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Abstract we found the inner electromagnetic structure of subauroral ion drifts (SAID) in the SAID-STEVE
events documented by the Swarm spacecraft and numerically simulated the ionospheric feedback instability
(IFT) development for one of the four similar events. Good quantitative agreement of the modeling results with
the observed features shows that the ionospheric feedback mechanism captures their basic underlying physics.
Simulations require nonlinear saturation of the IFI-generated dispersive Alfvén waves. That is, a strong driving
field of STEVE-linked SAID with a deep density trough leads to a nonlinear system of dispersive Alfvén waves
coupled with the density perturbation and parallel electric fields. As shown earlier, these fields produce the
suprathermal electron population and energy balance necessary for the STEVE and Picket Fence radiation.
Therefore, our results predict their inner structure.

Plain Language Summary Interpretation of subauroral arcs—STEVE and Picket Fence—

inside fast subauroral flows (SAID) with depleted density and high electron temperature requires specific
local distributions of ionospheric electrons and vibrationally excited neutrals. It was earlier shown that the
ionospheric feedback instability in STEVE-linked SAID could provide the required features. The resulted
meridional structure was not explored further, though it is essential for validation of the feedback mechanism.
We discovered the inner electromagnetic structure of four similar, well-documented SAID-STEVE events
from the Swarm spacecraft and numerically simulated the IFI development for one of these. Good quantitative
agreement between the simulated and observed structures shows that the ionospheric feedback mechanism
captures the basic underlying physics. Therefore, our results predict the inner structure of STEVE and Picket
Fence.

1. Introduction

The disturbed subauroral convection in the premidnight sector is dominated by fast,|Vy,| = |Ex X bo|/By > 1 km/s,
westward flows of the width A s < 100 km in latitude, equatorward of diffuse aurora. These are known as “polar-
ization jets” (Galperin et al., 1974) and “subauroral ion drifts” (Spiro et al., 1979). High speed, Vj» > 4 km/s

or E, 2 150-200 mV/m, SAID channels with deep troughs, n, < 10* em=3, and elevated electron temperatures,
T, > 5,000 K, in the top ionosphere display a subset of subauroral arcs—STEVE and Picket Fence (e.g., Archer
et al., 2019; Gallardo-Lacourt et al., 2018; MacDonald et al., 2018; Nishimura et al., 2019). Their spectra are
radically different from usual aurora (Gillies et al., 2019) and indicate a local source of low energy, € < 18.75 eV,
suprathermal electrons (Mende et al., 2019; Mende & Turner, 2019) and vibrational and electronic excitation of
neutral gas below ~270 km (Mishin & Streltsov, 2019; henceforth, MS2019; Harding et al., 2020). We stress that
this inference is not applied to SAR arcs (e.g., Inaba et al., 2020; Martinis et al., 2022) that require the different
consideration (e.g., MS2019).

MS2019 invoked the ionospheric feedback instability (IFI) instrumental in describing discrete aurora (e.g., Streltsov
et al., 2012) and subauroral ULF wave structures—SAPSWS (Streltsov & Mishin, 2003, 2018, 2020, 2022; here-
after SM2003; SM2018; SM2020; SM2022). MS2019 employed a 3D model (Jia & Streltsov, 2014) with the Hall
term, jz = ZyE X B. In a 2D system (X, = 0), east-west-aligned “sheets” of upward and downward field-aligned
currents (FACs) carried by dispersive Alfvén waves are closed by the meridional Pedersen current, jp = ZpEx.
The resulting east-west-aligned strips have the characteristic meridional scale length about the most unstable
wavelength. The Hall term rotates the developing small-scale currents and electric fields, thereby transforming
the “strips” into a chain of vortices like a series of “pickets” (MS2019, Figure 3).

Mishin and Streltsov (2022; henceforth, MS2022) simulated the IFI development taking a poleward trapezoidal

field of Eyp =50, 100, and 150 mV/m and assuming a plasma density depletion of n ~ 103 cm~3 between
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>120 and <200 km—a so-called ionospheric “valley” (Titheridge, 2003). In this setup, the IFI creates greatly
enhanced, small-scale FACs with parallel electric fields, Ej, nonlinearly increasing with E,, and the density
depletion below the F, peak. With these fields, an explicit solution of the Boltzmann kinetic equation gives the
electron distribution function (EDF) and the power going to excitation and ionization of neutral species (the
energy balance) in good quantitative agreement with that needed for Picket Fence emissions between 120 and
140 km. The theory predictions are also consistent with the STEVE emissions above 200 km.

MS2022 noted the meridional structure of STEVE resulted from the IFI but did not pursue that further. However,
confirming the meridional structure of strong SAID conjugate to (long-lasting) STEVE is essential for corrob-
oration of the feedback mechanism. Besides, Sinevich et al. (2021, 2022) reported on SAID-associated density
irregularities with the same spectral index as in SAPSWS events—the cause of stormtime midlatitude scintilla-
tions (Mishin & Blaunstein, 2008; Nishimura et al., 2021). Therefore, investigating the SAID inner structure is
also essential for the understanding of midlatitude scintillations.

The purpose of this paper is twofold. First, we reveal the inner structure of SAID from the electromagnetic field
and plasma data measured by the Swarm spacecraft over the STEVE arc in four similar, well-documented SAID/
STEVE events (Section 2). Next, the IFI development for MacDonald et al.’s (2018) STEVE event on 25 July
2016 is numerically simulated in Section 3. The explored events show a distinctive electromagnetic structure in
good quantitative agreement with the ionospheric feedback mechanism. Section 4 discusses the implication of
the experimental and modeling results. The main inference is that the combination of a strong driving field and
depleted density profile characteristic of strong SAID leads to a nonlinear system of dispersive Alfvén waves
coupled with parallel electric fields. As these fields produce the suprathermal electron population and energy
balance necessary for the radiation of STEVE and Picket Fence (MS2022), our results predict their inner structure.

2. Swarm Observations

For analyses of the spatial structure, we selected four SAID events from the Swarm spacecraft in which the
magnetic footprints of Swarm passed over STEVE identified in optical measurements (Archer et al., 2019;
Nishimura et al., 2019). We use Swarm 16-Hz flow (electric field) from the thermal ion imager cross-track
data set and 50-Hz magnetic fields, as well as 2-Hz electron density and temperature from the Langmuir probe
(LP) data set (see Jgrgensen et al., 2008; Knudsen et al., 2017). Figure 1 shows the selected events. Their mean
characteristics are typical of the STEVE-related SAID channels. The new result is the meridional structure
comprising small-scale FACs, j, and oscillations in the electric field, 6E, and flow, V' ~ §E /By (not shown).
Low-resolution LP data do not allow exploring the density trough structure (Sinevich et al., 2021, 2022).

Electric-field oscillations are obtained as 6FE = Ex— <E >, where E, (<Ex>) stands for the raw data (data aver-
aged over 0.5 s). To calculate small-scale FACs, we isolate the SAID-related magnetic structure, §B; = B; — AB,;.

Here, A B; is the fit of the 2-s averages of magnetic components, B s
near a small-scale channel (e.g., Mishin, 2013, Figure 6). Notably, antisymmetric § Bg,s and & By, Variations

obtained by a standard spline/pchip procedure

indicate that the satellite crossed a current sheet at an angle @ ~ arctan( —) ~ 45°. The FAC's intensity in the
thin current sheet approximation at a < 60° is given by (e.g., Rich et al., 1980; Rother et al., 2007)

— —§Br~ ———6Bg (N

075 0 0.1 0
g Um, cos a ot cos a ot

Here, 6 B (eastward) is in nT, time ¢ in s; and v, = 7.5 km/s is the satellite speed.

In the selected events, @ < 45°, the small-scale current system comprises a series of paired, antiparallel FACs
of +10-20 pA/m? intensities. The FACs correlate with +20-40 mV/m electric oscillations, 5E, like in SAPSWS
(e.g., Mishin et al., 2003, Figure 6). The revealed spatial variability is consistent with the small-scale FAC struc-
ture generated by the IFI inside SAID (MS2019; MS2022). Next, we show that the IFI simulation practically
reproduces the satellite measurements for the 25 July 2016 event.

3. Simulation of the 25 July 2016 Event

The IFI develops as short transverse-wavelength, A4, ~ 1-10 km, dispersive Alfvén waves are “over-reflected”
from the E-region ionosphere with a strongly sheared convection flow due to the altitude-dependent ion-neutral
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Figure 1. Four SAID-STEVE events. (Top row): Meridional electric fields. Red (black) curves show the raw data, E, (data averaged over 0.5 s, <E,>); second and
third: The plasma density and electron temperature. Insets: Electric-field oscillations, 0E = Ex— <E,>. Bottom: Small-scale field-aligned currents, j;. Red (black)
curves show field-aligned currents (FACs) calculated from 6B averaged over 0.3 s (0.8 s).

collision frequency, v;(h). In general, the favorable conditions for the IFI include the presence of the large-scale

electric field in the ionosphere and the low E-region plasma density of noz < 10* cm™3. Then, the IFI threshold is
quite low: E;; &~ 50Q,;/vio ~20-30 mV/m (Trakhtengertz & Feldstein, 1991). Here, vy = v;(h¢) and Q,; is the ion
gyrofrequency at i, = 110 km. We use the reduced two-fluid MHD model (e.g., SM2003; SM2018) describing
dispersive Alfvén waves in low-$ plasmas.

In the magnetosphere, dispersive Alfvén waves are described by equations for the electron parallel momentum,
m, nu, continuity of the plasma density, n, and the current continuity equation. The ionospheric boundaries of the
domain are set at k. The vertical size, h ~ 10-15 km, of the E-region conducting (dynamo) layer is much less
than A4 ~ 103 km, so the plasma density and electric field in the layer can be taken uniform. Integrating the
current continuity equation, V - j = 0, over the dynamo layer gives the simplest (so-called electrostatic) boundary
conditions in the E-region.

V- (ZpEL) = £jj 2)

Here, jy; is the FAC density on the top of the dynamo layer and the sign “+” in the right-hand side of Equation 2
is for the southern/northern hemisphere. Integrating the continuity equation over the dynamo layer yields the
density variation

on

—+

ot ®

Ji
Vi (nvg) = J +a(n(2) - nz)

Here, v = E X by/ By, « is the recombination coefficient; the term an? represents losses due to the recombina-

tion, while ang represents all unspecified sources of the ionospheric plasma that provide the equilibrium state of
the ionosphere ny. Note that the above equations are not linearized.

The computational domain in Figure 2 represents a 2D slice of the axisymmetric dipole magnetic field in the SAID
channel across the indicated magnetic shells, L. The input (driving) electric field at the satellite altitude is the
low-frequency part, E; (L) (black line in Figure 2a), obtained by applying the low-pass (0.5 Hz cutoff frequency)
filter to the measured field, E, (Figure 1b). Inside the whole domain, the current-free equilibrium field, Ey(L, s),
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A Swarm-A 25 July 2016 is obtained by extending E; (L) electrostatically along the geomagnetic field
300 T T T

Ex (mV/m)
N
8

-
o
o

¥ between the hemispheres. Here, s is the distance along the magnetic field.

Regarding the density distribution along the entire magnetic field line, over
the past 20+ years of modeling the ionosphere-magnetosphere coupling we
developed a robust density model from one hemisphere to another (e.g.,
SM2018, SM2020). The model interpolates density between the ionospheric
E-region and F-region and the equatorial magnetosphere. Thus, to get the
density in the entire magnetosphere, the user needs to specify the density in
these three locations. The density in the equatorial magnetosphere is taken
from the coincident Van Allen Probe A and B data. The density in the F-region

is defined from the measurements of Swarm satellites during the event.
Thus, the density inside the domain is defined as no(L, s) = noi(L)noz(s)
(cf. SM2018, Equation 6). Here, no (L) is the measured density variation
in Figure 2a and np(s) is chosen to provide the minimum plasma density

noe = 10* cm=3 at 110 km (e.g., Kelley, 2009), nor = 6 x 10* cm=3 at 300 km
(F, peak), and ny = 10 cm~ in the equatorial magnetosphere.

Ey (mV/m)

As in MS2019 and MS2022, computations have been performed using the
numerical procedure described in detail in (SM2003; 2018; 2020; 2022).
Therefore, here we present only the simulation results. Simulation spans a
692 s period, starting from quiet, unperturbed conditions. The IFI was initi-
ated by a numerical noise representing random thermal fluctuations of the

plasma density. Figure 3 describes the temporal dynamics and spatial struc-
ture of the small-scale FACs in dispersive Alfvén waves and the associated
meridional electric fields. As in MS2022 (Figure 2), FACs are also associated
with enhanced parallel fields (not shown) responsible for the arc radiation.

Specifically, Figure 3b shows three snapshots of the simulated FACs
taken at the “initial” stage, t, = 207.6 s, and at saturation, t, = 415.2 s, and
t, = 622.8 s Figure 3c illustrates the simulated perpendicular electric field
at the Swarm-A altitude of ~450 km, while Figure 3d shows its relative
= power spectral density. Notice the change in the characteristic ULF wave

log g (no)

3648  3.694

L 3.603

Figure 2. (a) The measured, E, (red curve), electric field and the
lowpass-filtered driving field, E; (L) (black) with the plasma density, ng; (L)
(blue), along the Swarm-A pass on 25 July 2016. The spatial distribution in the

3.739 3.787 8 frequency from ~50 to ~35 mHz and in the current structure at the domain's
left and right flanks, like in the observed FACs (Figure 1b).

To make a detailed comparison between the simulation and the data, a virtual
satellite was “launched” through the simulation domain along the Swarm-A

computational domain of (b) Eg(L, s) and (c) no(L, s) (see text). pass. Figure 4 illustrates the Swarm-A data and “measurements” from the

virtual satellite designated by the subscript “sim”. Besides E; (L) and ny (L),
Figure 4a shows electric field oscillations, 6E; and 6E,, obtained by applying
a highpass, f > 0.5 Hz, and a bandpass, 0.5 < f < 2.0 Hz, filter to the measured field, respectively. Figure 4b
shows the simulated field, £ , and the plasma density, as well as the smoothed, f < 0.33 Hz, <E;,> and high

frequency, f > 0.33 Hz, 6E;,, components.

For a direct comparison, the observed and simulated electric oscillations, 6E; and 6E ;,, are presented in Figure 4c,

while their power spectral densities (PSD) are shown in Figure 4d. For the spacecraft velocity of V, | ~ 7.5 km/s
across the SAID channel, the Doppler-shifted frequencies, 0.4 and 0.6 Hz, correspond to 4, ~ V, /f ~ 19 and
12 km wavelengths, respectively. The different frequencies (wavelengths) come from the different patterns at the
simulation domain's flanks. Evidently, not only the simulated spatial structure is very much alike the observed
pattern, but also their magnitudes are close. Therefore, the numerical results demonstrate good quantitative agree-

ment with the observations.

As shown earlier (Jia & Streltsov, 2014; MS19), the amplitudes of the IFI-generated small-scale FACs in the
Picket Fence, 3D geometry with the Hall current are slightly larger than in the 2D/STEVE case. That is, for the
same input conditions, simulations in a full, far more time-consuming 3D geometry would give slightly larger
6E,, than shown above. Therefore, the above 2D results can be qualitatively applied to Picket Fence when
>z,
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Figure 3. (a) The driving electric field, E; (L), and the plasma density, ny; (L) (blue), along the Swarm-A pass. (b) Three
snapshots of the field-aligned currents (FACs) density, j, in the simulation domain at times indicated by arrows in frame ¢
(see text). The dashed line marks the Swarm-A pass. (c) Temporal dynamics and spatial structure of the simulated transverse
electric field. The dashed line marks the space-time “trajectory” of a virtual satellite. (d) Power spectral density of the ULF
electric field along the virtual satellite trajectory.

4. Discussion and Conclusion

Good quantitative agreement with the observations indicates that the model describes the essence of the SAID evolu-
tion. We must note that the currents in the simulation were continuously increasing with time because the model
does not include self-consistent saturation mechanisms of the IFI-generated ULF waves in the nonlinear regime.
One of these in the E-region could be the electron heating due to the Farley-Buneman instability (e.g., Dimant
& Milikh, 2003) that changes the recombination rate and conductivity. Additionally, there are several conceiva-
ble saturation mechanisms of the IFI-generated dispersive Alfvén waves/FACs in the top ionosphere, such as the
FAC-driven ion acoustic instability. Indeed, with the obtained small-scale FACs, the electron parallel drift velocity,
u = |j|/nce, in the depleted plasma exceeds the ion sound speed. However, in the trough the excited wave spectrum
is one-dimensional and the “classical” anomalous resistivity (e.g., Galeev & Sagdeev, 1984) does not apply. For the
input constant parallel electric field, the instability results in the generation of intermittent ion acoustic double layers
and electron heating (e.g., Chanteur et al., 1983; Sato & Okuda, 1980). In saturation, the electron current and ther-
mal velocities linearly grow with time. Regrettably, this problem for the input current has not yet been investigated.
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Figure 4. (a) Top: The same as Figure 2a. Bottom: Filtered electric-field oscillations: 6E; atf> 0.5 Hz (red) and EE/ at 0.5 < f < 2.0 Hz (black). (b) Top: The simulated
electric field (red color, Ej;,,) and its low-frequency part at f < 0.33 Hz (black, <E;,>) with the plasma density (blue) along the virtual satellite trajectory. Bottom:

Electric-field oscillations at f > 0.33 Hz, 6E

(black) and 6E

sim

. (¢) Observed and simulated electric-field oscillations, 6E; (black) and oE;,, (red). (d) The power spectral density of 6E

sim’

(red) with the peak Doppler-shifted frequencies indicated.

Mishin and Streltsov (2021, Chapter 2.3) noticed that IFI-generated Alfvén waves could be parametrically unsta-
ble and generate convective cells, that is, local small-scale vortices. For the parameters in the top ionosphere,

the threshold, ( 1+ k% 13)3/26 Bx > Bok:A.q/2k (Pokhotelov et al., 2003; Volokitin & Dubinin, 1989), is satisfied
for FACs of ~10 pA/m?. Here, A, is the electron skin length, k,/k, is the parallel/perpendicular to B, wavevector
component, and ¢g~' > k7! is the cell's characteristic scale size. Similarly, Lynch et al. (2022) suggested a tearing
instability in intense FACs for the formation of small-scale vortices. In other words, a picket fence-like structure
can be formed even without the Hall conductivity.

To allow for possible stabilization effects, we introduced a limiting threshold on the variation of the ionosphere
density defined by Equation 3. Mathematically, this threshold is defined as (1 + &;) n,, where n is the back-
ground density in the ionospheric E-region (the ionospheric boundary of the domain), and &, is the number in
the range from O to 1. Thus, if the density, n, becomes less than (1 — &;) n or greater than (1 + &;) n,, then it
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is replaced with (1 — &;) ng, or (1 + &;) n, respectively. Simulations show that the variation of &, changes both
the magnitude and structure of the FACs.

In the above simulation, we consider that the IFI is saturated when the simulated FACs' intensities (Figure 3b)
match the observed values of j = +10 pA/m? (Figure 1b). This determines the saturation threshold of 6, ~ 0.2.
Then, the electric field (Figures 3c and 4b) is obtained from the artificially saturated FACs. That is, the numerical
results reproduce in detail the observed electromagnetic structure when the IFI-produced density variation is
limited to +£20% of the background value. The simulation-observation congruency indicates that the ionospheric
feedback via ULF Alfvén waves creating a nonlinear system of dispersive Alfvén waves coupled with the density
perturbations captures the basic underlying physics of the magnetosphere-ionosphere coupling in the STEVE/
SAID region.

In conclusion, we revealed the inner electromagnetic structure of STEVE-associated fast SAID and performed
its numerical investigation using approach based on the ionospheric feedback mechanism (MS2019; MS2022).
Simulation of the IFI development for one of the observational events reproduces in detail the structure and
amplitude of the observed electric fields and field-aligned currents. The important parameter used in the simula-
tion is the saturation threshold of the instability, which defines the spatial structure and amplitude of the intense
ULF waves and currents generated by the instability in a nonlinear regime. Good quantitative agreement between
the observed and simulated electromagnetic patterns indicates that the model captures the basic underlying phys-
ics of the nonlinear magnetosphere-ionosphere coupling via ULF Alfvén waves in the STEVE/SAID region.

Obviously, more theoretical efforts are required to identify the saturation mechanism and its dependence on the
background parameters, especially on the E-region plasma density. This formidable task is beyond the scope of
this paper but we plan to perform a series of simulations to find the dependence (if any) of the electromagnetic
structure and 6, on n,. This paper was under review when Sinevich et al. (2023) reported on a stratified inter-
nal structure of the density trough inside SAID (in short, SSAID) from the NorSat-1 satellite, while Nishimura
et al. (2023) showed fine-scale structures within the STEVE arc captured by citizen scientist photographs and the
Transition Region Explorer imager and spectrograph observations at Lucky Lake, Canada. The SSAID pattern is
similar to the electromagnetic pattern found in our work.

Data Availability Statement

The Swarm data used in this study were obtained at https://swarm-diss.eo.esa.int/#swarm/. The code used in
the simulations, data files used to run the code and the results from the simulation shown in Figures 3 and 4 are
available from Figshare.com https://doi.org/10.6084/m9.figshare.22232890.
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