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the Ionosphere
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Sciences at Space Vehicles Directorate, Air Force Research Laboratory/RVBXC, Kirtland AFB, Albuquerque, NM, USA

Abstract The paper presents results from the numerical study of the magnetosphere-ionosphere
interactions driven by the large-scale electric field in the magnetically conjugate, high-latitude regions
of northern and southern hemispheres. Simulations of the two-fluid MHD model demonstrate that these
interactions can lead to a generation of a system of small-scale, intense field-aligned currents with a
significant difference in size and amplitude between the upward and downward currents. In particular, in
both hemispheres, the downward currents (where the electrons are flowing from the ionosphere) become
more narrow and intense than the adjacent upward currents. At high latitudes, the field-aligned currents
are closely related to the discrete auroral arcs. The fact that this mechanism produces very narrow and
intense downward currents embedded into the broader upward current regions makes it relevant to the
explanation of the “black” auroral arcs appearing as narrow, dark strips embedded in the broad luminous
background.

1. Introduction

Magnetosphere-ionosphere interactions at high latitudes include exchange of mass, energy, and momentum
between the relatively cold and dense, strongly collisional ionospheric plasma and more energetic, less dense
and almost completely collisionless plasma in the magnetosphere. The main part of that exchange is con-
ducted by the electromagnetic waves and field-aligned currents (FACs) in the ULF frequency range. Therefore,
understanding of spatial structures/distributions, temporal dynamics, and physical mechanisms providing
generation and amplification of ULF waves in the near-Earth space is essential for the understanding of basic
physics of magnetosphere-ionosphere coupling.

In general, magnetosphere-ionosphere interactions lead to a great number of wave and particle phenomena
in the ULF frequency range with very different spatial and temporal scales, levels of intensity, frequencies, and
the “favorable” conditions for occurrence. The key element of these interactions is the change in the iono-
spheric conductivity by the fluxes of electrons carried by FACs from/to the magnetosphere and the active
ionospheric feedback on the structure and amplitude of the incident currents. The positive ionospheric feed-
back is the essence of the ionospheric feedback instability (IFI) introduced by Atkinson (1970). IFI develops
when the shear Alfvén waves (and the corresponding FACs) form a standing pattern in one of two major res-
onator cavities in the magnetosphere. One of them is the global magnetospheric resonator, formed by the
entire closed magnetic flux tube bounded by the ionosphere in two hemispheres (Cummings et al., 1969;
Samson et al., 1992). The other is the ionospheric Alfvén resonator formed by the part of the magnetic flux
tube between the ionosphere and a strong gradient in the background Alfvén speed at the altitude ≈ 1 RE

(Polyakov & Rapoport, 1981).

IFI has been extensively studied for more than 40 years in both resonators (e.g., Lysak, 1991; Miura & Sato,
1980; Pokhotelov et al., 2000, 2001; Russell et al., 2013; Streltsov & Lotko, 2005; Trakhtengertz & Feldstein,
1981, 1991; Watanabe et al., 1993). These studies demonstrate that IFI is a strongly nonlinear process which
can produce different wave, current, and density structures, depending on the background parameters in the
magnetosphere-ionosphere system. This paper presents results from the numerical investigation of the feed-
back mechanism in the global magnetospheric resonator leading to the formation of a system of FACs with a
strong asymmetry in spatial sizes and amplitudes between upward and downward currents. This asymmetry
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Figure 1. Images of the black aurora. (a) is adapted from Marklund et al. (2011), and (b)–(e) are adapted from Trondsen and Cogger (1997).

can explain the geophysical phenomena called a black aurora, which appears in the auroral zone as a narrow
dark strip “sandwiched” between two broad luminous regions.

The black aurora had been studied from the ground and from satellites for more than 20 years, but its quan-
titative and self-consistent picture has not been developed yet. The main features distinguishing the black
aurora from a dark region between two adjacent bright discrete arcs in a multiple arc system are (1) its trans-
verse size is much smaller than the width of the adjacent bright regions, and (2) there is a very sharp boundary
(no transition region) between the dark and bright regions. These features are illustrated in Figure 1, showing
one image of the black aurora taken from Marklund et al. (2011) and four images from Trondsen and Cogger
(1997).

These images show relatively narrow homogeneous dark strips on the broad luminous background, and the
goal of this paper is to explain this particular topology of the observations. No attempts to reproduce these
images in the quantitative details will be made. In general, the black aurora may demonstrate other geometric
forms similar to the normal, bright aurora, in particular, curls and vortex chains (Trondsen & Cogger, 1997).
These forms also will not be discussed in the paper because our model is two-dimensional: One dimension
is along the ambient magnetic field, and another is in the north-south direction. Thus, the main questions
which this study will answer are (1) Why is the black aurora narrower than the adjacent bright aurora? (2) What
information does this feature provide about parameters of the coupled magnetosphere-ionosphere system?

Bright auroral arcs are produced by the fluxes of magentospheric electrons flowing toward the ionosphere in
a form of the upward FACs. Electrons can be accelerated inside the upward current by the parallel electric field
(or the parallel potential drop) caused by several linear and nonlinear mechanisms related to the magnitude
and transverse size of the current (e.g., Goertz & Boswell, 1979; Hasegawa, 1976; Lysak & Dum, 1983; Stasiewicz
et al., 2000). In that case, it is reasonable to assume that the black aurora is related to the downward current,
where the electrons are moving from the ionosphere as has been shown by Marklund et al. (1994, 1997, 2011)
using data from the Freja and Cluster satellites. In some studies, the black aurora is identified as a dark lane in
a diffuse aurora, and the diffuse aurora is associated with pitch angle scattering rather than FACs. For example,
Trondsen and Cogger (1997) state that “… ‘black aurora’ is a lack of emission in a small, well-defined region
within an otherwise uniform, diffuse background, or within auroras exhibiting a degree of shear behavior
intermediate between that of diffuse and discrete aurora.” The present simulations do not address this situa-
tion, and therefore, they do not cover all cases of the black aurora. The main questions addressed in this study
can be reformulated in terms of FACs as (1) What is the physical mechanism making the downward currents
more narrow and intense than the adjacent upward current? and (2) What are the geomagnetic conditions
activating and facilitating this mechanism?
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Marklund et al. (2001) suggest that the structure of the electron fluxes and the electric field observed on
satellites in the upward current channel is explained by the interaction of this current with the ionosphere.
Another point of view has been expressed by Gustavsson et al. (2008): Using data from the EISCAT radar and
optical observations of the black aurora, these authors suggest that “… the mechanism causing black aurora
is most probably active in the magnetopsphere rather than close to Earth.”

The results presented in this paper support the suggestion made by Marklund et al. (2001) that the main mech-
anism leading to the narrowing of the downward current channel is indeed interaction between FACs and
the ionosphere. We also make the next step in the development of this concept and provide a self-consistent,
dynamical picture of this process. In particular, our simulations demonstrate that the IFI, driven by the elec-
tric field in the ionosphere, can produce inside the global magnetosphere resonator a system of FACs with a
strong asymmetry between upward and downward currents as it is observed in the black aurora. The study is
based on the reduced two-fluid MHD model discussed together with the geophysical conditions leading to
the development of IFI in the next section of the paper.

2. Model

The model used in this study is similar to the one used by Streltsov et al. (2012), and it contains the magneto-
spheric and ionospheric parts. The magnetospheric part describes shear Alfvén waves (Chmyrev et al., 1988)
and consists of the electron momentum equation, the density continuity equation, and the current continuity
equation:

𝜕v∥e

𝜕t
+ v∥e∇∥v∥e +

e
me

E∥ +
1

men0
∇‖ (nTe

)
= −𝜈ev∥e, (1)

𝜕n
𝜕t

+ 𝛁 ⋅
(

nv‖eb̂
)
= 0, (2)

𝛁 ⋅ j∥b̂ + 1
𝜇0

𝛁 ⋅

(
1
c2

+ 1
v2

A

)
𝜕E⟂

𝜕t
= 0. (3)

Here the subscripts ∥ and ⟂ denote vector components in the directions parallel and perpendicular to
b̂ = B0∕B0, respectively; v‖e is the parallel component of the electron velocity; Te is the background electron
temperature, c is the speed of light; vA = B0∕

√
𝜇0n0mi is the Alfvén speed; and 𝜈e is the electron collision fre-

quency. The wave magnetic field is defined as B = ∇ × A, where A = A‖b̂ is the vector potential; the parallel
current density is defined as j‖ = −∇2

⟂A‖; and the electric field is defined as E = −∇𝜙 − 𝜕A
𝜕t

, where 𝜙 is the
scalar potential. The introduction of scalar and vector potentials automatically satisfies the Faraday’s law and
the condition ∇ ⋅ B = 0.

This study focuses on two-dimensional auroral structures (like the ones shown in Figure 1) associated with
FAC sheets extended in one direction perpendicular to the ambient magnetic field and localized in another
perpendicular direction. To model such structures, equations (1)–(3) have been implemented numerically in
a two-dimensional, axisymmetric dipole region, bounded by L1 = 4.6 and L2 = 5.2 magnetic shells. The
ionospheric footprint of the central magnetic shell of the domain (L = 4.9) corresponds to the magnetic
latitude of the High Frequency Active Aurora Program facility in Gakona, Alaska, where various discrete auroral
arcs have been regularly observed (e.g., Streltsov et al., 2011).

The ionospheric boundaries of the domain are set at 100-km altitude. Because the height of the conducting
portion of the ionosphere is always much less than the parallel wavelength of ULF waves, the conducting
bottom of the ionosphere can be considered as a narrow slab where the density and the electric field are
relatively uniform. In that case, the simplest mathematical form of the ionospheric part of the model can be
given by two equations connecting the perpendicular electric field, E⟂, and the plasma density, nE , in the
ionosphere with the FAC density, j‖. One is the Poisson equation, derived by integrating the current continuity
equation 𝛁 ⋅ j = 0 over the effective thickness of the ionospheric E region (h ≈ 10 − 20 km):

𝛁 ⋅ (ΣPE⟂) = ±j∥. (4)
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Another is the ionospheric density continuity equation:

𝜕nE

𝜕t
=

j‖
eh

+ 𝛼n2
E − 𝛼n2

E0. (5)

Here,ΣP = MP nE h e∕ cos𝜓 ; MP = 104 m2/sV is the ion Pedersen mobility (the Hall conductivity is not included
in (4) due to the two-dimensionality of the considered problem); e is the elementary charge; 𝜓 is the angle
between the normal to the ionosphere and L = 4.9 dipole magnetic field line at 100-km altitude. In (4), the “+”
sign should be used in the southern hemisphere, and “−” sign should be used in the northern hemisphere.
The term 𝛼n2

E in the right-hand side of (5) represents losses due to the recombination (𝛼 = 3 × 10−7 cm3∕s
is the coefficient of recombination); and the term 𝛼n2

0E represents the unperturbed source of the ionospheric
plasma, which provides an equilibrium state of the ionosphere, nE0.

The model can be advanced further by including additional ionization of the ionosphere by the energetic
electrons precipitated in the upward current channel or by the effects of the neutral wind. None of these
effects changes the essence of the positive ionospheric feedback, which is the main focus of this study.

Recently, Sydorenko and Rankin (2017) demonstrate with numerical simulations that under some particular
conditions, the instability can be saturated by the inhomogeneity in the collision frequency between ions and
neutrals in the ionospheric E region. This inhomogeneity causes shear in the ion velocity with altitude that
can "smooth out" the localized density/conductivity disturbances in the ionosphere. This particular effect has
been rigorously studied by Trakhtengertz and Feldstein (1981, 1984, 1991), who demonstrated that it changes
the growth rate and the threshold of the instability but does not prevent IFI from the development. These
papers show that even when the ionospheric parameters significantly change with the altitude, the conduct-
ing bottom of the ionosphere still can be considered as the height-integrated slab. However, in that case, the
boundary conditions, the threshold values of the electric field, and the growth rate of the instability will be
different compared with the case when the collision frequency is considered to be homogeneous over the
height of the conducting layer. In particular, Trakhtengertz and Feldstein (1991) provide the boundary con-
ditions in the ionosphere (equations (A6)–(A11)) which should be used to describe the active ionospheric
feedback when the inhomogeneity of the ion-neutral collision frequency is taken into account. Also, Trakht-
engertz and Feldstein (1991) provide expressions for the threshold electric field and the growth rate of the
instability, which give quite reasonable values for the parameters observed in the high-latitude ionosphere.

The IFI has been extensively studied for more than 40 years (e.g., Atkinson, 1970; Lysak, 1991; Lysak & Song,
2002; Miura & Sato, 1980; Pokhotelov et al., 2000, 2001; Russell et al., 2013; Sato, 1978; Streltsov & Lotko, 2005;
Trakhtengertz & Feldstein, 1981, 1991; Watanabe et al., 1993), and the important conclusion from these stud-
ies is that IFI occurs only when and where the conditions for its development are satisfied. These conditions
include the large-scale electric field in the ionosphere and the low ionospheric density in the E region. The
large-scale electric field provides the energy for the intensification of the small-scale ULF waves and FACs due
to the so-called over reflection from the ionosphere(e.g., Lysak & Song, 2002). The low ionospheric density (a)
provides a low conductance of the E region, which allows the electric field generated by the dynamo pro-
cesses in the equatorial magnetosphere to penetrate into the ionosphere and (b) reduces the effects of the
recombination, which saturate the instability.

This conclusion from theoretical studies is supported by the observations showing that intense ULF waves
with characteristic frequencies of magnetospheric resonators are observed with ground magnetometers,
sounding rockets, and satellites predominantly during the nighttime, particularly, in a winter season and in
the vicinity of discrete auroral arcs. Observations from the Freja satellite reported by Marklund et al. (1997)
also show that the occurrence and the magnitude of the localized electric fields associated with the black
aurora maximize when the ionospheric conductivity is minimal, namely, during the winter solstice and near
the local midnight.

In summary, more than 40 years of theoretical and experimental studies confirmed by numerous observa-
tions provide a solid basis to conclude that IFI is a well-established geophysical process existing in the Earth’s
magnetosphere-ionosphere system. When the necessary conditions for the instability are satisfied, IFI can be
successfully modeled with equations (4) and (5) by considering the ionosphere as a narrow conducting slab.
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2.1. Background Parameters
The background magnetic field is considered to be dipole, defined as B0 = B∗ (1 + 3 sin2 𝜆)1∕2∕r3, where
B∗ = 31, 000 nT, r is the radial distance measured in Earths radii (RE = 6, 371.2 km), and 𝜆 is the magnetic
latitude.

The density inside the domain is modeled as n0(L, 𝜇) = n01(L) n02(𝜇), where L = r∕ sin2 𝜃 is the coordinate in
the direction normal to the dipole magnetic shells (𝜃 = 𝜋∕2−𝜆) and 𝜇 = cos 𝜃∕r2 is the coordinate along the
ambient magnetic field (Cummings et al., 1969). The function n01(L) defines the density distribution across
the ambient magnetic field, and the function n02(𝜇) defines the density along the ambient magnetic field,
and it is chosen in a form similar to the one used by Streltsov et al. (2012):

n02(𝜇) =
{

a1 (r(𝜇) − r1) + a2, r1 < r(𝜇) < r2

b1 e−20(r(𝜇)−r2) + b2 r−3(𝜇) + b3, r(𝜇)> r2.

Here r(𝜇) is a radial distance to the point on the L0 = (L1 +L2)∕2 = 4.90 magnetic field line with that particular
𝜇 value, r1 = 1 + 100∕RE , r2 = 1 + 320∕RE , and the constants a1, a2, b1, b2, and b3 are chosen to provide some
prescribed values of plasma density at the altitudes 100 km, 320 km, and in the equatorial magnetosphere. The
main problem with the ionospheric density at high latitudes is its large variability, particularly during active
geomagnetic periods, when strong FACs interact with the ionosphere and change the conductivity/density in
broad ranges. For example, the magnitude of the plasma density inside the E region can be in the range from
2.5 × 103 to 3 × 105 cm−3 depending on the geomagnetic conditions. In this study, we chose the parameters
for the plasma density as 104 cm−3 at 100 km and 3 × 105 cm−3 at 320 km.

The value of the plasma density in the equatorial magnetosphere is not a very important parameter of the
model. That value affects the magnitude of the eigenfrequency of standing Alfvén waves in the global mag-
netospheric resonator, but because the Alfvén speed is quite high near the equator, simulations show that
even variation of the plasma density in that region by a factor of 2 or 3 does not change results significantly. In
this paper, we follow Streltsov et al. (2012) and assume the magnitude of the plasma density in the equatorial
magnetosphere of 129 cm−3.

Equation (4) shows that the background electric field in the ionosphere will generate FACs if𝛁⟂ ⋅(ΣP0E0⟂) ≠ 0.
Which means, that in the case of a current-free equilibrium, the ionospheric density defines the structure
of E0⟂ in the ionosphere. And because we assume that there is no constant parallel potential drops in the
magnetosphere, the ionospheric electric field is mapped equipotentially along the ambient magnetic field in
the magnetosphere. Therefore, the ionospheric density defines the structure of the background electric field
inside the entire computational domain.

We will consider two cases: (1) when the ionospheric density/conductivity is uniform across the magnetic field
and (2) when there is a density cavity. These two cases are described with the formula

n01(L) =

{
1+𝜅

2
+ 1−𝜅

2
cos

(
2𝜋(L−L0)

ΔL

)
, if |L − L0| ≤ ΔL∕2,

𝜅, if |L − L0|>ΔL∕2.
(6)

Here L0 = (L1 + L2)∕2; parameter ΔL defines the size of the cavity, and the parameter 𝜅 defines how much
the magnitude of the density at the edges of the cavity is greater/smaller than the density magnitude inside.
If 𝜅 = 1, then the plasma is homogeneous (n01(L) ≡ 1).

It should be mentioned here that even in the homogeneous case (ΣP0 ≡ constant), the perpendicular electric
field in the ionosphere still has a small gradient in the direction perpendicular to the magnetic field. It came
from the fact that the L component of the operator 𝛁⟂ ⋅ (ΣP0E0⟂) has the form (1∕hL) 𝜕(E0L hL ΣP0)∕𝜕L, where
hL(L) is the metric factor associated with the dipole L coordinate and E0L ∝ ΣP0∕hL(L) to satisfy the current-free
equilibrium condition.

Electron and ion temperatures are defined as Te,i = T∗
e,i (n∗∕n0), where the constants T∗

e = 2 eV, T∗
i = 2 eV,

and n∗ = 129 cm−3 represent corresponding quantities in the equatorial plane on the L = 4.9 magnetic shell.
This relation between n0 and Te,i nullifies the parallel gradient in plasma pressure and provides the MHD
equilibrium in the dipole magnetic field.

3. Results and Discussion

We model the development of the IFI produced by the electric field with a maximum amplitude of 10 mV/m
in the homogeneous ionosphere with the density magnitude of 104 cm−3 (corresponds to ΣP0 = 0.33 mho).

STRELTSOV 9279



Journal of Geophysical Research: Space Physics 10.1029/2018JA025826

Figure 2. Snapshots of the parallel current density, j‖, taken from the
simulations with a background ionospheric conductivity ΣP0 = 0.33 mho
and the 10-mV/m electric field at t = 15.8, 792.4, and 1,584.8 s.

The instability is triggered by a small-scale, Gaussian-shape disturbance
of the ionospheric density in the northern hemisphere at L = 4.8 with a
transverse size of 10% of the size of the domain (corresponds to ≈20 km
at 100-km altitude) and a magnitude of 10% of the background. These
parameters are close to the parameters of the disturbances produced by
the artificial heating of the ionosphere with the High Frequency Active
Aurora Program transmitter (Streltsov et al., 2011). Several test simulations
showed that parameters of the initial density disturbance have a rela-
tively limited effect on the instability development. They affect the time
when the instability reaches its saturated state but do not affect the final
amplitudes or sizes of the nonlinear structures.

The initial disturbance was placed slightly off the center of the compu-
tational domain because the development of the instability is governed
by the dynamics of the ionospheric density disturbance, which is defined
by the ions flowing in the direction of the background electric field (in
this case, in the positive L direction). Thus, several test simulations showed
that when E0⟂ ≈ 10 mV/m, the instability initiated near L = 4.8 reaches its
saturated state near L = 4.9.

Figure 2 shows three snapshots of the parallel current density in the simu-
lation at t = 15.8, 792.4, and 1,584.8 s. The red color marks “positive” FACs
flowing in the direction of the ambient magnetic field (from the south-
ern to northern hemispheres), and the blue color marks “negative” FACs
flowing in the opposite direction. From the ionospheric point of view, the
same positive current is the upward current in the southern hemisphere
and the downward current in the northern hemisphere. This feature is very
important because these currents change the ionospheric conductivities
in the opposite way: The upward current increases the conductivity, and
the downward current decreases it.

The t = 15.8-s snapshot in Figure 2 illustrates the initial FACs generated
in the northern hemisphere and propagating along the magnetic field.
The t = 792.4-s snapshot illustrates a situation when the instability is in its
linear stage, which means that the disturbances of the electric field and
conductivity are much less than the background values, and the instability
develops a system of relatively symmetrical upward and downward FACs.
The t = 1,584.8-s snapshot illustrates the nonlinear stage of the instability,
namely, when it produces system of FACs with a strong asymmetry in struc-
ture and amplitude between the upward and downward currents. In both
hemispheres, the downward currents became more narrow and intense
than the upward currents.

To illustrate the downward currents becoming more narrow in more detail, j‖, E⟂, and ΣP in the northern
and southern hemispheres are shown in Figures 3a–3c at t = 792.4 s and in Figures 3d–3f at t = 1,584.8 s.
Figures 3g–3j show the same quantities in the southern hemisphere only. Figures 3a–3c illustrate the linear
stage of the instability, when the amplitude of the disturbed electric field and the ionospheric conductivity
are much less than the amplitude of the corresponding background quantities. At that time, the instability
produces periodic fluctuations in the ionospheric conductivity, electric field, and the parallel current den-
sity with equal amplitude and spatial sizes of the depletions and enhancements. This stage of IFI has been
well-studied in a number of theoretical papers (e.g., Lysak, 1991; Pokhotelov et al., 2000; Trakhtengertz &
Feldstein, 1991), and the basic physical mechanism generating the FACs are variations in the ionospheric den-
sity in the presence of a large-scale electric field. In that case, the maximum amplitudes of the FACs collocate
with the gradients in the conductivity/density, as shown in Figures 3a–3c.

Figures 3d–3f illustrate a strongly nonlinear phase of the instability, when the magnitudes of the disturbed
parts of the electric field and plasma density became comparable or even larger than the magnitudes of the
background quantities. At this time, the behavior of the fields and currents changes compared with the linear
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Figure 3. (a–c) Parallel current density, perpendicular electric field, and Pedersen conductivity in the northern (blue-dashed lines) and southern (red solid lines)
hemispheres in the simulations with the ionospheric conductivity ΣP0 = 0.33 mho and the 10-mV/m electric field at t = 792.4 s. (d–f ) The same quantities in the
same simulations at t = 1,584.8 s. (g–() The same quantities as shown in (d)–(f ) in the southern hemisphere only.

phase. In particular, in both hemispheres, the amplitude of the downward FACs increases and their perpen-
dicular size decreases compared with the amplitude and size of the upward FACs. Figures 3d and 3g show that
the amplitudes of the small-scale, downward FACs in both hemispheres are ≈3 times larger than the ampli-
tudes of the adjacent upward currents, and their perpendicular sizes are ≈3 times less than the sizes of the
upward currents.

Figures 3g and 3h also show that the peaks in the perpendicular electric field are very close but do not col-
locate exactly with the corresponding peaks in the downward FAC density. This feature is very similar to the
relation between the very strong localized perpendicular electric field and the decrease in the flux of the
downgoing electrons observed by the Cluster 3 satellite above the auroral oval at the altitude ≈1 RE (see
Figure 3 in Marklund et al., 2011).

It should be mentioned here that spikes in the parallel current density associated with the large conductivity
gradients have also been observed in simulations of the IFI by Lysak and Song (2002; their Figure 4). But in
that case, these spikes were attached to the broader region of the FACs of the same sign, whereas in our
case, these spikes are isolated. So it is worth emphasizing as shown in Figure 3g, the positive and negative
currents are separated not with relatively smooth transition regions but with very sharp gradients. This result
suggests that there should be a very sharp contrast (no “gray” area) between the black aurora (downward
current channel) and the adjacent luminous regions (upward currents). And this is, indeed, a very distinctive
feature of the black aurora illustrated in Figure 1.

The main factor changing the instability development in the nonlinear stage is the fact that the magnetic
FACs generated by the electric field in one hemisphere acts as a strong external driver, producing signifi-
cant effect on the density and the electric field in another hemisphere. This stage can be characterized by
strong nonlinear interactions between two ionospheric feedback instabilities occurring simultaneously in the
magnetically conjugate hemispheres connected by a system of magnetic FACs. This can be called a double
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ionospheric feedback instability, and it is very different from the IFI inside the ionospheric Alfvén resonator,
where the instability develops inside the cavity formed by the active ionosphere on one side and a strong
gradient in the background Alfvén speed on the other.

Behavior of the downward currents shown in Figures 2 and 3 is also different from the behavior of a single,
isolated downward current interacting with the ionosphere. Observations by the Cluster satellites (Mark-
lund et al., 2001) demonstrate that a single downward current interacting with the ionosphere increases its
width and decreases its amplitude with time. That dynamic has been reproduced with simulations of the
magnetosphere-ionosphere model very similar to the one presented in this study by Streltsov and Marklund
(2006; hereafter SM06). The main differences between the setups of the simulations in Streltsov and Marklund
(2006) and reported in this paper are (1) SM06 considers interaction between a single isolated downward cur-
rent (without adjacent downward currents) and the ionosphere, (2) SM06 considers interaction between the
current and the ionosphere only in one hemisphere, (3) SM06 does not consider any background electric field
in the ionosphere, and (4) SM06 does not include the IFI (no global magnetospheric resonator).

These differences emphasize our conclusion that the IFI driven by the large-scale electric field in both hemi-
spheres can produce a system of FACs with a strong asymmetry between downward and upward currents, as
the one observed in the black aurora. The asymmetry originates from the fact that the upward FAC increases
the ionospheric conductivity and the downward current decreases it. To maintain the closure of the FACs
through the ionosphere, the electric field increases where the conductivity decreases and decreases where
the conductivity increases. Thus, the amplitude of the perpendicular electric field and the current density
increases with time in the downward current channel. Because the amplitude of the downward current
becomes greater than the amplitude of the upward current, the width of the downward current channel
becomes smaller than the width of the upward current to maintain the current continuity in the system.

This simplified explanation does not take into account the fact that the FAC changes the rate of the density
variation in the ionosphere and not the density itself (see equation (5)). Also, it does not take into account the
perpendicular motion of small-scale current, density, and the electric field structures in the ionosphere. It does
not include effects of the FACs generated in the conjugate hemisphere and any of the nonlinear effects, which
are expected to be significant because the amplitudes of the disturbances of the density and the electric field
are comparable with the background values. However, this explanation provides a simple qualitative insight
into the complex nonlinear behavior of the coupled magnetosphere-ionosphere system.

The results illustrated in Figures 2 and 3 are obtained assuming homogeneous plasma and relatively homoge-
neous electric field in the ionosphere. Both these quantities are inhomogeneous across the ambient magnetic
field in the real ionosphere, and the importance of that inhomogeneity for the dynamics of ULF Alfvén waves
and FACs has been emphasized in several studies (e.g., Mishin & Förster, 1995; Streltsov et al., 2012). To inves-
tigate how the transverse inhomogeneity in the ionospheric conductivity and the electric field modifies the
nonlinear development of the instability, simulations with different plasma cavities have been performed. In
all of them, the magnitude of the plasma density is 104 cm−3 at the center of the cavity and 5× 104 cm−3 out-
side the cavity (𝜅 = 5). The corresponding electric field has a Gaussian-like shape with maximum of 10 mV/m.
The simulations were initiated with the same density disturbance as the one used in the homogeneous case
in the center of the cavities. Three cavities with ΔL = (L2 − L1), ΔL = (L2 − L1)∕2, and ΔL = (L2 − L1)∕4 have
been considered.

The results from these simulations are illustrated in Figure 4. In particular, Figures 4a and 4b show the magni-
tude of the background electric field and plasma density used in the simulation withΔL = (L2−L1)∕2. Figure 4c
shows a snapshot of the parallel current density taken from this simulation at t = 3,011.1 s. Figures 4d–4f show
profiles of the background plasma density and the electric field in the ionosphere used in simulations with dif-
ferent cavities. They also show magnitudes of j‖ in the ionosphere taken from the corresponding simulations
at t = 3,090.3 s, t = 3,011.1 s, and t = 2,884.3 s. These moments of time were chosen well after the instability
reaches a saturated, strongly nonlinear stage. In all three cases, the instability develops with the same linear
growth rate and saturates at the same magnitudes of the parallel current density.

Figure 4 shows that the main role of the cavity is to confine the development of the instability near the cavity
center, where the conductivity has its minimum and the electric field has its maximum, in other words, where
the conditions for the instability are satisfied. The main difference between the FACs developed in the cavity
and in the homogeneous ionosphere is the perpendicular size of the currents. These sizes are less inside the
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Figure 4. (a) Background electric field, (b) the logarithm of the background plasma density, and (c) the snapshot of j‖ at time t = 3,011.1 s in the simulations with
ΔL = (L2 − L1)∕2. (d–g) Profiles of the background electric field, conductivity, and the parallel current density in the southern hemisphere in simulations with
ΔL = (L2 − L1), ΔL = (L2 − L1)∕2, and ΔL = (L2 − L1)∕4.

cavity than in the homogeneous plasma, which means that the transverse gradients in the background plasma
and the electric field change the perpendicular sizes of the generated structures.

The effects of the cavity on the development of the IFI had been investigated in more detail by Streltsov et al.
(2012). They used the same model as the one considered in this study and implemented it in the same part of
the magnetosphere, but the focus of their investigation was on the magnetic fields and frequencies of the ULF
waves generated by the IFI in different cavities. Despite of the small difference of the background parameters
used in their study compared with the ones used in this paper, the major conclusions about the qualitative
behavior of the IFI in cavities from both studies are quite consistent.

To understand the effect of the amplitude of the background electric field on the IFI development, simulations
with an electric field with a maximum magnitude 20 mV/m in the ionosphere have been performed. The first
conclusion from these simulations is that the large electric field causes large FACs. In the case of a 20-mV/m
field, the maximum amplitude of currents reaches 6.2 μA/m2, whereas in the case of a 10-mV/m field, the max-
imum amplitude of current was ≈ 3.1 μA/m2. The second conclusion is that the downward current channels
are broader in the 20-mV/m case than in the 10-mV/m case.

The last result obtained in the simulations relates to the effect of the amplitude of the background ionospheric
density/conductivity on the IFI development. The simulations show that density affects the linear growth
rate of the instability: specifically, that a larger density causes a smaller growth rate. For example, IFI driven
by 10-mV/m electric field inside a cavity with the minimum density 1.5 × 104 cm−3 (corresponding to ΣP =
0.50 mho) has a growth rate 1.5 × 10−3 s, whereas IFI driven by the same electric field in the cavity with the
minimum density 1.0 × 104 cm−3 (corresponding to ΣP = 0.33 mho) has the growth rate 3.2 × 10−3 s. This
result is consistent with the analytical estimates of the linear growth rate given by Trakhtengertz and Feldstein
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(1991), Lysak (1991), and Pokhotelov et al. (2000) and one more time demonstrates that the instability will not
develop when the ionospheric conductivity is high.

4. Conclusions

This paper presents results from simulations of a two-fluid MHD model describing magnetosphere-
ionosphere interaction conducted by ULF electromagnetic waves and FACs at high latitudes. The goal of this
study is to explain self-consistent formation of the FAC system with the characteristic features of the black
aurora.

Results from this study suggest that the black aurora is produced by the strongly nonlinear IFI developed
simultaneously in two magnetically conjugate hemispheres. The favorable conditions for the development of
the black aurora include a relatively homogeneous and relatively stationary state of the plasma density and
the electric field in the ionosphere. The electric field should be in the range of 10–20 mV/m. (A larger field
will cause very rapid dynamics of small-scale structures.) The background ionospheric conductivity should be
less than 0.3–0.5 mho. (Larger conductivity would not allow the IFI driven by 10–20-mV/m electric field to
reach the nonlinear stage during any reasonable time interval.) These conditions promote the development
of significant (by a factor of 3 or more) differences in spatial sizes and amplitudes between the upward and
downward FAC interacting with the ionosphere, which explain the main observational features of the black
aurora.

5. Data Availability

The images of the black aurora (Figure 1), the executable code used in the simulations, the data files used
to run the code, and the results from the simulation shown in Figure 2 are available from Figshare.com
(https://doi.org/10.6084/m9.figshare.7066544).
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