutionf({V,) at
t=5000; forz<64 the dominant population is the cold ions.
Fig. 6. Potential (top panels) and density (bottom panels) structuredn the midst of the parallel potential drop (64<128), the
shown at fine time resolution highlighting the development of the cold and hot ions mix and produce a very broad distribu-
ion instability, which generates the striations in the density and ini-tion; at higher heights above the parallel potential drop the

tiates the formation of the alternating fingers of high and low (neg- two jon populations are distinctly separated forming counter-
ative) potentials. Times are labeled at the top of the panels. Finger%treaming beams as mentioned above.

“b1” and “by” are identified for later reference.

1 2 3 40 1 2 3 40 1 2 3 40 1 2 3
X/256A,, X/256M,, X/256M, X/256)g,

Figure 5d shows the electrons’ velocity distribution func-
tion, F,(V,), like that for the ions in Fig. 5¢c. Far<64, be-
) _ _ ) low the USBPS, a trapped cold electron population, which
of a broad density cavity much extended in height. The plotsya5 peen considerably heated by the plasma turbulence, co-
in the bottom panels a=8000 and 9000 in Fig. 3 show that gyists with an electron beam accelerated by the PPD. In the
the cavity fills from the top. We find that at-8600, the po-  transition region of the PPD, electrons have a very broad dis-
tential and density structures (not shown in Fig. 3) are nearlyyipution with very small slope near,~0. Abovez~128,
the same as~5000, thus completing a cycle of evolution. he electron population is basically the one injected at the
The plots at=10 000 in Fig. 3 show again the rapid filamen- top (z=L,), but progressively accelerated downward like in
tation of the USBPS, beginning the third cycle of evolution 4 pre-sheath. This population, in combination with a heated
in R-2. It is worth mentioning that the density striations are population nearV,~0 yields the small slope in this zero-
more clearly seen a£6000 and 10 000 in contrast to the cor- velocity range. The ion beams mentioned above occupy
responding filaments in the potential structure. The reasofpe velocity space nedf,=0 and thus, any ion-beam driven
for this will be made clear when we discuss the plasma projnstapility is unaffected by any damping by the electrons.
cesses, wh|ch generate_the formation of filamentary densityrhe moments of;(V,) over the height range 64 <192 at
and potential structures in the USBPS. =5000 (Figs. 5c) are as follows; up-going cold ion beam:
average drift velocityV;,,=0.32 a.p,, parallel temperature
3.2 Plasmainstabilities affecting the stability of the USBPS 7;,,,=0.67,,; trapped ions¥;,;=—0.12a,;,, parallel temper-
atureT;;|=2T,, perpendicular temperatuf®, , =4 T,. Like-
How is the filamentation process triggered and what are itswise, the moments df, (V) (Fig. 5d) are as follows: parallel
consequences for the USBPS? Since the filamentation is trigdrift velocity V.y=—1.2a.4,, parallel temperaturé, =3 T,
gered only after the PPD in the USBPS descends down t@erpendicular temperatu®  =7,. The ion-acoustic speed
low heights where cold plasma density and hence the coldvith the above parallel electron temperatur€s-0.2a.;,,.
ion influx are increasing with time, it appears that an ion Compared to this speed, the relative drift between the ion
beam accelerated by the PPD initiates the process of filabeams isV;;=0.44a.;,. The above plasma parameters sug-
mentation. We find that another contributing factor to the gest that the interaction between the ion beams could drive
initiation process is the shrinking size of the density cavity electrostatic ion cyclotron (EIC) as well as oblique ion-
with the downward motion of the PPD (Fig. 3); the cavity acoustic (OlA) waves. However, the local plasma inhomo-
with reduced parallel size acts like a cavity resonator for thegeneity makes the instability analysis difficult. In our simula-
ion-beam driven modes. The cold electrons are trapped betions the ion cyclotron period isi=833w;01 and we find that
low the parallel potential drop. The cold ion beam with en- the instability driven oscillations grow at a much faster time
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scale compared tg; giving a clue that OlA waves dominate. 256
We examine next, the nature of the instability highlighting
the linear stage of the driven oscillations just before the long
and deep filaments form in the density structure.

Figure 6, like Fig. 3, shows the evolution of the potential
and density structures but on an expanded horizontal scale
and finer time resolution from=5000 to 5300 revealing that
the effect of the growing oscillations spreads to large heights
very rapidly. Atr=5000, the oscillations at the bottom of
the USBPS are confined in the transition region of the PPD;
otherwise, most of the space inside the structure, shown in 550 o - ;
dark blue, has a potential near~30. The subsequent plots F
show that soon there are fingers of higher potentials 20,
shown in green) penetrating into the dark blue region. At i
even later times, such fingers attain higher potentials (red anc ' o
orange) shown in Fig. 6. We try to understand the origin and = 100F TN
mechanism of the finger formation. During the short time [ :

the oscillations in the potentials have developed into inter- 1.0¢ Mw\l\/ 3

100.0 E

136)|

\

|FFT(ni(z

penetrating fingers of low and high potentials, the density,
shown in the bottom panels of Fig. 6, has developed deepel 0.1 —— . t
filaments; the deepest part of the density cavity, appearing 0.1 k;_o 10.0
in Blue at the bottom of the USBPS, is completely striated
by the tlmet:5_200 an_q the StrlatIO!’]S ex,te“‘?‘ upward as fil- Fig. 7. Development of the ion-mode instabilitfa) Growing spa-
amentary density cavities, alternating with filaments of den-ii5| oscillations in the density contour feg=0.4 over time interval
sity enhancements. The filamentary cavities (bottom panelsyom 1=4800 tor=5200. (b) Wave number spectrum of the spa-
and the fingers of higher potentials (top panels) are nearlyial fluctuations in the ion density; (x) alongz=136 and at times
co-located. t=4800 and 5200. Note the growth of the short-scale perpendicular
In order to further characterize the oscillations near oscillations with wave number peaking néarp;,,~1.1 atr=5200.
t~5000 mentioned above, Fig. 7a shows the evolution of the
spatial oscillation in a specific ion density contour, namely,
n;=0.4, from#=4800 to 5200. Note that the contours shown which is in the range of ion oscillations; note that ion plasma
are in the central region of the PS over 256<768. With frequency with the mass ratit®//m=400 and normalized
increasing time after~4800 the contour develops large- density of unity isv,;,=0.050,, and the minimum density in
amplitude oscillations with fine structures alangFigure 7b  the cavity isz; ~0.1 and corresponding minimum ion plasma
shows the wave number spectrum of such oscillations in thdrequency isw,;~0.015»,,. Thus the linear wave mode is
ion densityn; (x, z=136) atr=4800 as well as a=5200. The trapped inside the cavity and grows fast, owing to the res-
horizontal axis in Fig. 7b i%, o;n,, Wherek, is the wave  onant instability becoming an absolute instability due to re-
number in thex direction and the normalization factpy;, flections from density gradients and resulting feedback.
is the hotion average Larmor radius. Comparing Figs. 7a and
b, we find that as the oscillations grow the power is concen-3.3 Nonlinear evolution
trated in wave number near p;;,~1.1, which yields per-
pendicular wavelength| =27 0;,,=76\g,. As mentioned above, another important issue is that, the ef-
In order to determine the wave structure parallel to thefects of the oscillations locally generated just above the PPD
magnetic field, we examine the ion density distribution quickly rise to large heights above the cavity; the large am-
n; (x=512, z) as plotted in Fig. 8 for the same time interval as plitude perturbations reach large heights in a short interval
in Fig. 7. The noteworthy feature of the vertical density pro- of time Az~100. This can be clearly seen from Fig. 6; the
file is that, it has a deep density cavity near the bottom of theperturbations in the potentials at the bottom of the structure
PS, as noted earlier. The large-amplitude oscillations initiatef USBPS) are seen to rise nearly to the top in successive plots,
in the cavity near~5000. It is difficult to determine the ex- which are only 100 units apart in time. Even though the ini-
act wave mode of the oscillation in such an inhomogeneoudial oscillations are ion modes, the fast communication of
plasma; the oscillations develop in the region of density gra-the larger potentials to higher heights forming intertwined
dients forz>64. However, for the oscillations in the density fingers of low and high potentials must involve some elec-
for 1=5200, we estimate that the parallel wavelergtk 50—  tron mode. We explain this behavior physically in terms of
100 Ay, Qiving k)i p0;no~1.6-0.8. Since the oscillations de- collection of electrons by a body biased at a large positive
velop at a much faster time scale than the ion cyclotron pepotential in magnetized plasmas; the body collects electrons
riod 7.;=833, we believe that they belong to an oblique ion from a long volume of plasma extending along the magnetic
acoustic mode with a frequenay~k|, V;;,~0.025-0.0%,,, field lines passing through it. The electrons’ depletion from
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256 384 512 640 /68
X/>\do

Fig. 10. x—V, phase space of electrons over the height range
192<7z<246 atr=5200. The red trace in the top panel shows the
perturbations in the potential(x, z=224) showing the correlation

in the positive perturbations in the negative background potential
with the parallel acceleration of electrons forming filamentary elec-
tron beams. Bunches of electrons labeled ‘¢nd “by” refer to the
potential fingers “b” and “by” in Fig. 6.

n(x=512,z)

4800 lection (attraction) of electrons from the field-aligned vol-
0oL vt 1 umes generates density depletions as well as “fingers” of en-
32 144 256 368 480 hanced potentials extending along the field lines. The en-

Z/ Mo hanced potential perturbations rapidly propagate upward like
a fast electron shock (Singh and Schunk, 1983). This pro-
cess is illustrated schematically in Fig. 9; the influence of
the positive portions of the oscillation atr, is shown to
advance to higher heights at later timgsandr,, while the

negative portion remains stagnant. The transverse size of the

Fig. 8. Evolution of the vertical structure in; (x=512 z) during
the growth of the ion oscillations shown in Fig. 7.

| ) I et fingers shown in this figure is typically half of the perpendic-
N r—' \ ular wavelengths of the ion oscillations.
L:TH:* oy The rising potentials in the fingers accelerates electrons
! N ! density; downward; Fig. 10 shows the phase space of electrons in the

Hegh density

x—V, plane in the height range 182 <256 atr=5200; we
have also overlaid in this figure(x) at z=224. Figure 10
shows the preferential parallel acceleration of electrons in
z—V, over the range of with positive potential perturba-
tions superimposed on the background negative potentials,
creating filamentary electron beams in narrow channels. Two
filamentary beams are labeled asdnd Iy, and their loca-

T tions in the USBPS at=5200 are shown in Fig. 6.

Fig. 9. Schematic diagram showing the growth in the potential Th? potential strggture far:52.00 in Fig. 6.ShOWS anar-

fingers arising from positive, potential perturbations in the nega—rOW filament O_f PQS'“VE' poter_\tlal per_turbatlomf—_lo to

tive background potential. The electrons accelerated downward by~20) penetrating in to the region of higher (negative) back-

the positive potential perturbations cause (i) filamentary electronground potential ofp~—30; the filament occupies the re-

beams, (i) density depletions and, (iii) fast rise of the positive po- gion 525<x <580 and extends t@~300 labeled as pin

tential perturbations to large heights. In contrast, the regions withFig. 6. In Fig. 11a we have plotted the-V, phase space

the negative-potential perturbations and high densities remain stagaf the electrons in this filament showing that they are accel-

nant for a much longer time. erated reaching an average velocity-& a,;,, before being
further accelerated by the remaining parallel potential drop
near the lower height<128. For the purpose of compari-

the volume generates an extended positive potential sheatson Fig. 11b shows the same phase space in the same spa-

(Laframboise, 1997; Singh et al., 2000a). The oscillationstial region at=5000 when the positive potential perturbation

at the bottom of the USBPS create little “stubs” of enhanceddid not exist, showing that the electron acceleration occurs

potentials near the transition region of the PPD as seen fronmostly at the lower height. Figure 11c shows theV, plot

the top panels of Fig. 6; such stubs collect (attract) elec-of the ions atr=5200 in the same spatial region as for the

trons from magnetic field-aligned volumes more efficiently electrons in Fig. 11a. Note the presence of an up-going ion

than the neighboring regions with lower potentials. The col-beam counter-streaming against the electrons accelerated in
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0L 7-128  7=300(a)

—-10

X/256N, X/256), X/256) 4, X/256),,

Fig. 12. Same as Fig. 6 but at later times as labeled on the top of
the panels: note the formation of long density striations by the time

0 1 2 3 4 t~5700; density depletions have higher potential than the density
enhancements. The depletions have filamentary electron beams,
Z/ 1 28)\d° which drive LH waves, which evolve into electron holes (Figs. 13—
16).

Fig. 11. (a)z—V; plot of a filamentary electron beam; the elec-
trons undergoing acceleration between X28<300 are in the po-
tential finger “ly ” over the transverse width 525< <580 ar=5200 3.4 Lower Hybrid and Oblique-resonance-cone (ORC)
in Fig. 6. Such electrons are further accelerated at a lower height, waves, and electron holes
z<128. (b) When there are no fingers in the USBPS=a5000
(Fig. 6), electrons are accelerated only at the lower heige}$ons e find that the accelerated filamentary electron beams, like
associated with the filamentary electron beamiin (a). that shown in Figs. 10 and 1la generate waves above the

lower hybrid (LH) frequency. The large-amplitude oscil-
the narrow potential filament. The ions are seen acceleratelfinonS shown in thg temporal yarlqtlon of the potential n

e top panels of Fig. 4 are primarily LH waves and their

in the parallel potential drop at the lower height where thenonlinearly evolved waveforms. Figure 13a and b show the
electrons are acceleratedtab000 (Fig. 11b). Since the ac- time history of £, and £ at the point (512, 256) from R-

celerated ions move slowly, they interact with the rising po- ;
tential and slow down at higher heights but the ion beam per—2’ respectively. The fr_equency spectra of th_e_dataEQn
e e : and E;, are shown in Figs. 13c and d. Examining the plot
sists in the potential finger. We point out that such counter- o
. . -for E) (), we note that parallel electric field in the PPD as
streaming of electron and ion beams are not uncommon N"5L at the bottom of the USBPS passes this point at two
the auroral plasma (McFadden et al., 1999; Pottelette et al. . , . pe P
2004) oOccasions, first at~3800 during the first descent and then

Figure 12 is an extension of Fig. 6 showing evolution of at1=7500 during the second descent. The passage of the

the potential and density filaments over 5408:5700. We DL as a large sjgnature_iEH accompanies a Wgak signa-
find that by the time~5700, the entire length of the USPBS ture in Ertl ]:[he Lljnst%réelaitlogi betweedEIH tar:d IéLfmr aﬂl?L )
is deeply striated both in density and potential. Some of the::‘1 ae %iar?v;;oo both ; as;]c duls'isesh:vflér :_;)me Iitf dgas
large-amplitude positive potential pulses appearing in the fil->29 : L l 9 P

amentary structures are electron holes. We next discuss su%éﬁ?“%ﬁéﬁ %gﬁgehggg g:ctg]retﬁéghfsostzngaltﬁéasgi i
nonlinear structures. y ' p ge, p

(512, 256) lies in the low-potential region above the PPD and
the fluctuations become relatively much weaker. However,
when the filamentation process begins developing fingers in
the USBPS, the amplitude of the fluctuations first grows over
5000<¢ <6000 and then saturates as seen over the time in-
terval 6000-7000. During the growth phase the dominant
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twy, v
0 s ; ) sl — 40
10° T T T 108 T T 0 256 512 768 1024
10°h Wl () 0%k 4o A
= 10% 1510 Fig. 14. (a)Potential structure at=9400 showing a finger with
g 10° 19 105k positive-potential perturbations and labeled as”‘FThe finger
N r develops in the central region sandwiched between two negative-
L o10%) 1% 10% potential fingers (NPF) on the sides. The NPF on the left is labeled
o'l as “F,". Note the three large-amplitude positive potential pulses in
. “F4"; they are electron holes.
0.001 0.010 0.100 1.000 0.001 0.010 0.100 1.000
0/ e 0/ Uge ential generation of ORC waves at relatively low frequencies

abovewy;, in the whistler branch (Singh et al., 1985). McFad-
den et al. (1999) have reported that electron holes are com-
mon in the UCR and they occur in association with narrow
field-aligned electron beams. One-dimensional (1-D) sim-
ulations driven by voltage drops and currents have also re-
vealed formation of electron holes via electron-beam-driven
beam-plasma modes (Omura et al., 1996; Singh, 2000, 2002;
to 5600, the local normalized plasma density zat256 N_ewmgn etal., 2001; G_oldman etal., 2003). Recent 1-D PIC
is in the range 0.6-0.8 giving a lower hybrid frequency §|mulat|ons by Matsukiyo et al. (2904) revealed f[he genera-
o= il (1+@pe /98)2)1/2=0_0420;011 wherew,; and wp, tion of (_;ohere_nt waveforms consisting of Langmuir, electron-
acoustic and ion-acoustic waves.

Fig. 13. Temporal evolution(a) E(t), (b) E | (). Fourier spectra:
(c) E||(a)) and(d) £ | (w).

oscillations are the lower hybrid (LH) waves; the fre-
quency of the initially growing oscillations '19:0.0550;01.
Figure 8 shows that during the time span fram5000

are the local ion and electron plasma frequencies, re
spectively. Thus the growing oscillation has a frequency The LH waves and electron hole structures contribute to
just above the local lower hybrid frequency, specifically, mask the filamentary behavior of the PS substructures in
w=1.3wy,. Furthermore, we note thaf |« FE | during the  ¢(x,z). The LH turbulence heats the background electrons,
growth phase. Such oscillations belong to the oblique-which tend to leave the system contributing to the depletion
resonance-cone (ORC) in the whistler frequency band. Figof plasma in narrow channels. Since the ions lag in the de-
ure 13b further shows that the period of the oscillations pro-pletion process owing to their heavier mass, the potentials in
gressively increases; this is due to the depletion of the plasméhe lower portion of the filamentary DLs, where the electron
density, forming a cavity (see Fig. 3). Furthermore, the oscil-heating occurs, rise rather rapidly. This is one of the reasons
lations seem to evolve into spiky bipolar pulsegin(r) over  why the negative potential regions quickly recede to higher
the time span~6500—7000. The bipolar pulses are electron heights as seen from the plots fer5000—-6000 in Figs. 3,
holes (see also Figs. 15 and 16). Itis worth mentioning that it and 12. The electron heating in the region of the raised
has been previously demonstrated that electron-beam-drivepotentials below the low potential region, aid in the deple-
ORC waves do indeed evolve in electron holes (Singh et al.tion of ions causing the extended cavity formation-a7000
2000b, 2001a,b; Singh, 2003). The formation of filamentary(Fig. 3). This facilitates precipitation of hot ions with the
electron beams (Figs. 10 and 11) is conducive to the preferaccelerated electrons.
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3.5 Frequency spectrum of the plasma turbulence

584
We have already discussed quite a bit about the temporal anc

spatial evolution of the fields and plasma in the simulations.
We found that ion-beam driven ion modes play a crucial role $
in triggering the filamentation process as well as in the re- < 536
distribution of the PPD from low to high heights. When
the filamentary structures form, the lower hybrid waves and I
electron holes become the important features of the electro- g3
dynamics below the PPD. We highlight here the frequency
spectrum of the plasma turbulence seen in the simulations.
Figures 13c and d show the spectraif and E)|, respec-
tively. The two broken vertical lines indicate the ion cy-
clotron (2;) and the nominal lower hybridy,) frequencies; 0.0
the latter changes with the plasma density when the plasme
depletion creates the density cavity. Note the broadband na:

ture of the turbulence both i, and E;. The power at
frequencies belov2; is caused by the recurring redistribu- 0.5
tion of the PPD from low to high heights. The spectrum of 15
E, has equally strong distinct peaks @&;=0.007%0,,

and its second harmonw=2%;=0.01%,,. Both £, and

E|| have peaks ab=0.032v,,; we interpret this frequency

as the lower hybrid oscillations in deep density cavity over ~
600<r<7000 and therefore, it is lower than the nominal
value of wy,=w;,,=0.048v,,. We have already discussed

0k

that the LH oscillations evolve into electron holes having  _45
bipolar structures inE; as shown in Fig. 13b (also see ag
Figs. 14-16). F (d) ]
o o 15F A ]
3.6 Plasma and fields in the potential fingers R PR
c. 1.0 L ]

We have already discussed the plasma processes, which leg P . ]
to the formation of density filaments and associated finger-  g5p~ . /U~ .
like structures inp(x, z) in a USBPS. The beginning of the : ' VAV ]
formation of the filamentary density and potential structures ~ 0.0L ‘
and their further evolution were discussed earlier in con- 0 128 256 384 512

nection with Figs. 6 and 12. We examine here the plasma 2/ Mo

and fields in fingers of both positive and negative poten-

tials as substructures in the USBPS. Earlier in Figs. 2 andrig. 15. Detailed features of Fshown in Fig. 14:(a) Potential

3 we showed the evolution over the entire run time from this structure with positive potential perturbations rising to large heights
run. We also noted that a new cycle begins at albe8000. over the horizontal distance 488 <536. Note the localized large-
Fig. 14 shows an example of the USBPS from the early pana.mplitude perturbations, which are glectron holes as markeq with +
of this new cycle {=9400) on an expanded horizontal scale, Si9ns. Thez—V: phase space fdb) ions and(c) electrons lying
clearly revealing the details. The large negative potentiald” 71 the red line curves shog(x=512.z). (d) n; (x=512,2), in
(~—30) in the USBPS have receded to the top450) in its dotted line andi. (x=512, z), in solid line. Note the presence of the

. ) . ion beam forz>128 even though the large negative potentials in the
central region (38@.x <640) and smaller pegatlve potentials, USBPS have receded to large heights. On the other hand, electrons
~—20 (green), descend down to low heights uptd.28 on

- At ' < _are accelerated now near the top. Electron phase space shows vortex
the sides, leaving in the middle a narrow positive-potentialassociated with the electron holes. Note the extended density cavity
finger extending to heights aboye-450. The density struc- for ;<470.

ture at t =9400 is not shown here, but it could be inferred

from Fig. 3. There is a broad density cavity associated with

the USBPS primarily confined to heights<256, like that  cavity can be seen from the density plotat0 000 in Fig. 3
seen from the density plot fa=9000 in Fig. 3. The central (bottom panels). Thus at9400, there are three narrow U-
positive potential finger has its own small-scale cavity, which shaped potential structures, the two on the sides extending
extends to the top and joins a newly formed cavity in which down to low heights 4~128) while the one in the central
the parallel potential drop occurs near the top450) inthe  part of the USBPS is confined near the tgp-450) with a
central region of the USBPS. The persistence of this narrowpositive-potential finger (PPF) underneath.
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show that the F1 is dominated by electron-hole turbulence.
This is what we also noted in Fig. 13 over the time span
60007000 when the USBPS underwent filamentation in an
earlier cycle. Note that as soon as electrons are accelerated
downward near~448 (near the top), electron holes begin
to emerge. Figure 15b shows that ion beam is still persist-
ing despite the raised potential in the finger; this is simply
due to the slow response of ions to the electric fields which
evolve much faster at the electron time scale. Thus the ions
accelerated at the earlier times in the USBPS persist despite
the fast progression of the positive potentials to large heights.
This produces counter-streaming of electron and ion beams
as noted earlier in Fig. 11.

Figures 16a—d are like Figs. 15a—d, but for a finger with
persisting negative-potentials occupying the horizontal dis-
S 4 tance 36&x <500 and labeled as F2 in Fig. 14. Théz)

Y A R L EA iy plots in Figs. 16b and c as well as the density plots in Fig. 16d

are alongy=415. In this finger, electrons undergo a major
downward acceleration near-128 (near the bottom), and a
weak acceleration near-416 in the upper part of the fin-
ger (x>390). Even below the region of the weak electron
acceleration, electron holes are clearly seen as large-positive
potential pulses; there is an electron hole as seen from the
isolated vortex in the electron phase space (Fig. 16c) and a
localized positive potential pulse at the sagia Fig. 16a as
well as ing(z) plotted in Figs. 16b and c: this electron hole
is labeled as “EH". We also highlight the ion hole appear-
ing as a small blue patch in Fig. 16a; and labeled as “IH" it
appears as a negative potential perturbation (i plot in
Fig. 16b along with a vortex in the ion phase space. The up-
ward ion acceleration near-128 is clearly seen in Fig. 16b.
A ramp-like acceleration belog~~128 apparent in this figure
is due to the earlier ion acceleration in the evolving USBPS.
The large positive potentials belay-128 seen in Figs. 15a
and 16a are a consequence of plasma turbulence; electrons
in this region are heated by the electron beam turbulence and
Fig. 16. (a)(d) Same as Figs. 15a_d but for the NPR)Bppear they tend to exit from the bottom boundary. This creates a
ing over 360-x ~599<x <749 in Fig. 14. Note that in this case ﬁosmve space charge raising the potential, which retardg out-
ux of electrons and enhances the downward out-flux of ions.

the major acceleration of both electrons and ions occur at a IowerF. 16b sh that the hot i hich .
height. ¢~128) A relatively weaker acceleration of electrons oc- 'gure shows that even the hot 1ons, which were previ-

curs at higher heights 450) forx>388; the accelerated electrons OUSIY trapped by the parallel potential drop in the USBPS,
generate electron holes as shown by the yellow patch e884. are precipitating with the accelerated electrons. This down-
The small blue patch in the height range £28:384 is anion hole. ~ ward precipitation of hot ions is the primary mechanism for
In contrast to the finger F1, the cavity in finger F2 is limited to the extension of the cavity to large heights during the process
7<256. of the filamentation of the USBPS as shown in Fig. 3.

0 128 256 384 512
Z/)\do

3.7 Parallel and perpendicular electric fields and density
Figures 15a—d show the details in the structure in a nar- cavities

row part (488x<584) of the central finger with positive-
potential perturbations, labeled as F1 in Fig. 14: in pan-In view of the recent reports of turbulent as well as quasi-
els from top to bottom we show (a) equi-potential structure,static electric fields in density cavities measured from Po-
(b) ions z—V, phase space, (c) electrops V, space, (d) lar (Hull et al., 2003; Mozer and Hull, 2001), we examine
electron {.(z), red line) and ion «;(z), dotted line) den- here the features of electric fields seen by a probe aboard a
sities alongx=524. The red-line curve in (c) shows (z) satellite if it were to traverse the potential structures shown
along x=524.The equi-potentials showing large-amplitude in Fig. 3. The temporal evolution of the potential and den-
positive-potential pulses in (a), the vortexes in the electronsity structures including the filamentation suggests a variety
phase space in (c) and the potential plgt=524 z), all of possibilities of such features, depending upon the height
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| ‘ iy | (b)n, (e)n,

| immmma
D)

X/256), X/256),

X/256),
Fig. 18. (a)The upper part of the potential structure at:&) 0000,
Fig. 17. (a)The lower part of the potential structurera8600(b) (b) n; (x), (c) E||(x) and(d) E (x) along trajectory T3 shown in
n;(x), (€) Ejj(x) and(d) E (x) along trajectory T1 shown in (a). (a). (e}(g) same as (b)-(d) but along trajectory T4. Although rel-
(e)(g) same as (b)-(d) but along trajectory T2. Note that the densityatively weak, perpendicular electric fields pointing into the cavity
cavities with converging perpendicular fields point into the cavities occur near its edges while much stronger turbulent fields occur in-
and maximize near the edges. side.

and time of observation. We present two sets of examplesf;”(x)’ andE, (x) seen in Figs. 18b—d. Along T3 we find

one dealing with a long USBPS stretching to low heightsthr,ee harrow cavities (panel (b))'. in which therg are strong
like that atr=5000 and the other when it receded to higher YNi-PoIar £y(x) (panel (c)) and bipolar converging. (x)

. ; : | (d)). Thus the narrow structures are filamentary U-
heights leaving a turbulent plasma underneath like that a{pane . :
1=10000. The situation a£5000 is also repeateda8600;  o"'aPed DLS imbedded in a USBPS. In contrast to T3, the

The Fig. 17a shows the bottom half of the USBPS at this timeeatures offy (x) and £, (x) along T4 are strongly affected

with two trajectories, T1 and T2, drawn in slant broken lines. by the p""‘s“.“a turb_ulence generated py the e.Iectron beams
Also plotted in this column is the shape of the plasma den_accel_erated in the filamentary D.LS at h|gher heights. A close
sity profilen; (z) alongx=512, showing an extended density scrutiny shows that large negati (x) in panel (f) belongs

cavity. T1 is a steep trajectory and it enters and leaves thdo an electron hole intersected by T4; the bipolar nature of the

USBPS at quite different heights. Figs. 18b—d show the Spaperpendicular electric field associated with the electron hole

tial structures imi; (x), E|(x), andE_ (x) along T1, respec- is clearly evi(_jent in_panel (9). Note that turbulencg occurs il_’l
tively, x being the projection of T1 on the horizontal axis. "%‘deep de!"_s'ty cavity (panel (e)) and the converging e'eCF”C
Note that; (i) T1 passes through a deep density cavity, (ii) inﬁelds, pos!tlve at the left and negative at the right l:_)oundarles
the cavity a strong unipolak (x) is seen while exiting the of the cavity, are much weaker than the strong fields asso-

cavity at the lower height, and (iii) strong convergifg (x) ci_ated With_ the tu_rb_ulence. T_he ngture_ of the turbulence is

exists with positive and negative polarities at left and rightOIISCussed in detail in connection with Fig.13.

edges of the cavity. Such features of the potential structures

in the upward current plasma are repqrted from Polar (HuII4 Discussion and comparison with observations

et al., 2003); Ergun et al. (2004) describe such structures as

textbook examples. As a matter of fact such structures wergue found that a USBPS undergoes a transverse filamentation

reported from early 2-D simulations of Singh et al. (1987) process when its parallel potential drop (PPD) in the form

and Winglee et al. (1988) in plasmas driven by current sheetsyf 5 DL descends down to the heights where cold plasma
The trajectory T2 in Fig. 17a covers the bottom part of the dominates. The cold ion beam drives OIA waves trapped in

USBPS and Figs. 17e—g sha(x), E||(x), andE L (x), like  a density cavity at the bottom of the USBPS. The potential

for T1. Near the bottom the cavity is even deepgy(x) perturbations associated with this instability trigger the fil-

shows that the PPD is horizontally broad creating a strongamentation. The relevance of the dynamical processes and

unipolar parallel electric field in a strong DL. TH&, (x) in  their effects as seen in the simulations to auroral acceleration

Fig. 17g shows the converging fields concentrating near thés discussed below.

left and right boundaries of the cavity. Density cavities: Simulations show that density cavities
Like Figs. 17 and 18 shows the features:pfx), E) (x), are an integral part of the electrodynamics driven by a US-

and E | (x) along trajectories T3 and T4 in the upper half BPS. The cavities could be either broad or filamentary in

of the USBPS at=10000 as drawn in panel (a). The den- their horizontal (latitudinal) structure depending on the phase

sity n;(z) alongx=512, shown in panel (a), reveals an ex- of the dynamical evolution. Likewise, the cavity could be

tended cavity. Figure 18a shows filamentary structures invertically either extended or confined to the region of the

the USBPS, and they are reflected in the features; ©f), PPD. When the PPD is at large heights, underneath a deep
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and extended cavity occurs. In the early stage of the ex- Scaling relations for double layers: Since the PPD occurs
tended cavity formation, the hot plasma above the PPDjn a double layer, simulations have shown that the paral-
while at lower heights, is filamented resulting first into fil- lel width should scale as (Hubbard and Joyce, 1979; Singh,
amentary cavities and electron beams. The broad cavity i4980).
a direct consequence of plasma heating and acceleration b 12 —1/2
the plasma turbulence driven by such filamentary electrorf par~8%(€l@ol/ ks Te)™“Aao=Ax(2e|po|/me) [ wpecine
beams. The hot ions preC|p|_tate with the accelerated elec- =1-5(<0oku/ncm3)1/2 km )
trons as the plasma evacuation proceeds. In the past, such
simultaneous precipitations of energetic ions and electronsvheren, is the local electron density ang is the potential
have stirred controversy on the role of static parallel fields indrop across the layer ( Singh, Khazanov 20@5); andn s
auroral accelerations (Bryant et al., 1977). Our simulationsare |¢,| andn, expressed in kV and in cnd, respectively.
show that the acceleration by static fields and simultaneoud he foregoing scaling simply suggests that the parallel width
electron and ion precipitations are an integral part of the elecshould scale with an effective Debye length determined by
trodynamics driven by a USBPS. A similar conclusion was the local plasma density and energy of electrons accelerated
drawn earlier from one-dimensional Vlasov simulations of by the potential drop supported by the parallel fields. The
DLs (Singh and Khazanov, 2003b). The broad cavity re-scaling in Eq. (3) can be used to derive an estimate for the
fills primarily from the top as the hot plasma expands into average parallel electric field in a double layer, namely,
the cavity; the PPD in the form of a corrugated DL occurs 1/2 1/2
in the density transition at the top of the cavity. When the E|90/Cpar=6T0 (@oku)”* x (nenp)/“mV /m “)
broad cavity shrinks sufficiently in height by the expanding The double layers formed at the bottom of the USBPS in
hot plasma from the top, it acts like a cavity resonator for theour simulations do obey the scaling shown in Eqgs. (3) and
ion-beam driven OIA waves, which initiate the cyclic pro- (4). For example, Fig. 13 shows that a pulse of positiye
cess of filamentation and redistribution of fields and densitypasses through the point (512, 256aB800 and again at
in the PS. The broad density cavities are bounded by inward=7500. The width of the pulses estimated from Eq. (1) is
pointing perpendicular electric fields. £par~6014, including the effect of the local density; this
Perpendicular scale lengths: The transverse size of the filagives an averagé&|~30/60=0.5, which compares well with
mented density and the associated potential structures scaléise amplitudes of the DL seen in Fig. 13. We point out that
with the perpendicular wavelength, , of the OIA mode and the above estimated width also compares well with the width
it turns out that | =27 p;;,, Wherep;;, is the average Larmor  estimated from the passage time multiplied by the downward
radius of the hot ions. Observations from FAST and Polarvelocity of the DL given in Eqg. (2).
cover the altitude range 3000—6000 km, over whighcould Pottelette at al. (2004) have reported identification of a
range over 0.2-2km and; ~1-12 km for hot ion tempera- narrow- in-altitude turbulent acceleration region with thick-
ture T;,~1-10keV. Thus, we suggest that the filamentationness of~10km from FAST data. Hull et al. (2003) have
process found in the simulations might be the mechanism foestimated a similar thickness from Polar. In this narrow
generating 1-20 km substructures reported from Polar obsettayer strong parallel electric fields occur, responsible for
vations (Mozer and Hull, 2001; Hull et al., 2003). the auroral electron and ion accelerations. Let us see how
Time scale of the cyclic behavior: The cyclic behavior of such observations on the vertical width &f compares
the USBPS seen in the simulation involving the filamenta-with the double layer scalings in Egs. (3) and (4). Pot-
tion and upward and downward motion suggest considerabl¢elette et al. (2004) report that for the narrow acceleration
fluctuations not only in the electron and ion accelerations,layer, ¢,~4 keV andn,=0.8 cnt3, for which Eq. (3) gives
but also in the shape, size and lifetime of the auroral density ,,-=3.5 km against their estimate ofL0 km for the vertical
cavities and electric fields. Since the vertical extent of thethickness of the layer. In view of the uncertainties in deter-
acceleration region is not precisely known, it is difficult to mining the plasma density,, the above comparison between
conjecture the time scales of such fluctuations. However, ifthe scaling derived from simulations and observations is fair.
we assume that the acceleration region extends from 3000 krithe scaling ofE); in Eq. (4) suggests that maximum value
to 8000 km, the dominant period is estimated to be the timeof parallel electric fields in the auroral plasma with densi-
taken for the PPD to descend down from top to bottom overties ~1 cmi~23 should be~700 mV/m for 1 keV parallel po-
this altitude range. Taking the velocity of downward mo- tential drop. Mozer and Hull (2001) reported a maximum
tion to be the ion-acoustic speed,, and the length of the field of 750 mV/m. Verification of Eq. (4), namely |«
acceleration regiot =1 R, the time scale for the fluctua- (o) Y/%x(nemp)Y/?, from satellite observations may prove
tions ist~L/Cs. If we useT,,=1keV andT;,=1-10keV invaluable in establishing the role of double layers in auroral
in Eq. (2), C;=630-1760km/s giving=3-10s. Itis inter- acceleration
esting to note that Trondsen and Cogger (1997, 1998) have Plasma turbulence: The frequency spectrum of the wave
reported that the lifetime of forms in the auroral arcs are inturbulence in the cavities extends from below the ion-
the range of 1-10s. cyclotron frequency to LH and higher VLF frequency band.
However, there are distinct peaks in the ion cyclotron, ion-
acoustic and LH frequency ranges (Figs. 13c and d). These
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features of the turbulence are seen in the data reported bgnd their strengths, (iv) formation of thin fingers in the PS
Hull et al. (2003) and Pottelette et al. (2004). Both paralleland counter-streaming of electron and ion beams in them
and perpendicular fields at times show spiky features, but nofv) corrugated bottoms of the USBPS and (vi) DL motion
in the region of the PPD, in which they appear as a broad orlnd cavity refilling. These dynamical features of USBPS are
narrow gquasi-steady structures depending on the trajectory afonsequences of microphysical processes and interaction be-
the traversal through the USBPS and the stage of its dynamitween them; the sequence of processes seen are the formation
evolution. of DL supporting PPD at low heights, acceleration of cold
Corrugated bottom of auroral potential structures: Theions into a beam, generation of cavity ion modes by the beam
bottom portion of the U-shaped potential structure is invari-when the cavity is sufficiently thin in height, filamentation of
ably found corrugated (Figs. 2-4, 7, 13), like that observedthe USBPS, formation of filamentary electron beams gener-
from Polar (Mozer and Hull, 2001) and FAST (McFadden at ating electrostatic whistler waves above the LH frequencies,
al., 1999). At times the corrugated structures are long form4ransportation of the PPD to large heights, plasma heating
ing thin fingers (Figs. 15 and 16); Figs. 3, 6 and 12 show goodand depletion below the PPD, cavity formation, downward
examples of such fingers over the time span from 5000—-600@notion of the PPD reaching heights where cold ions domi-
and 9000-10 000. We have shown here that corrugation (filhate. The acceleration of the cold ions forming a strong beam
amentation) are the results of ion-ion instabilities generatingre-triggers the sequence of processes repeatedly.
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