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Kinetic simulations of 3-D reconnection and magnetotail disruptions
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The effects of a full 3-D geometry on collisionless reconnection are still basically unknown. Large scale 3-D
particle-in-cell simulations are used to investigate the role of internal instabilities associated with the third dimension
on the reconnection process and to examine the effect of boundary conditions which are imposed on a localized
reconnection region by the large scale system. For an idealized current sheet of the Harris type the internal instabilities
are found not to substantially alter the structure of the 2-D diffusion region. A convection electric field localized near
midnight drives a magnetotail configuration to reconnect with the formation of a thin, electron dominated current
sheet and a region 2 sense field-aligned current system in the reconnection region. These processes, however, do
not appear to exhibit the characteristics associated with substorm onset.

1. Introduction

The conversion of energy stored in stressed magnetic fields
into high speed plasma flows and thermal energy via mag-
netic reconnection is a fundamental plasma process that oc-
curs in many plasma systems possessing magnetic shear.
Sawteeth and disruptions in tokamaks, substorms in the ter-
restrial magnetotail, and solar flares are several phenomena
which are believed to involve reconnection as a dominant,
although not necessarily the only, dissipation process. These
systems exhibit a certain commonality—magnetic energy ac-
cumulates on a relatively long time scale and is then released
suddenly or explosively on nearly the Alfvén time scale.

This bimodal character (directly driven versus explosive)
indicates that the understanding of reconnection must be pur-
sued at two levels: (1) the detailed microphysics which
breaks the frozen-in condition and allows plasma to slip
through the magnetic field and the lines of force to reconnect,
and (2) the effects of the boundary conditions which the large
scale system imposes on the reconnection region and the back
reaction on the global system of the reconnection-induced
changes in the magnetic field and plasma flow state. The mi-
crophysics will, of course, be different in different systems
(collisional versus collisionless), and the global boundary
conditions are system specific. Nevertheless, the common
explosive nature of reconnection suggests that a detailed un-
derstanding of these two aspects of reconnection in any one
system is likely to contain valuable lessons and insights for
the behavior of reconnection in other systems. In this paper
we use particle-in-cell (PIC) simulations to address aspects
of these twin issues.

Our present understanding of collisionless reconnection
microphysics is largely based on two-dimensional (2-D)
models. Under the GEM reconnection challenge program
(Birn et al., 2001 and references therein), numerical simula-

Copy right@© The Society of Geomagnetism and Earth, Planetary and Space Sciences
(SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan;
The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.

635

tions of a 2-D reconnection configuration have greatly clari-
fied the microphysics by which inflowing electrons and ions
decouple from the magnetic field in the diffusion region and
then flow away from the neutral line along with the recon-
nected magnetic flux. The dynamics of the system in the dif-
fusion region is linked to Hall physics and is characterized by
a quadrupole out-of-plane magnetic field pattern (Sonnerup,
1979; Terasawa, 1983) and a very thin (~ c¢/w),) electron
dominated current layer. A full 3-D geometry, however, al-
lows for a much larger class of instabilities, and it is possible
that the localized current layers observed in 2D could break
up, which could significantly alter the reconnection rate and
the structure of the discontinuities which develop outside of
the dissipation region. To investigate these issues, we present
in Section 3 the results of large scale 3-D PIC simulations of
reconnection in an idealized current sheet.

Understanding the onset mechanism for substorms re-
mains one of the preeminent problems in magnetospheric
physics. Recent multi-spacecraft studies (e.g., Angelopoulos
et al., 1997; Petrukovich et al., 1998; Lui et al., 1998) have
provided clear evidence that substorm onset and its associ-
ated phenomena occur in a limited longitudinal range on the
order of 3 Rg or less. These observations are inconsistent
with the traditional 2-D view that onset involves a tearing
instability along an extended neutral line. In an attempt to
understand such localized disruption in the magnetotail, we
present in Section 4 the results of 3-D PIC simulations of
driven reconnection in a model tail configuration. A lon-
gitudinally localized convection electric field is applied in
the lobes and at the inner (near-Earth) radial boundary. We
discuss the resulting reconnection process, including the for-
mation of an embedded thin current sheet and the generation
of a field-aligned current system.

2. Simulation Model
The simulations to be discussed in this paper employ a

3-D PIC model which retains the full dynamics for both
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electrons and ions. As described in Pritchett et al. (1996,
1997), the electric and magnetic fields are obtained by in-
tegrating the time-dependent Maxwell equations forward in
time using an explicit leapfrog scheme, and the relativistic
particle equations of motion are likewise integrated in time
using a leapfrog scheme. A Poisson correction is applied to
the electric field to ensure that the current continuity equation
remains valid for the charge and current densities interpolated
onto the spatial grid.

The present simulations employ two alternative initial
equilibrium configurations. The first is the generalized 2-
D Harris current sheet (Schindler, 1972; Birn et al., 1975;
Lembeége and Pellat, 1982) in which the 2-D magnetic fields
are obtained from the vector potential Ao, (x, z) given by

Agy(x,z) = LBoIn{cosh[F (x)(z/L)]/F(x)}. (1)

Here, F(x) is a slowly varying, but otherwise arbitrary, func-
tion. The B, field derived from (1) is

Box(x,2) = —BoF (x) tanh[F (x)(z/L)]. 2)

Thus the asymptotic (|z] — o0) strength of the By, field
is By F (x) and the effective sheet thickness is L/ F (x). We
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Fig. 1. Time histories of the absolute value squared of the ion density pertur-
bations in a 3-D current sheet simulation with normal field B, / By = 0.04.
The upper panel shows the pure kink modes (k, = 0, ky, =2, 3, 4), while
the lower panel shows the pure tearing modes (k, = 2,3, 4, k, = 0).

shall use the quasi-parabolic form for F'(x) introduced by
Lembege and Pellat (1982),

F(x) = exp(—ex/L), 3)

where € < 1 is a constant that determines the strength of the
normal field B, on axis,

By, (x, 0) = €By. 4
The density is given by
n(x,z) = np + ngF*(x)sech’[F(x)(z/L)],  (5)

where n,, represents a uniform background component.

The second configuration is more realistic for studies of
magnetotail processes. Here the magnetic field is given by a
superposition of a line (2-D) dipole and the current sheet equi-
librium (1)—(3) with € = 0.1. The ions are loaded initially
according to the distribution (5), and then they are allowed to
move under the influence of the combined magnetic fields.
This leads to an initial earthward flow, which then stabilizes
with the ion distribution experiencing no net force (Pritchett
and Coroniti, 1995). The electrons are then initialized at
the same spatial coordinates as the ions with a Maxwellian
distribution with a temperature 7,y = T;(/4 and a local drift
satisfying vy, = —(T,0/ Ti0) Vi -

Both initial configurations are independent of the y co-
ordinate (east-west in a magnetotail system), and thus it is
possible to assume periodic boundary conditions in y. At
the z boundaries, which are located far away from the cen-
tral current sheet, the perturbed components of the tangential
electric field (8E, §E,) and the normal component of the
magnetic field (§B;) are assumed to vanish, and particles
striking the boundaries are specularly reflected. At the x
boundaries particles are free to exit from the system, and
new particles are injected into the system based on a ther-
mal distribution. For the fields “open” boundary conditions
are assumed (Pritchett and Coroniti, 1998) whereby § B, and
S E, are taken to vanish. In addition, for the second (magne-
totail) configuration a localized convection electric field E,
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Fig. 2. Contour plot of the density in the x, y plane at x = 0 at time
Qjot = 64 for the same simulation as in Fig. 1.
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Fig. 3. Contour plots of the density in the x, y plane at z = 0 at times €2;o¢ = 48 and 62 for a 3-D simulation of the Harris neutral sheet with an initial

magnetic island perturbation.

is applied at the boundaries as described in Section 4. This
represents the field imposed on the magnetotail by the solar
wind.

Typical parameters for the first configuration (Section 3)
are a system size of —12.8c/w,; < x < 12.8c/w;,; and
—6.4c/wp; < y,z < 6.4c/wy;, where the ion skin depth
¢/wp; is computed using the peak density no. Additional
parameters are m; /m, = 25, T,/ T; = 0.2, n,/ny = 0.2, and
c/wpi = 10A, where A is the grid spacing. Some 25-30 x
10° particles are used for each species. For the magnetotail
configuration (Section 4) the mass and temperature ratios are
altered to m;/m, = 16 and T,/T; = 0.25, and the system
grid is changed to N, x Ny x N; = 128 x 256 x 192.

3. Reconnection in a Current Sheet

The structure of the diffusion region in collisionless recon-
nection and the factors controlling the rate of reconnection
have been examined in a large number of 2-D PIC simula-
tions in recent years (see the references in Pritchett, 2000).
When the third dimension is added, a new class of finite-k,
instabilities can be excited which may modify the structure
of the diffusion region. Of these new modes, the drift kink
mode (Zhu and Winglee, 1996; Ozaki et al., 1996; Pritch-
ett et al., 1996) has received considerable attention. This
mode is driven by the relative ion-electron drift parallel to
the initial current, and it results in a kinking or firehose dis-
placement of the current sheet in z. For small values of the
ion to electron mass ratio (m;/m, < 25) the growth rate is

up to a factor of two faster than for the tearing instability.
Figure 1 shows results from a 3-D simulation comparing the
time histories of the pure kink modes (k, = 0, finite k) and
the pure tearing modes (finite k,, k, = 0). In this simulation
the half-thickness of the current sheet is L = c¢/wp;, and
the normal field parameter is € = 0.04. The kink mode 2
with wavenumber ky,L = 0.98 dominates the evolution of
the current sheet. It reaches saturation at a time ;¢ ~ 50—
60, well before the tearing modes exhibit significant growth.
The displacements in z produced by the kink mode are of the
order of 1-2 L, and thus they do not completely destroy the
current sheet (Fig. 2). Also, the perturbed ion velocities are
much smaller than those for the electrons (by roughly a fac-
tor of (m,/m;)'/?), and consequently the cross tail ion flow
and current are not strongly modified. At later times the 2-D
tearing modes with kL ~ 0.3-0.6 do grow to substantial
levels at roughly the same rate as in the strictly 2-D (x, z)
case. This simulation shows no evidence for a “sausage”
type instability such as has been reported by Biichner and
Kuska (1999), nor is there any clear evidence for growth of
the lower hybrid drift instability. This latter mode is pre-
sumably stabilized by the finite k introduced by the initial
normal field component (Gladd, 1976).

A complete Vlasov analysis of the linear stability of the
drift kink mode has now been completed by Daughton (1998,
1999). He has shown that the dominance of the drift kink
mode relative to the tearing mode is an artifact resulting from
the use of the small m; /m, ratio. The drift kink growth rate
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Fig. 4. The current density Jy (x, z) averaged over all y for the ions and electrons at time €2;of = 62 for the same simulation as in Fig. 3.
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Fig. 5. Ton and electron bulk flow velocities in the x, z plane at y = —0.3¢/w; at time 2;ot = 62 for the same simulation as in Fig. 3. The peak ion flow

speed is 0.49v 4, while the peak electron speed is 2.15v4.
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Fig. 6. Initial magnetic field configuration for the magnetotail simulations. The left panel shows the magnetic field lines in a meridian plane and the
magnitude of the driving electric field £, applied at the lobe boundaries. The right panel shows the strength of the magnetic field in the equatorial plane
and of the driving electric field applied at the inner x boundary.
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Fig. 7. Contour plots of the magnetic field in the equatorial plane at times 2;or = 125 and ;o = 219 in the magnetotail simulation.

decreases rapidly as m;/m, is increased. Equality with the = width L ~ c/w,;) with the electron spatial scale as m./m;
tearing growth rate occurs for m;/m, ~ 80, and for the is decreased. This predicted decrease of the kink growth
proton/electron ratio of 1836 the kink growth rate is smaller ~ rate with increasing m;/m, has been verified by 2-D PIC
by a factor of ~20. This rapid fall off is a consequence of  simulations for values of m; /m, up to 100 (Hesse and Birn,
the reduced overlap of the antisymmetric E,(z) drift kink  2000).

eigenfunction (whose spatial scale is set by the current half In order to examine the process of 3-D reconnection when



640 P. L. PRITCHETT AND F. V. CORONITI: 3-D SIMULATION OF RECONNECTION

A N L YR
250F s v v s s v T
L A A I I B I A A A B B B B R O A O A B U B B A}
R N N R RN NN N
L T L T A I A I A IO T A O O A O O B B O B B A
LR O O L I I 2 B B T 2 B I T D U N NN B U I O O
L R B R I A N A I A A I O I I AR B I A
L O S A T I T U IO O B B I
L T T T T T T T W 2 N O N J T AN 2 W T O N BRI S B I W}
L I I O T I I T T W T ST B L N
L T I I I B T O A O T T S A O T W W W O ST SR A Y
LR O D I I I A B A I UL O O O NI O L B L B
L T T T T T T T T YO T Y T WO L W T T TR RO O ¥
200_....-A||||l\lll\.l\\l\\\\\ll\\\)
L T T T S O N T T T S S N N N O I O N N )
L T O T S S T A T W O T L U O O O O L W U B S WY
I RN R R R R N I R E D
L N T S S O S S S U SO Y VO Y O VO N T N WO N VO O O U O O MR
POV AL LRV EAVV VNV VNV VLV VN NV
R S N R N R RN A R
SAVEL L RLEAVNVAN NNV UNN Y NSV NV LV
L T S A A S N N N O O T N T N N N N N
fay VANNYNNNYNNNV VN VLV
.|.:i‘tttt\\\\\\\\\\\\\\\\\\\\\\
RS SRR IR RN
150 TR TSI
1]
[ ‘{{§}\\\\\\\\\\\\\\\\\\\\\\\\
[ \\\\\\\\\\\\\\\\\\\\\\ NNNNN Y
' N RN ANNANNNNNN N NN NN NN NSNS SN
' TN NNNNNN NN NN NNN NN SNNN YN NNY
> ' L UANANNNNNNNNNNNNNNNN N NN NV
‘ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\
LTI ANANNNNNNNNUNNNNNNNNN YN NNY
‘4 g\\\\\\\\\\\\\\\\\\\\\\\\\\\\
L R T I T e
IR
LY R R I N N
SRR AR R AR LR R R R R R R BB AR RRRRRRE
R R R R B AR AR R RRARARDRY
R E LR R N R
R R R R R I R R IR IR IR IR
. AR T T T U T T LT T W U W Y Y W W O W ¥ W Y
ot
ce
ML LI S O N O N T T B T W Y U SR T TR S WA Y O
I S N T SN I U S O O O O I O W O O O O W A N o
I A A I T T T T U T U T S W Y O O O O W Y
BOF - - vvvr v v v bV bRV
L R TR T Y T S N N T S O o O O S A O A W
' . R T LN I O L I O N R O A | IR \
L R S Y T I T T O I W I O O O A
vt e R R A A A A
Ve e nllll\lltlllll;llilt li\\
PN RN RN NN RN RN by
[EREEE -:ncntllllllllllllil ViV
PEEECEEE RN YRR ES NN
SR L A A I I A A A B S O I A A I O S
IEEIEETI N Y R
R N NN RN
0' | LN YA A AR W W Ll 1 )\
20 40 60 80 100 120

X

Electron Flow

250

20001t

.
P
PRI

PP

PR

wrr.

150+

\\\\\\--'-
NANNANN = e

B e ettt S SRR\ AN
TNSsSsSSSTSs sy ASSaSSe .

100"

B R e R e e R
B e N N N

T R
B i R NN NN NN G

R et Yy

C s e ———SA
B i e N R N

B R e NN L

PR

20 40 60 80 100
X

120

Fig. 8. ITon and electron flow velocities in the equatorial plane at time ;0 = 219 for the same simulation as in Fig. 7. The peak ion flow speed is 0.25v7;,

while the peak electron speed is 0.51v7;.

the drift kink mode is not completely dominant, we have
performed an additional simulation in which a perturbation
that creates an X line is imposed at ¢ = 0,

Y (x,z) = Yocos(wx/Ly) cos(mz/L:). (6)

This is analogous to the procedure used in the 2-D GEM mag-
netic reconnection challenge problem (Birn et al., 2001); the
net effect is to put the system in the nonlinear regime of
magnetic reconnection prior to the growth of the drift kink
mode. The subsequent evolution of the system is illustrated
in Fig. 3, which shows the density in the z = 0 plane at two
different times. At the earlier time (£2;or = 48) the expulsion
of plasma away from the neutral line accompanying recon-
nection has begun to lower the density in the diffusion region
near x = 0, while the kink mode has again created a modula-
tion in the density as a function of y. In the region of strongest
nonlinear development of the kink mode (y ~ 4c/w);), the
density variation is coherent across almost the entire system;
otherwise it tends to be localized in the outflow regions. At
the later time (£2;0t = 62), the 2-D reconnection has pro-
duced a strong reduction in the density in the central portion
of the plane for all values of y. The low density background
plasma which now dominates the central region has no rela-
tive ion-electron drift and cannot support the kink mode; the

kink perturbations are then swept out of the system.

Figure 4 shows the J, current densities averaged over all
values of y at time €2;o¢ = 62 for the ions and electrons. This
plot shows that the characteristic thin electron current layer
with vertical scale size of a few ¢/w,, is formed in the 3-D
case as well. Here the electron current dominates over that
for the ions, despite the much higher initial ion temperature.
Figure 5, which shows the bulk ion and electron velocities in
the x, z plane at y = —0.3c/w,;, indicates that the inflow-
ing ions become demagnetized at distances of a few c¢/w);
away from the neutral line and then are accelerated toward
the outflow boundary, reaching a speed of ~0.5-0.6 v4. The
electron flows are strongly perturbed by the kink mode in the
outflow region. In Fig. 5, the electron v, flow is mainly neg-
ative, whereas at a half wavelength away, the flow is mainly
positive. On the average, however, the differences between
the electron and ion flows in the x, z plane (Hall effect) pro-
duce the characteristic quadrupolar B, field as observed in
2-D treatments of reconnection.

It thus appears that the reconnection process for a current
sheet in 3D is quite similar to the familiar 2-D case. For
a realistic m; /m, value, the drift kink mode is not likely
to play an important role, except perhaps for modifying the
electron flow velocities. The reconnection rate is mainly
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Fig. 9. Contour plots of the density, electron current density Jy, and ion
current density Jy in the x, z plane averaged over the spatial interval
112 < y/A < 144 at time Q;ot = 219 for the same simulation as in
Fig. 7.

sensitive to whistler dynamics in the region outside of the
thin electron layer, and this physics does not seem to be
modified significantly in 3D.

4. Driven Reconnectionin a 3-D Model of the Mag-
netotail

Figure 6 shows the initial magnetic field configuration for
the magnetotail simulations. The left panel shows the mag-
netic field lines in a meridian plane. The line dipole is located
at x = 0, and the simulation region extends from x /A = 10
to x/A = 138. The right panel shows the strength of the
magnetic field in the equatorial plane. This varies from 5.1 By
at the left boundary to 0.13 B, at the right boundary, where
By ~ 20 nT is a typical lobe field strength. This variation in
B, corresponds roughly to the range from 7 Rg to 20 Rg in
the tail. The initial plasma sheet half thickness is relatively
large, with L/ p;o ~ 4, where p;q is the ion gyroradius in the
lobe field.

To model the effect of the convection electric field imposed
by the solar wind on the tail, we impose a boundary field

J Parallel
z >0

256.
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-0.03

-0.04

-0.05

10. 74. 138.

Fig. 10. Contour plotattime 2;or = 219 of the field-aligned current density
Jy(x, y) integrated over all z > 0.

E, in the lobes and at the inner boundary. As indicated
schematically in Fig. 6, the strength of this field decreases
linearly with increasing distance x. As a function of y, the
field has a sech? dependence, with the maximum occurring at
y/A = 128; this defines midnight in the simulation. Values
of y/A > 128 then correspond to the dawn side of the tail,
and values of y/A < 128 correspond to the dusk side. This
driving field is directed from dawn to dusk, and it is turned
on smoothly at the beginning of the simulation over a period
of Qo ~ 5, roughly a full ion gyroperiod. The peak driving
field has a strength (c/vr;)Eoy/Bo = 0.08, where vy; =
(2T;9/m;)'/? is the ion thermal speed.

The effect of the inductive field at the inner boundary is
to pull flux out of the simulation region. Thus the equatorial
magnetic field is locally reduced. This is illustrated in Fig. 7.
As shown in the left panel (2;of = 125), the contours of
B, are pulled closer to the dipole region near midnight; as
a consequence of the flux depletion, the field in the mid-tail
region is reduced. As this process continues, the equato-
rial field is driven to reverse sign, i.e., to reconnect, in a
localized region stretching dawnward from midnight (right
panel, Q2;0t = 219). At still later times this southward B,
region continues to expand dawnward and tailward. As the
reconnection field region develops, the magnetic field lines
locally become ever more stretched and then develop a spiral
structure resembling a flux rope.

The cross tail current becomes locally enhanced in the
region of decreasing field strength. This is to be expected
since pressure balance requires that J,B,/c = dp/dx, and
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the pressure gradient does not change appreciably. This en-
hanced current is primarily carried by the electrons. Figure 8
shows the equatorial flow velocities of the ions and electrons
at Q;ot = 219. The ion flow is enhanced and diverted tail-
ward in the reconnection region; the peak speed is 0.25v7;.
The electron flow is strongly localized between y/A ~ 100
and y/A =~ 150 and is diverted tailward in the dawn portion
of this region; the peak speed is 0.51vy;.

Figure 9 shows density and current distributions in the
meridian plane averaged over the region 112 < y/A < 144.
It is apparent that the enhanced electron current is contained
in a thin current sheet within the much broader plasma sheet
determined by the density and ion J distributions. At later
times, the higher density plasma at the center of the sheet
tends to expand tailward on the dawn side of midnight, while
lower density plasma moves earthward on the dusk side of
midnight. The electron current region then extends further
tailward, but it is broader and has a smaller magnitude in this
region.

The enhanced equatorial current near midnight is in fact
connected to a field-aligned current system. Figure 10 shows
the parallel current integrated over all positive values of z
projected onto the x, y plane. (Integration over all z < 0
gives a plot with a reversed sign.) The color coding is such
that blue corresponds to a current out of the ionosphere and
into the tail, while yellow-red corresponds to a current out
of the tail and into the ionosphere. Thus there is a region
2 type current system whose elements are located on either
side of midnight; this current system feeds the enhanced
current in the reconnection region. It has the opposite sense
to the region 1 current system associated with the current
wedge and the reduction in cross-tail current associated with
substorm onset.

5. Summary and Discussion

We have used 3-D PIC simulations to make some initial
studies of the effects on collisionless reconnection of the new
processes present in a fully 3-D configuration. For the ideal-
ized current sheet of the Harris type, it appears that the drift
kink mode will not play a significant role for a realistic value
of the ion to electron mass ratio. In the absence of this mode,
the tearing instability appears to develop quite similarly to
the well-investigated 2-D case. The diffusion region devel-
ops a multiscale structure based on electron and ion scale
lengths (Biskamp et al., 1997; Shay et al., 1998). Within a
distance of the order of ¢ /w;, the ion motion decouples from
that of the electrons, and the ions are accelerated away from
the X line. The electrons remain frozen-in to the magnetic
field down to the scale of ¢/w,,. Within this region the elec-
trons are strongly accelerated by the induction electric field
E, and they are the dominant carrier of the cross-tail current
Jy. Previous studies have shown that the reconnection rate
is essentially independent of the specific mechanism which
breaks the frozen-in condition in this inner region (Shay and
Drake, 1998; Birn et al., 2001).

A 2-D tearing instability, however, cannot account for the
localized onset of substorms in the geomagnetic tail. We
performed a 3-D simulation in which a localized convection
electric field was applied at the lobe and near-Earth bound-
aries. This resulted in a localized reduction in the equato-

rial magnetic field and a stretching of the field lines. This
process was accompanied by the formation of an embed-
ded thin current sheet where the electrons are the dominant
current carrier. This thin region of enhanced cross-tail cur-
rent is connected to a type 2 field-aligned current system.
If the driving process continues, localized reconnection oc-
curs with the formation of a region of southward B,. This
region of increased density and southward B, then expands
tailward. This simulation fails, however, to reproduce the
substorm current wedge phenomenon which involves a di-
version of part of the cross-tail current into the ionosphere,
and thus its relevance to substorm onset is ambiguous at best.
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