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Electromagnetic waves generated by ionospheric
feedback instability
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[1] A new interactive M-I coupling model that describes the dynamic interaction between
magnetospheric dispersive waves, compressional modes, and auroral electron
precipitations is applied to investigate the geomagnetic electromagnetic pulsations
observed in Earth’s magnetosphere in terms of magnetospheric waves triggered by
ionospheric feedback instability. Two new aspects of this work are that (1) we treat the full
nonlinear MHD equations, i.e., include the full compressional modes and their coupling
with shear Alfvén waves in the magnetosphere; and (2) the height-integrated Pedersen
conductivity is treated as a dynamic parameter by electrodynamically coupling the 2D
finite element wave model “TOPO” to the ionospheric ionization model “GLOW™. It is
shown that the feedback instability can be triggered by a very small-scale, small
amplitude density perturbation; and the small-scale electromagnetic oscillations and their
associated density fluctuations observed in magnetosphere can be attributed to the
feedback instability. We demonstrate that, unlike in a field line resonance where the
ponderomotive force causes the plasma to move mainly along the field line, the plasma in
the feedback instability is distributed either as a bump or a cavity along a field line and
leads to a multibanded structure in the radial direction. The nonlinear feedback instability

model can successfully explain the formation of plasma density and electromagnetic
perturbations with the same frequency, which disagree with current FLR scenario.
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1. Introduction

[2] In the magnetosphere-ionosphere coupling, the iono-
sphere is usually treated as a passive screen upon which the
patterns of magnetospheric activity are drawn, and the
magnetosphere plays the most important role in most of
the auroral dynamics [Lysak, 1990]. However, since the
ionospheric current system in the auroral zone is connected
with the magnetospheric current system via field-aligned
currents, the ionosphere can also be an initiator of aurora
formation, even though disturbances initiating aurora from
the ionosphere may not be as dramatic as those processes
driving aurora from the magnetosphere [e.g., Atkinson,
1970; Watanabe et al., 1993]. The ionospheric feedback
instability caused by temporal variations of ionospheric
conductivity represents a type of processes in which the
ionosphere plays the role of a generator which drives
auroral dynamics [e.g., Atkinson, 1970; Sato, 1978; Miura
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and Sato, 1980]. The driver of the ionospheric feedback
instability is the convection electric field and the changes in
the ionospheric conductivity (or density) can be produced
either by precipitating electrons in upward field-aligned
current regions or by artificial rf heating experiments in
the E-region ionosphere. If a convection electric field exists,
the density/conductivity enhancement can induce a polar-
ized electric field whose direction is oppose to the original
convection electric field, and the requirement of current
continuity then produces secondary field-aligned currents
associated with the emission of an upward propagating
Alfvén wave into the magnetosphere; when this Alfvén
wave is reflected back toward the ionosphere, either at the
conjugate ionosphere or at regions of large gradients in the
Alfvén speed, a positive feedback can result if the phase of
the reflected wave is such that the electrons associated with
upward field-aligned current of this wave impact the iono-
sphere at the previously established conductivity enhance-
ment, increasing the conductivity further [Miura and Sato,
1980].

[3] The ionospheric feedback instability has been in-
voked as a possible explanation for small-scale auroral arcs
[Atkinson, 1970; Holzer and Sato, 1973; Sato, 1978; Lysak
and Song, 2002; Pokhotelov et al., 2002b; Streltsov et al.,
2005]. While many features of some auroral arcs, such as
the periodic intensification, FACs, electric fields, and den-
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sity cavities, can be attributed to shear Alfvén wavefield line
resonances (FLRs) as an externally driven phenomenon
[e.g., Rankin et al., 2005; Lu et al., 2003b, 2007], the long
oscillation period complicates interpretations of the in situ
data. The importance of the Ionospheric Alfvén Resonator
(IAR) for small-scale arcs formation was also suggested and
the excitation of the AR is usually attributed to a feedback
instability [Trakhtengertz and Feldstein, 1984, 1991; Lysak,
1991; Mishin and Banaszkiewicz, 1998; Pokhotelov et al.,
2003]. Ionospheric feedback instability develops much
quicker to reach the very small spacial scale structures
observed in auroral arcs. Observations show that discrete
auroral arcs (the visible features usually at 1-100 km
scales) usually have multibanded structures and more fre-
quently occur at nighttime, in the winter, and at solar
minimum [Newell et al., 1996, 1998; Liou et al., 1997,
2001]. These observations suggest that either the lower
conductivity under dark conditions enhances aurora, or the
plasma density in the auroral acceleration region is lower
under such conditions. On the other hand, theoretical and
numerical studies of the ionospheric feedback mechanism
by Trakhtengertz and Feldstein [1991], Lysak and Song
[2002], Streltsov and Lotko [2004], and Streltsov et al.
[2005] demonstrate that the instability develops when the
background ionospheric conductivity is low. Also, low
densities in the acceleration region will enhance parallel
electric fields [Song and Lysak, 2001; Tikhonchuk and
Rankin, 2002]. All these studies suggest that the ionospheric
feedback mechanism may be an important mechanism for
the formation of narrow auroral arcs. Lysak and Song
[2002] calculated the Pedersen conductivity modulations
resulting from ionospheric over-reflection of Alfvén wave
energy. Streltsov and Foster [2004] considered electrons
precipitating through parallel currents, finding that the
dependency of the Pedersen conductivity on the parallel
current can lead to the ionospheric feedback instability
within the Alfvénic resonator. Some other investigations
also confirmed that the ionospheric feedback instability
plays an important role in the formation of small-scale
auroral arcs [e.g., Lysak, 1991; Pokhotelov et al., 2002a,
2002b; Streltsov et al., 2005].

[4] Recently the ionospheric feedback instability has
received renewed attention in explaining the geomagnetic
ultra-low-frequency (ULF) pulsations [e.g., Streltsov and
Mishin, 2003; Streltsov and Foster, 2004; Streltsov and
Lotko, 2004; Streltsov et al., 2005]. ULF oscillations are not
only frequently observed in the auroral zone, but also at
sub-auroral latitudes where no measurable electron precip-
itation was present [Mishin et al., 2003]. Streltsov and
Mishin [2003] modeled the small-scale wave structures
observed by DMSP satellite in the sub-auroral zone in
terms of Alfvén waves generated by the ionospheric feed-
back instability. They demonstrated that a small-scale den-
sity fluctuation on the ionospheric bottom can trigger the
development of instability. In another study, Streltsov et al.
[2005] investigated the generation of small-scale FACs by
the ionospheric feedback instability triggered by the HF
heating of the ionosphere and confirmed again that the
instability develops when the conductivity in both iono-
spheres is low. In all these studies, the ULF pulsations are
interpreted as shear Alfvén waves (SAWSs) as a consequence
of the development of ionospheric feedback instability.
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[s] However, previous studies so far either have no auroral
electron precipitation [e.g., Pokhotelov et al., 2002a;
Streltsov and Lotko, 2004; Streltsov et al., 2005] or use
a simplified electron source term [e.g., Atkinson, 1970;
Holzer and Sato, 1973; Sato, 1978; Miura and Sato, 1980,
Lysak, 1991; Lysak and Song, 2002]. Watanabe et al.
[1993] first introduced the parallel anomalous resistivity
to generate the field-aligned potential drop. They used
the Fridman-Lemaire formula to estimate the FACs from
auroral electron precipitation and a simple fitting func-
tion to calculate the ionization rate from potential drop
[Watanabe et al., 1993, equation (12), (14)]. This precipi-
tation model was adopted by Pokhotelov et al. [2002b] who
includes the contribution of finite electron inertia and
temperature in a non-uniform magnetospheric model.

[6] Also, no efforts have been made to analyze the
interaction between SAW and compressional modes in
dispersive scale. Radar and satellite observations in the
auroral and sub-auroral zones demonstrate that there exist
the extended field-aligned density cavities associated with
localized electromagnetic waves and that the density profile
inside the cavity is highly variable [e.g., Persoon et al.,
1988; Doe et al., 1993; Mishin et al., 2003; Chaston et al.,
2006]. Theory and computations of FLRs have shown that
the nonlinear ponderomotive force leads to the density
redistribution along the magnetic field lines, resulting in
localized density cavities which may trap the shear Alfvén
waves [Lu et al., 2003b]. Such density redistribution in the
magnetosphere can steepen the local Alfvén speed gradient
and then significantly affects the dynamic evolution of a
standing shear Alfvén wave [Lu et al., 2003a, 2003b].
However, the FLR scenario has difficulty in explaining
some small-scale arcs with long oscillation period and also
disagree with the observed subauroral wave structure from
DMSP satellite [Mishin et al., 2003; Mishin and Burke,
2005].

[7] These previous work have clearly demonstrated the
importance of the ionosphere feedback instability on auroral
dynamics and advanced our understanding of the role of
Alfvén waves in the M-I coupling. However, these studies
used a linear magnetosphere model and very simple iono-
spheric conductance models that do not take into full
account the active response of the ionosphere to auroral
precipitation inputs. In this paper, we make a full MHD
magnetospheric calculation of the dispersive SAWs in
dipolar geometry, and an ionospheric model (the GLOW
model) that self-consistently calculate ionospheric ioniza-
tion rates produced by auroral precipitation. The improved
ionospheric conductivity model considers the effects of
field-aligned potential drops and magnetic mirror, and
calculate the mean energy from FACs using the Knight-
relationship [Knight, 1973; Wiltberger et al., 2004]. We
investigate the development of Alfvén waves triggered by
ionospheric feedback instability and their coupling with
compressional modes. We explain the density perturbations
associated with the geomagnetic pulsations frequently ob-
served in the auroral and sub-auroral magnetosphere.

2. Model of the Active Auroral Ionosphere

[8] FACs play an important role in magnetosphere-
ionosphere coupling. In particular, magnetospheric field-
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aligned currents are closed by field-crossing ionospheric
currents. Here, we shall neglect the ionospheric Hall
current for simplicity, and write the current continuity
equation as

Vi (3pEL) = —j (1)

where X, is the ionospheric height-integrated Pedersen
conductivity; the subscripts | and denote vector compo-
nents in the directions perpendicular or parallel to the
magnetic field, respectively. The variation of ionospheric
conductivities leads to a feedback effect on the magneto-
spheric FACs.

[s] The ionization in the ionospheric E-layer is produced
mainly by electron precipitation and solar radiation. The
electron density continuity equation in the E-layer can be
simplified as [Sato, 1978]

on

Ji
5= RO7 = m) =T 2)

eh

where n is the background electron density produced by
solar illumination (in the absence of the field-aligned
current); R ~ 3 x 10~ cm?/s is the constant of recombination
[Nygrén et al., 1992], and 7y, is the ionization rate due to
auroral (hot) electron precipitation. In this paper we shall
focus on the wave dynamics in the nighttime, thus all
ionizations are produced by auroral electron precipitation.

[10] To calculate the ionospheric E region ionization rate
produced by particle precipitation, we relate FACs to the
characteristic energy (or average energy) and energy flux of
particle precipitation. Then, we use these parameters as
inputs to a thermosphere-ionosphere model, GLOW, to
obtain the ionization rate. Detailed procedure can be found
by Lu et al. [2007]. It should be noted that GLOW is a
physics based model that is able to describe the dynamical
response of the ionosphere to changes in particle precipi-
tation that are related to both spatial and temporal varia-
tions of field aligned currents and magnetospheric
conditions [Solomon et al., 1988; Solomon and Abreu,
1989]. The GLOW model thus allows us to simulate spatial
(latitude and longitude as inputs) and temporal (universal
time as input) response of the upper atmosphere to auroral
inputs.

[11] We note in passing that two studies of iono-
spheric feedback instability by Watanabe et al. [1993]
and Pokhotelov et al. [2002b] used the non-linear general-
ization of the Knight relationship by Fridman and Lemaire
[1980] to estimate FACs by auroral electron precipitation,
but the non-physics based empirical formula by Banks et al.
[1974] to obtain the ionization rate from the field-aligned
potential drop. As pointed out by Pokhotelov et al. [2002a],
from a theoretical point of view, a kinetic treatment of
auroral electrons [e.g., Rankin et al., 1999] would be more
appropriate than the simplified model of auroral electron
precipitation described above. The kinetic model, however,
is much harder to implement numerically. Fortunately, for
the numerical solution discussed in this paper, the field-
aligned current carried by auroral electrons does not exceed
15% of the total field-aligned current; we therefore can
reasonably neglect the kinetic contribution of the hot
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electrons to the MHD field-aligned current in equation (2)
avoiding complications of the kinetic approach.

3. MHD Model of the Magnetosphere

[12] The nonlinear interaction of shear Alfvén FLRs and
compressional modes in the warm inhomogeneous magne-
tospheric plasma is governed by the MHD equations

0B

E:—VXE, /Lo(j-i-é‘an—l):VXB; (3)

ot

A

E=—(vxB)—— <4 % 4)
%+pv-v+w-v:0; (5)
p%+pv.vV:—VP+j><B; (6)
%+7pv.v+v-VP:0; (7)

Where P, and m, are the thermal pressure and mass for
electron (e) only.

[13] Note that the above equations are not linearized
MHD equations. The full wave nonlinearities, including
its coupling with compressional modes, are accounted for.
This is especially important when the plasma sheet is hot
and the magnetic field is weak, as in the nighttime magne-
tosphere. Lu et al. [2007] demonstrated that in high-3
situations, where reduced MHD breaks down, new behavior
can occur due to high plasma pressure effects and non-
linearized MHD solutions are required. Also, the perpen-
dicular component of the displacement current is included
in equation (3). The inclusion of this term becomes impor-
tant in regions where the Alfvén velocity approaches the
light speed. According to a recent study [Song and Lysak,
2001], the displacement current is possibly essential to the
evolution of parallel electric fields and the establishment of
FAC in certain situations. In the generalized Ohm’s law, we
include the pressure gradient and electron inertia because
the dynamics of SAWs may be strongly affected by these
dispersive processes [Lu et al., 2003a, 2003b]; and we
neglect the Hall term since it is important only when the
frequency approaches the ion gyrofrequency, i.e., for fre-
quencies much higher than are considered in this paper.

4. Numerical Results

[14] Electron precipitation is associated with field-aligned
static or quasi-static potential drops, therefore related to the
total parallel current. In the context of waves, the FAC and
its characteristic width is associated with the perpendicular
scale of shear Alfvén waves formed in the magnetosphere.
A self-consistent study therefore requires solving both the
set of equations for the magnetospheric SAWs and the
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equations given in section 2 for auroral electron precipita-
tions. Here, we combine the GLOW model for auroral
electron precipitation with the magnetospheric wave model
TOPO described by Lu et al. [2003b], which describes the
excitation of parallel currents and electric fields in the
wavefields of field line resonances. The finite element
model TOPO [Marchand and Simard, 1997] is used to
solve the 2D MHD equations (9)—(13) for magnetospheric
waves [Lu et al., 2003b] and 1D equations (1) and (2) for
ionospheric electrons. The model for magnetospheric waves
takes into account the full compressional modes and the
variation of temperature and density along and across the
magnetic field lines, together with wave dispersive effects
which become important when the perpendicular scale of
SAWs approaches the electron inertial scale at the iono-
sphere [Hasegawa and Wakatani, 1983; Frycz et al., 1998;
Lu et al., 2003b].

[15] The background magnetospheric parameters are sim-
ilar to those given by Streltsov et al. [2005]: The density
inside the computation domain is modeled as ny = ngino,,
and

not =2 —cos[(L—75) « 7] (8)

if m<r<n 9)

e — a(r—nr)+a
02— +by  if r>n

b16720(r7r2) + b2r74

Here L is the dipole magnetic shells, 7 is the radial distance in
Earth radii to the point on L = 7.5, r; = 1 + 120/R.(E-Layer
maximum), 7, = 1 + 320/R.(F-layer maximum), and the
constants ay, a,, b I bz, and b5 are chosen to provide };lasma
density of 3 x 10 cm * at the altitude 120 km, 3 x 10° cm >
at the altitude 320 km, and 0.5 cm™> at the equatorial
magnetosphere. Along a given magnetic field line, the initial
background electron and ion temperatures (7, and 7;) are
chosen to satisfy the equilibrium condition of constant
pressure from By - V(n07.0 ,0) = 0, using initial electron and
ion temperatures for L= 7.5 at the equator, T,,o, respectively.

[16] We consider a current-free equilibrium state for the
initial condition. As done in many previous studies [e.g.,
Streltsov and Mishin, 2003; Streltsov et al., 2005], the initial
convection electric field £, 0 in the ionosphere is chosen to
be inversely proportional to ng so that V| - (3,0 E.10) =0
Inside the computational domain between L =6.5to L= 8.5,
E | ¢ is defined by projecting it equipotentially along dipole
magnetic field lines connecting the northern and southern
ionospheres. In our calculation, the maximum values of
the initial convection electric field is 40 mV/m in the
ionosphere. Since the physical processes mainly occur in
the ionospheric regions and around shell L = 7.5 during our
calculation time, Non-linear meshes are used in both along
and across the magnetic field lines to reduce the calculation
time. To capture the small-scale feature of the instability,
our maximum resolutions are 60 km in the direction along
the field lines, and 42 km in the direction across the L shell
at the equator.

[17] We drive the shear Alfvén waves and compressional
modes by an initial small amplitude (1%) density perturba-
tion only at the northern ionosphere. This ionospheric
density disturbance will cause the fluctuation of the iono-

LU ET AL.: ELECTROMAGNETIC WAVES BY IONOSPHERIC FEEDBACK INSTABILITY

A05206

400 HA/M?
0.97
0.83
0.69
0.55
0.41
0.27
0.13
-0.01
-0.14
-0.28
-0.42
-0.56
-0.70

350
300

5 250

(0]

» 200

I
150
DI AR

100

50

0 0 0.01 0.02 0.03

e

0.04

0.05

Figure 1. Temporal development of parallel currents at the
southern ionosphere triggered by a small amplitude density
perturbation in the northern ionosphere. / corresponds to the
distance in Earth radii from the inner boundary across field
lines.

spheric conductivity, which according to equation (1) gen-
erates field-aligned currents flowing from the ionosphere to
the magnetosphere, just as demonstrated in previous studies
[e.g., Drozdenko and Morales, 2000; Streltsov and Mishin,
2003; Streltsov and Lotko, 2004; Streltsov et al., 2005].

[18] Figure 1 shows the temporal development of the
FAC at southern ionosphere for 7,5/ = 400 ¢V and 7,7 =
1000 eV. Although only a very small amplitude perturbation
is exerted only on northern ionosphere boundary, the shear
Alfvén wave is excited and propagates in magnetosphere
along the field line between conjugate ionospheres. At ¢ =
400 s, the parallel current increases to over 1 pA/m? from
zero initially. In this computatlon the minimum initial
plasma density in the E-region of both ionospheres is 3 x
10* em 3, corresponding to a minimum 3 »0 of 1 mho. This
agrees well with the results of other studies [e.g., Drozdenko
and Morales, 2000; Streltsov and Lotko, 2004] that the
instability can develop when the ambient ionospheric con-
ductivity is low. The wave structure exhibits a band struc-
ture across the field lines.

[19] To see the effects of auroral electron precipitation,
we compare the wavefields with and without auroral
electron precipitation by including/excluding the auroral
ionization rate term in equation (2), respectively. Figure 2
gives the wavefields across the magnetic field at the
southern ionosphere at # = 400 s, dashed line representing
the case with auroral electron precipitation, while solid line
without the contribution from electron precipitation. The
precipitating electrons cause an enhancement in the Peder-
sen conductivity, and all the wavefields get significant
increases in comparison to the case without precipitating
electrons: the amplitude of the azimuthal magnetic field is
enhanced from 10 nT to 60 nT, the field-aligned current
from 0.2 to 1.8 A/m?, and the perpendicular electric field
from 15 mV/m to 155 mV/m.

[20] In Figure 3, we present the wavefields at the southern
ionosphere for the cases with different precipitation energies
at t=400s, respectively We calculate three cases: (1) T,
100 eV, T;7 = 200 eV (dashed); (2) T,o" = 200 eV, T;o? =
400 eV (dotted); and (3) T,5! =400 eV, T;0?= 1000 eV (solid).
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Figure 2. Radial dependence of azimuthal magnetic field
by, parallel current jj, and perpendicular electric field £, at
the southern ionosphere triggered by a small amplitude
density perturbation in the northern ionosphere at £ = 400 s.
The solid line does not have contributions from auroral
electron precipitation; the dashed line corresponds to a case
with precipitating energy 1.8 keV. / corresponds to the
distance in Earth radii from the inner boundary across field
lines.

For 1 puA/m?, the corresponding characteristic precipitation
energies at ¢t = 400 sare 625 eV, 975 eV, and 1.8 keV and
energy fluxes are 0.05, 0.09, and 0.22 g cm® s, respec-
tively. It can be seen that a larger field-aligned current and
stronger particle precipitation (higher mean energy and
larger number flux) are observed when the initial magneto-
spheric plasma temperatures are higher, that is, the feedback
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instability grows much faster for the higher precipitating
energy and energy flux. However, at the stage of lower
amplitude FACs, auroral precipitating electrons has no
significant effect in feeding back the magnetospheric waves.

[21] The nonlinear ponderomotive force in the wavefield
leads to density redistribution along the magnetic field
lines. Figures 4 and 5 show the compressional waves v,
and v, at ¢+ = 400 s, respectively. v, and v, are roughly
10-50 times smaller than the azimuthal movement (max-
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Figure 3. Radial dependence of azimuthal magnetic field
by, parallel current /|, and perpendicular electric field £, at
the southern ionosphere for three different precipitating
energies (discussed in the text), respectively. / corresponds
to the distance in Earth radii from the inner boundary across
field lines.
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Figure 4. Compressional component v, due to ponder-
omotive force at £ =400 s for the instability case in Figure 1.

imum v, ~ 3 X 10* m/s at this time). The plasma move-
ments are very different from that associated with FLRs: for
example, across the field lines at the equatorial plane, there
is plasma moving earthward (in blue) and anti-earthward (in
red); while in FLR, the plasma moves along the field line
from high to low latitude [Rankin et al., 1999; Lu et al.,
2003b]. As a result, density redistributions are different in
FLRs and in the instabilities, as shown in Figure 6 for the
relative density perturbation 6p/py. In FLR, the plasma
mainly moves along the field lines, especially on the
resonance shell, resulting in density bump at the equator
and cavity in the high latitudes close to the ionosphere;
density and wavefield oscillations have different frequency
across the magnetic field lines, as shown in Figure 6b [also
see Lu et al., 2003b]. While in the feedback instabilities in
Figure 6a, density is distributed either as bump or cavity
along the field line, and across the field lines, cavity and
bump occur alternately; the plasma density and electromag-
netic variations have the same frequency. For the similar
amplitudes of wavefields, such as parallel currents, azi-
muthal magnetic field, and perpendicular electric field, the
maximum density perturbation associated with the instabil-
ity is smaller than those generated from FLRs. It can be
deduced that the very large scale and large amplitude cavity
across the field line is more likely generated by FLRs.
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Figure 5. Compressional component v, due to ponder-
omotive force at # =400 s for the instability case in Figure 1.
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Figure 6. Spatial distribution of the relative density
perturbation 6p/py: (a) for the instability case in Figure 1 at
t =400 s and (b) for a typical driven FLR at t = 10 periods.

These results are important in the identification of the
mechanisms whether an observed ULF geomagnetic pulsa-
tion is caused by a FLR or the ionospheric feedback
instability if density distribution is known from satellite
data.

[22] It is worth noting that the localized electromagnetic
waves were usually observed inside the large-scale and
broad density cavities [Staciewicz et al., 1998; Mishin et
al., 2003; Chaston et al., 2006]. The nonlinear FLR model
successfully produces the density cavities with sufficient
depth and width together with reasonable wavefields to
account for observations [Lu et al, 2003b]. However,
(1) the observations mentioned above also show that the
density profile inside the broad cavity is highly variable
with many small density enhancement or high frequency
fluctuations, as pointed out early by Persoon et al. [1988];
and (2) FLR theory can not explain the electromagnetic and
plasma variations with the same frequency, such as the
subauroral wave structure reported by Mishin et al. [2003]
and Mishin and Burke [2005]. The nonlinear feedback
instability model provides a natural explanation for the
formation of density and electromagnetic perturbations with
the same frequency. Short-scale SAWs have high transverse
group velocities in the top ionosphere. In FLRs, this
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Figure 7. Compressional component b, due to ponder-
omotive force at £ =400 s for the instability case in Figure 1.

transverse leakage is compensated by the propagation in the
opposite direction during the high-3 magnetospheric pass.
The TAR modes propagate in the low-3 plasma and thus
must quickly escape the generation region. Mishin and
Forster [1995] showed that the trapping of small-scale
inertial Alfvén waves within a 100 km-scale plasma cavity
(transverse waveguide) results in the formation of a quasi-
standing wave pattern consisting of a number of paired up/
down small-scale FACs, which can explain slow transverse
motion of small-scale Alfvén aurora.

[23] Figures 7 and 8 show the b, and b, at £ = 400 s,
respectively. Perturbed magnetic fields b, and b, associated
with the instability both are only ~1 nT, much smaller than
the azimuthal magnetic field (over 60 nT).

[24] To investigate the effects of the seasonal conductivity
asymmetry, we perform a simulation with different initial
Pedersen conductivities between two hemispheres: the min-
imum initial conductivity in the northern ionosphere is still
kept to be 1 mho, representing a low conductivity condition
usually observed at nightside and in winter, while the
minimum initial conductivity in the southern ionosphere is
chosen to be 3 mho for the summer [Rasmussen et al.,
1988]. Figure 9 shows the spatial distributions of perpen-
dicular electric field (left) and parallel current density (right)
in the computation domain at # = 300 s. The top (low)
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Figure 8. Compressional component b, due to ponder-
omotive force at # =400 s for the instability case in Figure 1.
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Figure 9. Spatial distributions of perpendicular electric

field and parallel current density at z = 300 s for seasonal
effects of conductivity asymmetry.

boundary of the computation domain is the northern (south-
ern) ionosphere. The perpendicular electric field shows a
strong asymmetry between the two hemispheres with much
higher amplitude in the northern ionosphere. This result is
in agreement with observed conclusions of auroral arcs
[Newell et al., 1996, 1998; Liou et al., 1997, 2001].

5. Summary and Conclusions

[25] A newly developed interactive M-I coupling model
that describes the dynamic interaction between magneto-
spheric dispersive waves, compressional modes, and auro-
ral electron precipitations is applied to investigate the
geomagnetic ULF pulsations observed in Earth’s magneto-
sphere. The physics based ionospheric ionization model
GLOW is incorporated into our 2D finite element code
TOPO, making it possible to investigate magnetosphere-
ionosphere coupling (through field aligned currents closing
by ionospheric cross-field currents) with auroral electron
precipitations. The magnetospheric waves are triggered by
ionospheric feedback instability from an initially small-scale
density perturbation. Two new aspects of this work are that
(1) rather than using a linearized approximation, we solve
the full nonlinear MHD equations, i.e., we include the full
compressional modes and their coupling with dispersive
shear Alfvén waves; and (2) we use a more self-consistent,
interactive, physics-based ionospheric conductivity model
considering the effects of field-aligned potential drops and
the magnetic mirror force on electron precipitation.

[26] It is shown that the feedback instability can be
triggered by a very small-scale, small amplitude density
perturbation (only 1%), and the small-scale wave structures
observed by satellites can be attributed to the waves
triggered by feedback instability. The auroral electron
precipitation can strongly enhance magnetospheric wave
amplitudes and density perturbation, and both the iono-
spheric density perturbation and magnetospheric waves are
influenced by the effects that they produce. Precipitating
energy and energy flux significantly affect the growing
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speed of the feedback instability. Higher precipitation
energy and energy flux leads to faster instability growths.
However, for lower amplitude FACs, auroral precipitating
electrons have no significant effect in feeding back the
magnetospheric waves.

[27] The plasma movements in the feedback instability
case are very different from that associated with FLRs. In an
instability, across the field lines at the equatorial plane, there
is plasma moving earthward and anti-earthward; while in
FLR, the plasma mainly moves along the field line from
high to low latitude (at least for low 3 plasma). As a result,
density redistributions are different between FLRs and the
instabilities: In FLR, the plasma mainly moves along the
field lines, especially on the resonance shell, resulting in a
density bump at the equator and a cavity in the high
latitudes close to the ionosphere; while in the feedback
instabilities, density is distributed either as bump or cavity
along the field line, and across the field lines, cavity and
bump occur alternately. We demonstrate that the very large
scale and large amplitude cavity across the field line is more
possibly generated by FLRs and the higher frequency
density fluctuation can be attributed to the feedback insta-
bility. These results are important in the identification of the
mechanisms and the nonlinear feedback instability model
provides a natural explanation for the formation of density
and electromagnetic perturbations with the same frequency
which disagree with the FLR scenario.

[28] For typical currents observed (~few puA/m?), com-
pressional components v, and v, are roughly 10—50 times
smaller than the azimuthal movement, and perturbed mag-
netic fields b, and b, are also much smaller than the
azimuthal magnetic field.

[29] In our calculation, ionospheric Hall current is
neglected. Hall current can be ignored if the ion Larmor
radius is very small compared to the scale length of the fluid
motion. Nishida [1978] showed that the role of divergent
Hall current can be neglected if the shear Alfvén wave with
a low frequency and short horizontal wavelength was
incident from the magnetosphere. When the horizontal scale
of localized oscillation is of the order of several times of the
height of ionosphere, the contribution of the divergent Hall
current to the FAC may become important thus possibly
affect the coupling between shear and compressional modes
[Ellis and Southwood, 1983; Yoshikawa and Itonaga, 1996].
Therefore a more self-consistent study of M-I coupling
needs to include the ionospheric Hall component in the
current continuity equation.

[30] Finally, it should be mentioned that this work is
limited to small current amplitude systems. For large
currents (>10 pA/m?), the situation could be much more
complicated: (1) associated density perturbation could sig-
nificantly affect the behavior of the plasma; and (2) iono-
spheric electrons can be heated by shear Alfvén waves
through Joule dissipation, which may produce significant
ionization and further feedback on the wave amplitude and
structure [Lu et al., 2005a, 2005b].
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