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Abstract. Recent observations from the THEMIS mission tosphere, and in the tail in particular. Shear Alfvwaves
have focused attention on the timing of events in the mag-nediate changes in the field-aligned currents that are gener-
netotail during magnetospheric substorms and other periated during substorms. The rapid enhancement in the night-
ods of geomagnetic activity. Standard models of substormside field-aligned currents that constitute the substorm cur-
have generally emphasized convective flows as the majorent wedge is carried by these At waves. Compressional
source of energy and momentum transport; however,8dfv  fast mode waves can transmit changes in the total pressure
wave propagation can also be an important transport mechbetween different regions of the tail. For example, the dipo-
anism. The propagation of Alen waves and the related larization that occurs during the substorm could be viewed
field-aligned currents are studied by means of ideal MHDas a rarefactive wave propagating from the inner tail to the
simulation of the tail. Perturbations of the cross-tail currentmid-tail region, or conversely as a compressional wave prop-
can lead to the generation of such waves, and the resultinggating earthward from the mid-tail. These waves often oc-
propagation both through the tail and along the plasma sheetur in isolated pulses or wave packets, rather than continu-
boundary layer can lead to enhanced transport. Implicationsus sinusoidal waves. The dynamics of these wave packets
of this wave propagation on the interpretation of results fromis an important consideration for the evolution of the magne-
the THEMIS mission will be discussed. tosphere, especially during substorms (e.g., Song and Lysak,
1994, 2000, 2001). In this paper, we will use “waves” and
“wave packets” interchangeably, since the propagation char-
acteristics of waves and wave packets are similar.

Keywords. Magnetospheric physics (Magnetotail; MHD
waves and instabilities; Storms and substorms)

The importance of wave propagation to energy transport
between the tail and the auroral zone has been emphasized
by observations at the plasma sheet boundary layer by Po-

The propagation of MHD waves and wave pulses in the maglar, Cluster, and FAST (Wygant et al., 2000, 2002; Keiling
netotail represents an important mode of energy and momergt &l 2000, 2001, 2002, 2003, 2005; Angelopoulos et al.,
tum transport between this region and the inner magneto2002; Nakamura et al., 2004; Dombeck et al., 2005). These
sphere. On slow time scales, convection of the magneto®Pservations show that the Poynting flux carried by shear
spheric plasma is the major mechanism to transport massA,"fV en waves can be the (_jomlnant energy flow along auroral
energy and magnetic flux throughout the bulk of the magne-f'e|d lines, especially durmg substorm times. Angelopou-_
tosphere. On the other hand, during substorms when thertoS €t al. (2002) have considered examples when the Geotail
are rapid changes in the magnetospheric stresses, wave prop?d Polar satellites were conjugate to one another, and de-
agation can be a competitive factor in transporting energyt®rmined that a large fraction of the Poynting flux observed
and momentum (Song, 1998). Ultra-Low-Frequency (ULF) f’it larger d|st_ances by Geot_a_ll was d|53|pated before reach-
waves play a number of roles in the overall picture of tail dy- NG Polar altitudes. In addition, they pointed out that the
namics. Such waves are responsible for the communicatio§nergy flux associated with bursty bulk flows may be con-

of shear and compressional stresses throughout the magn¥erted to Poynting flux associated with shear &lfwvaves.
Similar wave activity has been seen from Cluster by Naka-

mura et al. (2004) who determined with direct multi-point
Correspondence taR. L. Lysak measurements that these waves had wavelengths perpendic-
BY (bob@aurora.space.umn.edu) ular to the magnetic field as small as the electron inertial
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length. These results verified the indirect result of Wygant A final mechanism that will be considered for field-aligned
et al. (2002) who used the local kinetic dispersion relationcurrent generation is linear mode conversion at the plasma
(Lysak and Lotko, 1996; Lysak, 1998) to estimate the per-sheet boundary layer (e.g., Hasegawa, 1976; Goertz and
pendicular wavelength from the ratio between the wave elecSmith, 1989; Harrold et al., 1990; Allan and Wright, 1998,
tric and magnetic fields. In addition, Wygant et al. (2002) 2000; and Wright and Allan, 2008). If fast mode waves
have suggested that these Afvwaves may have a direct ef- are produced in the plasma sheet, they will propagate nearly
fect on particle acceleration, since they observe acceleratedotropically through the sheet, and will quickly reach the
field-aligned electrons, sometimes counter-streaming, in thdoundary layer. Due to the strong gradient in the Atfv
presence of short-perpendicular wavelength @ifwvaves. speed at this layer, the fast mode can convert into the shear
This electron energization is consistent with the parallel po-Alfvén mode, similar to the effect that occurs in the excita-
tentials expected in these waves from the kinetic &tfwave  tion of field line resonances. These Agfv waves will then
dispersion relation. Furthermore, Mende et al. (2003) havepropagate along the field line, where they can reach the Earth.
shown from FAST and IMAGE observations that the auroral Such waves have been observed at the boundary layer by Po-
arc that brightens at substorm onset is due to the&div  lar (Wygant et al., 2000; Keiling et al., 2003). They may
acceleration of electrons rather than a quasi-static inverted-\possibly be associated with Poleward Boundary Instensifi-
electron population. cations frequently seen during the later stages of substorms
Previous theories of field-aligned current generation (e.g.(Lyons et al., 2002).
Hasegawa and Sato, 1979; Sato and lijima, 1979; Vasyliu- The purpose of this paper is to investigate the propaga-
nas, 1984) are based on a quasi-static force balance and cutien of Alfvén waves in the magnetotail during substorms by
rent continuity, and so cannot describe the highly dynamicalmeans of a three-dimensional ideal MHD code (Ryu et al.,
situation occurring at substorm onset. Since the shea@Alfv 1998). This code treats purely ideal MHD, and thus cannot
wave carries changes in the field-aligned current, a dynamiedescribe the physics of reconnection or kinetic instabilities;
cal theory of field-aligned current generation must also in-however, it does have very low numerical dissipation so that
volve the generation of shear Aflm waves. In an ideal the wave propagation can be accurately treated. The next sec-
MHD situation, Ampere’s Law and Faraday’s Law can be tion will briefly describe this code. The following two sec-
combined with the ideal Ohm’s Law to show that currents tions will describe results from two runs of the code. The first
are generated when there is a gradient in the field-alignedonsiders a region farther back in the tail in which the current
vorticity along magnetic field lines (Song and Lysak, 1997, sheet can be modeled as a Harris-type equilibrium with a fi-
2000). In the magnetotail, this situation can arise duringnite plasma sheet including narrow boundary layers and the
three-dimensional, time-dependent reconnection. Such retransition to the lobes. This model can be used to study mode
connection will produce a plasma flow localized in space andconversion at the plasma sheet boundary layer. The second
time, both Earthward and anti-Earthward from the reconneccase will consider a region closer to the Earth where a finite
tion site. Since this flow is localized in the azimuthal di- B, component of the background magnetic field is present,
rection, there will be a field-aligned vorticity produced that which will allow a study of field-aligned current generation
is southward on the dawn side and northward on the duskluring current disruption and the possible propagation of rar-
side. This will produce a field-aligned current toward the efactive waves tailward. This model uses a Lembege-Pellat
Earth on the dawn side and away from the Earth on the duslapproximate tail equilibrium as the starting point. In each of
side (e.g., Birn and Hesse, 1991, 2000). Currents producethese runs, the current sheet will be perturbed by reducing
by such localized flows have been observed by Cluster (e.gthe current strength locally. The results will be discussed in
Volwerk et al., 2004, 2007), and were associated with thethe final section.
Kelvin-Helmholtz instability.
Another proposed current generation mechanism occurs
during the so-called Hall reconnection including two-fluid 2 Numerical model
effects (e.g., Sonnerup, 1979; Birn and Hesse, 2001; Shay
et al., 2001). In this case the demagnetization of ions in a@Dur main computational tool to examine these questions is
thin current layer causes an overshoot, leading to a perperan existing three-dimensional MHD model that has been de-
dicular current away from the reconnection site. On the othewveloped by the University of Minnesota Astronomy Depart-
hand, the confinement of electrons to a narrower current layement (Ryu and Jones, 1995; Ryu et al., 1995). This code
leads to an electric field pointed toward the reconnection siteis based on a total variance diminishing (TVD) conservative
Thus, in this situationj - E <0, constituting a generator. The scheme that has proven to have very low numerical dissipa-
resulting outgoing Alfén waves produce a quadrupolar sig- tion (Ryu et al., 1995). This code has been used to study
nature in the out-of-plane component of the magnetic fieldthe MHD Kelvin-Helmholtz instability in two dimensions
that has recently been observed on satellites (e.g., Qieroset frank et al., 1996; Jones et al., 1997) as well as in three
al., 2001; Mozer et al., 2002). dimensions (Jones et al., 1999; Ryu et al., 2000). The three-
dimensional code has been applied to several challenging
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astrophysical problems, including the Parker instability (Kim t= 0.00, x= 5.00, y= 0.00, Va, Cs, Cf
etal., 1998, 2001), and supersonic MHD jets (O'Neill etal., [T
2005). This code has been applied to magnetospheric situ-
ations such as the Kelvin-Helmholtz instability at the mag- 200
netopause, including the effects of oblique magnetic fields
(Keller and Lysak, 1999), the generation of field-aligned cur-
rent in three dimensions (Keller et al., 2000), and the excita- £
tion of magnetospheric waveguide modes (Keller and Lysak, g
2001). In addition, we have used this code to study mode g 1000
conversion at the plasma sheet boundary layer (Lysak and
Song, 2004).

This code is well suited to studying wave propagation in
the tail. In this code each cell interface is treated as a Rie-
mann problem considering the 7 MHD wave characteristics Oy - .
(corresponding to propagation at the convection speads Z Ry
the wave speedstc;, wherec;, i=1, 2, 3 are the fast, inter-
mediate and slow MHD wave speeds). The order in whichFig. 1. Profiles of the Alfién speed (solid), sound speed (dotted),
the interfaces in the three dimensions are computed is pe@nd fast mode speed (dashed) for the profiles used in the Harris
muted to preserve second-order accuracy. Outflow boundsheetruns.
ary conditions are implemented by considering only the out-
bound wave chara_cterlsncs on the boundary. The code 8300 192x 192 cells. Outflow conditions are assumed at
tested by introducing fast, shear and slow waves propagat- o
. . ; . each boundary, and the runs are done as an initial value
ing obliquely across the grid, and effective Reynolds num-

bers the order of owere achieved in a grid with 256 cells problem, where the initial equilibrium is perturbed by a local
in each direction (Ryu et al., 1995). In general, the direc_reduction in the cross-tail current. This reduction mimics
tional splitting used i)r/1 the Co"de WOU|.d no?preseﬁ,/dizo the effects of non-ideal MHD processes within the context

. . P of our ideal MHD model. This perturbation is modeled
Maintenance of a divergence-free magnetic field is accom-

. N ST : : by a three-dimensional Gaussian in the vector potential,

plished in this code by a non-directionally split solution of - . . o
) . . which models an obstacle (such as localized resistivity) that
Faraday’s Law, calculating the magnetic flux transport across )
each cell boundary by finding the electric field along the ceIICurrent must flow around (Song and Lysak, 1989; see also
y by g g Fig. 2b in Lysak and Song, 1990). It should be noted that

edges and computing the emf around each cell face (Dai and . ; .
Woodward, 1998; Ryu et al., 1998). such a perturbation could either be the result of localized,

The eigenmode structure of MHD waves in the magr]e,[o_three—dimensional reconnection at the current sheet or the
. . result of a localized resistivity due to a kinetic current
tail geometry has been considered for many years (e.qg., Pateilhstability
1968; Siscoe, 1969; McKenzie, 1970; Hopcroft and Smith, '

1985; Seboldt, 1990; Rickard and Wright, 1994; Allan and

Wright, 1998, 2000; Wright and Allan, 2008; Lee and Hau, 3 Harris sheet profile including boundary layer
2008). These studies show that the magnetotail can constitute
a waveguide for compressional mode waves. Finite differ—A
ence modeling of these waveguide modes has been done b(%
Allan and Wright (1998, 2000) and Wright and Allan (2008) o
using a linear, cold plasma model. The model presented her:

improves on these models by considering a fully nonlinear,file that reverses the magnetic field from a value-dfs nT
warm plasma MHD description of the tail. A nonlinear resis- to 15nT over a sheet thickness of ®3. The density in the

tive MHD code has been developed by Birn and co-workers . o —2 i
(Bir and Hesse, 1991, 1996, 2000: Bin et al,, 1996). Our°SYMPIOtiC region is 1cm andf=4, with pressure balance

: N ; . assumed throughout. The boundary layers are modeled b
model is quite similar to this work; however, we treat an ideal d v ey y

MHD model that has lower dissipation than these models, al_hyperbollc tangents centeredzgy, =+1.8R; with a thick-

_ o i ness of 0.R that increase the magnitude of the magnetic
lowing a good description of the wave propagation. On thefield to 30nT and decrease the density to 0.T8mAgain

other hand, without resistive terms our model cannotdirectlythe pressure is in balance with the magnetic field pressure
model the reconnection region that was considered by Birn’sIeading t08=0.25 in the lobe regions. Thus, the total mag- '

models. . ._netic field can be written as
For the runs presented below, the box size is

10RErx6 Rgx6 Rg (with the longer side being in the
GSMx direction) with a spatial resolution of 200 km, giving

1500

m/s)

L T A S A R L L B

N
w

first attempt to model wave propagation in the tail was

tempted using a Harris sheet profile including the plasma
be and thus gradients at the boundary layer. First, the mag-
fetotail current sheet is modeled by a hyberbolic tangent pro-

+tanh
Az Az

B —
By (2) :BpgtanhAi+7L (tanhZ+ZBL z ZBL) B
z
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Vx, Vy, t=50.1, z= 0.00, Max=64.27 km/s Vx, Vy, t=100.1, z= 0.00, Max=132.41 km/s
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Fig. 2. Velocity vectors in the=0 plane at 50, 100, 150, and 200 s into the run.

where Bpg=15nT, B;=30nT andAz=0.3Rg. Figure 1 t=200 s the acceleration has slowed as the field lines relax. It
shows the resulting profile of the wave speeds. In this fig-can also be seen that due to the finite extent of the accelerated
ure, the solid line denotes that Am speed, the dotted line plasma in the y-direction, the flow diverts and forms vortices
the sound speed, and the dashed line the fast mode speeat the endpoints, similar to previous simulations (e.g., Birn
Note thaty=5/3 is assumed. and Hesse, 1991).
In this run, the reduction of the cross-tail current is mod-  Figure 3 shows the total pressupe+B2/2 1) in the y=0
eled by a Gaussian perturbation in the vector potential thaplane at the same times as in Fig. 2. Perturbations in the to-
has the form: tal pressure are indicative of fast mode pulses. Comparing
A, (x) = Aoe,(xzﬂz)/Aie,yz/Ayz @) these figurgs, one can see that there is a peak irll.the pressure
at the leading edge of the flow pattern. In addition to this
where A, =0.3R; and Ay=1.0Rg. This perturbation was expected pattern, it can be seen that there is a leading front
introduced at the left sidex€0) of the simulation volume. of enhanced pressure that runs ahead of the flow pattern, rep-
The magnetic field produced by this perturbation takes thgesenting a fast mode perturbation. Note that this perturba-

form tion expands to fill the plasma sheet, as it should since the
24. fast mode propagates nearly isotropically. In particular, this
B (x) = A—; (zi — xé) (3) perturbation reaches the plasma sheet boundary layer, where
1 it can mode convert to an Alen wave propagating along

This magnetic perturbation can be described as a toroidal pethe magnetic field lines. In this run, the initial pressure was
turbation that is associated with a poloidal current. This per-0.425 nPa everywhere in the system, so the fluctuations in the
turbation reduces the cross-tail current in the center of thepressure are only abott10%. Thus, this fast wave pulse is
perturbation, diverting the current around the perturbation sgather weak and might not stand out clearly in observations.
thatVv-j=0 is preserved. This configuration results in an un- The Earthward component of the current (essentially the
balanced x B force that will accelerate plasma to the right field-aligned current) is illustrated in Fig. 4, which plots the
(i.e., Earthward in this case). Figure 2 shows the flow vec-current at times of 70, 80, 90, and 100 s. These field-aligned
tors in thez=0 plane at 50, 100, 150 and 200 s into the run. currents are signatures of Afm mode perturbations. This
The acceleration of the plasma flow by the unbalanced forcefigure is a cut offset from the center of the simulation, at
can be clearly seen. Note in particular that the maximum ve-y=1.8 R, since the current has a nodeyat0. The black
locity increases by about 65 km/s in each panel, although bylines in this figure are the points whejg=0. Strong currents
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Fig. 3. Contours of the total pressurp-{B2/2 11¢) in the y=0 plane at the same times as in Fig. 2.
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Fig. 4. Contours of thej, current at 70, 80, 90, and 100 into the run. Blue and black colors are negative (tailward) currents and green and
red are positive (Earthward currents). The black contours give the zero current level.

with both signs are found near the central current sheet irever, in this case, the flows are weaker than those in the Clus-
this figure. These are the currents directly related to the flowter observations. In addition to these currents, however, are
vortices shown in Fig. 2. These currents correspond to thoseurrents at~+1.8 Rg, at the location of the plasma sheet
seen, for example, in Birn et al. (1996). For strong flows, boundary layer. In contrast to the earlier figures, here there is
these flow shears can be unstable to the Kelvin-Helmholtz ina time difference of only 10 s between the panels in order to
stability, as observed by Cluster (Volwerk et al., 2007); how- show the rapid propagation of the Aéa wave carrying these
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P (nPa), t= 0., y=0.0 4 Tail model with finite B,

While the Harris sheet model above is instructive, it is not

2 very realistic, particularly closer to the Earth where a finite

04 B, component to the field is likely. In such a case, there
are a number of quasi-equilibrium solutions (see, e.g., Lui,
2004) based on the assumption that variations in the down-
tail (x) direction are weaker than those in the north-sowth (
direction. Here, we will adopt the model of Leide and
Pellat (1982), in which the vector potential takes the form:

Z(Ry)
o

e Ay =h(x)—ABgln cosh[i exp(igo)ﬂ (4)
0 2 4 6 8 . . . .
X Ry) whereh(x) isa slowly varying function. Note t.hat this model
reduces to the Harris sheet in the case whieie0. For the
Jy mA/m?), t= 0., y=0.0 model presented here we will takégx) =Boexe®*/*. In this
model, the magnetic field at0 is just B,=dh/dx and the
pressure is given by

B2
20 p(x,z) = =L e2Ay/4Bo )

- 210

& 15 Figure 5 shows (a) the contours of pressure for this model

N (which are the same as the magnetic field lines) and (b) the
X magnitude of the cross-tail current for this case. Here the pa-

rameters aré8y=30 nT,£=0.03, and\.=1.8 Rg, so that the z-

05 component of the magnetic fieldat0 ranges from 0.9 nT to

1.24nT asx increases from 0 to 1Rg. The tail-like geom-
etry can be clearly seen as well as the fact that the cross-tail
X (Rg) current increases as one moves toward the Earth.

This run is initiated with a perturbation that reduces the
Fig. 5. Contours of pressure (top) and cross-tail current (bottom)cross tail current at the center of the system from its initial
for the equilibrium model described in Egs. (2) and (3). Note thaty5|ye of 2.4 nA/mM to 0.5 nA/nf. The state of the system
the pressure contours are equivalent to magnetic field lines. after 100s is shown in Fig. 6. The first panel of this figure
shows the velocity vectors in the0 plane. A four-fold vor-
tex structure is clearly seen. This structure is formed since

currents at the boundary layer. The current signature travelghe B, component associated with the current perturbation

about 68z in 30s, corresponding to a velocity of 1280 km/s gives g x B force in the x-direction that drives plasma away

comparable to the Alfén speed in the boundary (see Fig. 1). from the region of the per_turbatlon. The d|ve_rg|n_g flow of
L . o plasma away from this region leads to a reduction in the total
It is important to note that there is no significant plasma flow

in the boundary layer at these times, and so the excitation opressure, providing a force that accelerates the plasma in the

, ; . . a/-direction to fill the low pressure spot. This local reduction
these Alfien waves is a mode conversion effect as describe . )
above. in the pressure sends a fast mode signal through the tail, as

shown in panel (b) of the figure. Again, this fast mode wave
Thus, this run illustrates the ability of a generation of is not very strong, having a pressure variation@.1 nPa.

Alfv én waves at the plasma sheet boundary layer by mode The vortical motion of the plasma leads to a twisting of
conversion, even though the original reduction of the currenffield lines, and thus to the generation of field-aligned current.
(which could be, but is not necessarily, due to reconnection)This current is shown in Fig. 6¢, which shows theompo-
is confined to a current sheet embedded within the plasmaent of the current on the=1 plane (note that this is only
sheet. The wave propagation speed at the boundary layer &pproximately the field-aligned current). This plane is on the
much faster than the wave speed in the center of the plasmpre-midnight side of the magnetosphere, and so the negative
sheet, and so a more rapid communication of the state of theurrents in the direction of the Earth indicate upward currents
tail to the inner magnetosphere is possible. Such rapid wavén the ionosphere, in the proper sense for Region 1 currents,
propagation at the boundary layer may be responsible for ther alternatively, the pre-midnight leg of the substorm current
so-called poleward boundary intensifications (Lyons et al.,wedge. Similar current structures have been seen in simula-
2002). tions by Birn and Hesse (2000). Finally, Fig. 6d shows the

Ann. Geophys., 27, 2232246 2009 www.ann-geophys.net/27/2237/2009/
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Ptot (nPa), t=100., z= 0.0
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Fig. 6. Fields at 100 s into the run based on the equilibrium model in Fi@r)slop left: velocity vectors in the=0 plane;(b) Top right: Total
pressure contours for the0 plane;(c) Bottom left: Contours of the Earthward current at kel plane; andd) Bottom right: Contours of
the B; magnetic field.

B, component of the magnetic field, indicating that a region By (nT), t=100., y= 1.0

of negativeB, occurs just tailward of the perturbation. Since £ ‘ , ‘ ‘
the perturbation is localized in the y-direction, this localized £
region of negatives, does not necessarily involve the forma-
tion of a large scale plasmoid heading tailward in this case.

A final point to be made from this run is illustrated in
Fig. 7, which shows th&, component of the magnetic field
on they=1 plane at the same time as the fields shown in
Fig. 6. It can be seen that a quadrupolar patterBimccurs,

Z (Rg)

consistent with the currents shown in Fig. 6¢. It is worth 2, _ o
noting that such a pattern is often invokes as the signature ;

of “Hall reconnection;” however, this run is calculated using -8 s x w w

ideal MHD without the Hall term. It is probably more accu- 0 2 4 6 8

rate to describe such a pattern as the signature of localizec R iBs)

field-aligned current generation in the tail. Certainly, such

current generation could be the result of the charge separa{:- e . i

tion that oceurs in thin current sheets due to the breakdow guadrupolar pattern, similar to that found in the Hall reconnection
. . . . L rE)icture. However, this differs since the polarity of the field is re-

of the ion frozen-in condition (i.e., the Hall term), but this is \a seq for negative values of

not the only way in which such currents can be generated.

ig. 7. Contours of theB, component in the=1 plane. Note the

There are at least two distinguishing characteristics be-

tween the pattern shown in Fig. 7 and that produced by two-+that the Hall reconnection picture is two-dimensional, and so
fluid effects in reconnection. The first is the scale size, whichthe same pattern is seen independent of the y-coordinate. In
is much larger in Fig. 7 than the ion inertial length. Hall the case of a localized three-dimensional current generation
reconnection produceB, signatures that are the order of a process, the pattern reverses depending on whether the ob-
few times the ion inertial length, as is seen in both data andservations are duskward and dawnward of the reconnection
simulation (e.g., Phan et al., 2007). Larger scale regiongegion. For example, the perturbationsat-1 in our simu-

of this out-of-plane magnetic field would indicate alterna- lations (not shown) has exactly opposite sign to that given in
tive current generation scenarios. The second difference ifig. 7. Observations at points separated imight then be
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able to see such differences. While the Cluster spacecraft anent system” which is misleading since most of the observed
relatively closely spaced, observations from THEMIS might currents are field-aligned. Only the closure current near the
shed light on this question. reconnection region can accurately be described as the Hall
current. Rather than being the signature of whistler mode
waves, which are often associated with the Hall term, these
5 Conclusions fields are usually better described as shear&ifwaves that
carry energy away from the reconnection region and lead to
These results have illustrated the relationship of &tfv  field-aligned currents that can propagate to low altitudes and
waves and field-aligned currents to perturbations in the tailaccelerate auroral particles.
current sheet. From the point of view of this work, we make  In conclusion, the results presented here have illustrated
no distinction between magnetic reconnection and currenthe role of MHD wave propagation in the tail in two different
disruption processes: both processes lead to the localizegituations. In the Harris sheet model including the boundary
reduction of the cross-tail current. It is important to recog- |ayers, the simulations show that fast mode waves are gen-
nize that this localized reduction might not necessarily leaderated that can mode convert to shear Alfwvaves at the
to field-aligned current generation, as is implied by the stantoundary layer. The second model based on an equilibrium
dard picture of the substorm current wedge. In principle, thismodel including finiteB, in the initial state has shown how
current may just be diverted around the region of reduction.a localized current disruption can generate field-aligned cur-
However, in the dynamical situation shown here, the plasmaents due to the force imbalance that generates vortical flows
flows caused by the force imbalance produced by the curreni the plasma sheet. Such a scenario also produced fast mode
reduction act as a generator, twisting field lines (e.g., Songwaves that propagate tailward and a quadrupslasigna-
1998). ture that is generally indicative of localized field-aligned cur-
Since the localized current perturbations produce a localvent generation, either due to Hall effects or simply the three-
ized enhancement of the flow, the plasma is compressed atimensional structure of the currents. Future work will cou-
the leading edge of the flow and reduced in the region ofple this tail model to a model of the inner magnetosphere
the perturbation. The resulting pressure perturbation leadso that these current perturbations can be connected to the
to fast mode fronts that can propagate nearly isotropicallyauroral processes that are an essential feature of substorm
through the plasma sheet. Since these waves are not comlynamics.

fined to a single field line, they generally do not grow to large
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