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Abstract This paper aims to extend the understanding of Strong Thermal Emission Velocity
Enhancement (STEVE) and the Picket Fence related to strong subauroral ion drifts (SAID). We
numerically demonstrated that precipitating energetic electrons are critical for the structuring of the Picket
Fence. It is created by feedback-unstable magnetosphere-ionosphere interactions driven by the SAID
electric field when the Hall conductance created by energetic (>1 keV) electrons exceeds the Pedersen
conductance. We show that thermal excitation of the red-line emission in STEVE is inhibited by inelastic
collisions with molecular nitrogen. Suprathermal (<500 eV) electrons coming from the turbulent
plasmasphere appear to be the major source. We also show that the chemiluminescencent and radiative
attachment reactions do not explain the short-wavelength part of the STEVE continuum and argue that
accounting for vibrational excitation may resolve the problem. Atmosphere's upwelling due to enhanced
ion-neutral drag leads to the increased abundance of molecular components relative to atomic oxygen.

1. Introduction

Skyglow in the form of a narrow in magnetic latitude, east-west-aligned mauve “ribbon” and occasionally
green rayed “Picket Fence” equatorward of the auroral zone was often reported by amateur photographers.
MacDonald et al. (2018) have named the mauve arcs as Strong Thermal Emission Velocity Enhancement
(STEVE) because of the relation to strong plasma streams - subauroral ion drifts (SAID), with highly ele-
vated electron temperature, T, > 5000 K. Their features have been detailed by Gallardo-Lacourt, Liang, et al.
(2018), Gallardo-Lacourt, Nishimura, et al. (2018), Nishimura et al. (2019), and Archer, Gallardo-Lacourt,
et al. (2019). In particular, Gallardo-Lacourt, Nishimura, et al. (2018) statistical study shows that STEVE
occurred during the recovery phase of substorms. Nishimura et al. (2019) have found that energetic
(~10 keV) electrons detached from the plasma sheet were present in the conjugate region of the Picket
Fence-related SAID region and were absent in the STEVE region. Using citizen scientists’ data, Archer,
St.-Maurice, et al. (2019) have estimated the height extent of STEVE and Picket Fence as 130-270 and
95-150 km, respectively.

Gillies et al. (2019) performed the first spectroscopic observations of the STEVE and Picket Fence emissions
supporting Nishimura et al.’s (2019) conclusion that the Picket Fence is, in fact, a rayed subauroral aurora.
They found that the STEVE color is determined by an intensified 400-800 nm continuum that dominates
the red-line emission. However, the question as to why the “extreme” SAID parameters cause the greatly
enhanced continuum and weak red-line emission, as opposed to SAR arcs, remains unanswered. Further-
more, the mechanism of small-scale structuring of the electron precipitation that creates the Picket Fence
has not even been discussed so far.

This paper aims to understand the underlying mechanism of the Picket Fence structure and the
STEVE color. We demonstrate that the Picket Fence structure can be created by feedback-unstable
magnetosphere-ionosphere interactions driven by the SAID electric field in the presence of energetic elec-
trons producing the ionospheric Hall conductance, X, greater than the Pedersen conductance, X,. Then we
show that inelastic electron collisions with molecular nitrogen, N,, inhibit thermal excitation of the red-line
emission in the low-density SAID/STEVE region. Suprathermal electrons coming from the turbulent plas-
masphere boundary layer (e.g., Mishin, 2013; Mishin & Sotnikov, 2017) appear to be the major excitation
source. We also show that the chemiluminescent and radiative attachment reactions do not explain the
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Figure 1. Schematic illustration of the 8 May 2016 STEVE event (Nishimura et al., 2019). Left inset: The green Picket
Fence and mauve ribbon in the ionosphere. Right inset: The double SAID electric field, Ey, in mV/m and cold plasma
density from THEMIS-E in the subauroral plasmasphere. The outermost SAID (I, green) is coincident with
precipitating electrons and maps into the fence, while the innermost SAID (II, magenta) maps into the ribbon. The
vertical dashed line indicates the plasma sheet boundary. White curves show the dipole magnetic field. Red arrows
indicate earthbound mesoscale (hot) plasma flows.

short-wavelength part of the STEVE continuum and argue that its interpretation requires vibrationally
excited molecular states. The increased abundance of molecular species relative to atomic oxygen, O, is due
to the atmosphere's upwelling caused by ion drag in strong ion drift channels (e.g., Millward et al., 1993;
Aruliah et al., 2005; Mishin et al., 2007).

2. Modeling the Picket Fence Structure

Figure 1 schematically illustrates the 8 May 2016 event (Nishimura et al., 2019, Fig. 1a) consisting of the
green Picket Fence poleward of STEVE superimposed on the scaled dipole magnetic field (B,). It also shows
the SAID (outward) electric field, Ey, and plasmaspheric density from the THEMIS-E satellite in the plasma-
sphere (Nishimura et al., 2019, Fig. 4). The electric field in the outermost SAID-I (green) is coincident with
energetic electrons and maps into the Fence, while the SAID-II (magenta) maps into STEVE. The Picket
Fence resembles a rayed auroral arc resulting from a small-scale structuring of the precipitating flux along
the Hall current direction, [Ey X B,]. We underscore that whenever the concurrent satellite data were avail-
able in both hemispheres, the observed SAID events, including particle precipitation, were magnetically
conjugate (e.g., Figure S1 in the supporting information; more events can be found in Mishin et al. (2017)).

In order to simulate a rayed auroral arc, Jia and Streltsov (2014) developed a three-dimensional (3-D),
two-fluid MHD model of feedback-unstable magnetosphere-ionosphere interactions. This model includes
the Pedersen and Hall currents that provide closure of field-aligned currents (FACs) carried by small-scale
Alfvén waves generated by the ionospheric feedback instability (IFI) driven by a meridional electric field, Ey.
The ionospheric feedback process amplifies small-scale Alfvén waves by virtue of overreflection from the
ionosphere, which is caused by the shear convection flow consequent to the altitudinal dependence of
ion-neutral collisions (e.g., Trakhtengertz & Feldstein, 1991). In particular, for low E-region plasma densi-
ties, nop < 10* cm™3, the IFI threshold for wavelengths ~1-10 km is approximately E,, ~ 50w,/v,, mV/m
(Trakhtengertz & Feldstein, 1991). Here w,; is the ion gyrofrequency, and v;, > ®,) is the ion-neutral
collision frequency at the bottom of the E layer.

As the altitude extent of the conducting bottom of the ionosphere is much less than the parallel wavelength,
it is usually approximated by a narrow slab with the uniform density and electric field in order to minimize
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Figure 2. Variation of the electron differential number fluxes with energy. The fluxes from THEMIS-E during the
Nishimura et al. (2019) STEVE event on 8 May 2016 (SAID-I, green; SAID-II, magenta) and DMSP F16 (black) during a
typical SAID event on 8 April 2004 (Puhl-Quinn et al., 2007) are averaged over the corresponding SAID region. The
fluxes inside a rectangle can penetrate below ~120 km and create the Hall conductivity, ;. The THEMIS-E data are
provided by Y. Nishimura.

computing time. The magnetospheric part describes dispersive Alfvén waves in an axisymmetric dipole mag-
netic field using equations for the electron parallel momentum and continuity of the density and current.
The ionospheric part is given by a system of equations, which connects the electric field and the plasma
density in the ionosphere with the FAC density, j, and forms a positive feedback loop, §2(6n) — 6j,, — dn
(see Streltsov & Mishin (2018a,b) for details).

In a 2-D model, without the Hall current, the Pedersen current, which closes the east-west-aligned sheets
of upward and downward FACs, has the form of a strip between the current sheets. Thus, the IFI-generated
structures are simply east-west-aligned strips of smaller dimensions determined by the wavelength of the
most unstable Alfvén wave (Streltsov & Mishin, 2003; Streltsov & Foster, 2004; Streltsov & Mishin, 2018a,
b). With a finite Hall conductance, the total ionospheric current flows under some angle to the direction of
the driving field, E. That is, the Hall conductivity causes rotation of the IFI-generated ionospheric current
and electric field leading to the formation of a chain of vortices within the initial strip. As a result, initially
[Ex X Byl-aligned sheets of FACs turn into a series of small-scale rays or “pickets” along [Ey X B;] when X
exceeds X, (Jia & Streltsov, 2014).

We use the particle data measured in the southern hemisphere during the Nishimura et al. (2019) event
to specify the ionospheric conductances at the northern magnetic footpoints. Figure 2 shows electron dif-
ferential number fluxes, ®,(¢), from THEMIS-E inside the SAID-I and II regions (see Figure 1) and, for
comparison, from the DMSP F16 satellite SAID event during an individual substorm on 8 April 2004
(Puhl-Quinn et al., 2007). The fluxes are averaged over the corresponding SAID regions. The suprathermal
population between £ ~30 and 500 eV is a typical feature of SAID resulting from nonlinear wave heating in
the turbulent plasmasphere boundary layer (Mishin, 2013; Mishin & Sotnikov, 2017).

The energy range marked by a rectangle in Figure 2 indicates electrons producing ionization below ~120 km
where X becomes significant (e.g., Vallance Jones, 1974; Robinson et al., 1987). The flux in the SAID-I
region is significantly greater than the others, particularly in the rectangle. The X /%, ratio can be found
from the well-established Robinson et al. (1987) formula, /%, ~ 0.45£%85 where the mean precipitation
energy, &, is in keV. Using this formula with £ calculated from ®,(¢) in Figure 2, we obtain that only the
SAID-I flux makes X, greater than X, (viz., Z;; ~ 2.2X,) needed to create a rayed structure by the IFI.

We have employed a 3-D MHD model (Jia & Streltsov, 2014) in the SAID-I region (Figure 1) between L-shells
3.2 and 3.4 for max(Ey) =50 mV/m in the ionosphere, taking a 1.0° azimuthal extent of the simulation
domain with £, /%, = 0 and 2. Figure 3 shows isocontours of upward (yellow) and downward (blue) FACs
at the ionospheric boundary of the simulation domain at the altitude of 110 km in saturation. In agreement
with Jia & Streltsov (2014), 2-D current sheets at X;; = 0 become small-scale filaments along [Ey X B,] at
X, /Zp = 2. As upward FACs contain precipitating electrons, their structure mimics the optical structure.
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Figure 3. Isocontours of downward (blue) and upward (yellow) FACs at the ionospheric boundary of the simulation
domain (the altitude of 110 km) obtained from three-dimensional MHD simulations with the ratio between the Hall
and Pedersen conductance, X /Xp = 0 (a) and 2 (b). The input poleward electric field in the ionosphere between
L-shells 3.2 and 3.4 is shown on the right. The color bars show the FAC density in uA/m?.

Therefore, similar to a rayed auroral arc, a rayed structure resembling the observed Picket Fence is created
by the IFI with the X, /%, ratio close to that in the SAID-I region.

Final remarks are in order. The feedback-unstable process involved in the Picket Fence creation is consistent
with the MacDonald et al. (2018) observation that “over a several-minute period, unstable green features
resembling a picket fence were observed propagating west. Up to six localized structures at a time were
observed, typically for only one or two frames (of 4 s per frame). Their appearance suggests an unstable,
turbulent, instability driven locally in the ionosphere.” Further, as shows Figure S2 (Jia & Streltsov, 2014,
Fig.7), the resulting structure depends on the actual value of X, /3. That is, at smaller values the “pickets”
turn at some angle relative to the [Ex X B, ] direction, like diagonal structures in some of the events.

3. On the STEVE Spectrum

The 630.0-nm, red-line emission of SAR arcs from the atomic oxygen 1-D state (O1D) is typically enhanced
over the background by hundreds or even thousands of Rayleigh (e.g.,Mendillo & Wroten, 2019). In STEVE,
the total luminosity of the red, green (from the O1S state), and blue (the second positive state of nitrogen,
2PN2) lines was enhanced by only ~160 Rayleigh (R), whereas a 400- to 800-nm continuum by 6200 R
(Gillies et al., 2019, Table 1). SAR arcs are found inside plasma density troughs of n, ~ 3 x 10* cm™3 and
T, ~ (3 +5) x 10% K related to subauroral polarization streams (SAPS) with flow speeds v; ~ 0.5-1 km/s
(e.g., Foster et al., 1994; Forster et al., 1999; Baumgardner et al., 2007). The STEVE-related SAID channels
(MacDonald et al., 2018; Nishimura et al., 2019; Archer et al., 2019) have higher T, up to ~ 10* K, larger

speeds, v; ~ 4-6 km/s, and deeper troughs, n, < 10* cm™.

Gillies et al. (2019) discussed several reactions common for nightglow and raised a challenging question on
the mechanism of the energy and momentum transfer to neutrals in a timely fashion to produce the observed
STEVE continuum. Furthermore, calculating the O1D thermal excitation rate (e.g., Mantas & Carlson, 1991)
with the above n, and T, values, we obtain the red-line intensity in STEVE/SAID comparable to, or even
exceeding, that of SAR arcs (see Figure S3). Thus, another compelling question arises as to what inhibits
thermal excitation in the STEVE region. In order to address these questions, we consider the impact of
enhanced plasma flows and elevated temperature on the F-region ionosphere in more detail.
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Bite-out of the EDF tail
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Figure 4. Variation of the ratio between the calculated electron distribution function (EDF) and a Maxwellian
distribution (MD) with energy. The EDF was calculated with Mishin et al.’s (2000) solution for n, = 4 x 10* (red color),
10* (blue), and 3 x 10* (black) cm~3, and the nitrogen density 107, 108, and 10° cm™3 with the electron temperature
3500, 5000, and 9000 K, as indicated.

First, we note that at n, < 1073[N,], as typical for the SAID-related trough, the maximum rate of resonant
excitation of N, vibrational states exceeds that of electron-electron collisions (e.g., Mishin et al., 2000). Here-
inafter, [X] stands for the density of neutral species X. In this case, the electron distribution function (EDF)
has to be found from the kinetic equation accounting for vibrational excitation. Figure 4 shows the ratio
between EDF and a Maxwellian distribution. Here EDF is calculated using Mishin et al.’s (2000) solution
with plasma densities in SAID-related troughs, n, = 4 x 10 and 10* cm~3, and SAR arcs, 3 x 10* cm~3, with
[N,] = 107,107, 108, and 10° cm™ and T, = 3500, 5000, 9000, and 11000 K. The [N,] values are typical for
altitudes, respectively, 400, 350, 300, and 240 km (e.g., Picone et al., 2002).

Evidently, for n, < 10* cm~ inelastic losses take a substantial “bite out” of the tail population at ener-
gies exceeding the O1D excitation threshold ~1.96 eV, thereby practically shutting down thermal excitation
below ~350 km ([N,] > 107> cm~3). The rate of dissociative recombination of O;' is also small at low n, and
high T,. Thus, the remaining viable source of excitation in STEVE is the suprathermal population, such as
shown in Figure 3 (green and black). Notably, the flux of >50-10% eV electrons is greater than the photo-
electron flux from the sunlit conjugate hemisphere in summer (e.g., Richards & Peterson, 2008, Fig. 5-6) by
3-5 times. Because photoelectrons yield tens of Rayleigh of ambient nightglow at 630.0 nm (e,g., Silverman,
1970), the suprathermal electrons appear to be sufficient to make the STEVE red-line emission of ~100 R
(cf. Gillies et al., 2019, Fig. 1).

Furthermore, enhanced ion-neutral frictional (ohmic) heating in the F region leads to upwelling in the atmo-
sphere. With the SAID/STEVE parameters, the enrichment of the STEVE region by molecular components
is anticipated to be significant. Indeed, Millward et al. (1993) have numerically shown that ion-neutral fric-
tional (ohmic) heating in the F region by a 0.2 V/m electric field (v; ~4 km/s) increases the neutral density
at altitudes ~400 km by a factor of 3 in about 10 min. Their results agree well with fast upwelling caused
by a substorm-related ion drift surge ~5 km/s observed by a tristatic Fabry-Perot interferometer system and
the EISCAT UHF radar near an altitude of 240 km (Aruliah et al., 2005). Similarly, about half an hour after
the major storm onset, the CHAMP satellite detected almost doubled mass density at altitude ~400 km in
the region of v; > 3 km/s and T, ~ 6000 K (Mishin et al., 2007).

The obvious corollary to the above is that the critical “bite-out” altitude rises by about one atmosphere scale
height (~50 km). Note that strong plasma outflows in the STEVE events are indicated by upward ion speeds
~1 km/s (Nishimura et al., 2019, Fig. 2-3). As ohmic heating is proportional to vﬁ, atmosphere's upwelling
is less efficient in SAR arcs usually associated with low-speed SAPS. Furthermore, as follows from Figure 4
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(black curves), the EDF in SAR arcs is close to Maxwellian distribution at altitudes above ~250 km, and
thermal excitation remains effective. Therefore, we conclude that the effect of vibrational excitation upon the
thermal electron distribution determines the difference between the STEVE and SAR arc red-line brightness.

Gillies et al. (2019) discussed the chemiluminescent and radiative attachment reactions

k
NO+0 - NO! S NO,+hv  (a) )
O+e—> O +hv (b)

as plausible sources of the STEVE continuum. Both, however, have the short-wavelength limit. Namely,
the absolute rate constant, k,, in equation (1a) has a distinct maximum near 4 ~ 600 nm and drops to
zero at ~400 nm (Sutoh et al., 1980, Fig. 6). In turn, the frequency, v, in equation (1b) is determined by
the energy conservation, hv = € + €,,,, where ¢ is the electron energy and ¢,,, = 1.456 eV is the affinity
energy (e.g., Eletsky & Smirnov, 1983). For example, 1-eV electrons produce a ~500-nm emission with the
intensity determined by the number of these electrons. Thus, for T, < 11605 K or the mean energy of thermal
electrons € < 1 eV, the intensity rapidly decreases at A < 500 nm.

Dzyubenko et al. (1986) invoked an endothermic reaction with the threshold ~0.3 eV
NCD) + 0, —» NO,(*s*) — NO,(*B,) + hv 2)

to interpret a 570- to 750-nm continuum observed in artificial aurora below 115 km. Indeed, dissociative
recombination of NO* produces N(*D) atoms of the required energy (e.g., Torr & Torr, 1979). Their transition
to the ground level, N(*S), yields a spectral peak from 516 to 521 nm (e.g., Chou et al., 2019), which is notable
in the continuum (Gillies et al., 2019, Fig. 1). However, transition from the *Z* ground state to 2B, gives the
short-scale limit ~570 nm.

Therefore, it seems unlikely that reactions (1) and (2) can explain the short-wavelength part of the spectrum,
which is nearly flat between 400 and 800 nm (Gillies et al., 2019, Fig. 1).

4. Discussion and Conclusion

Let us first discuss the origin of energetic electrons inside the subauroral geospace (Nishimura et al., 2019,
Figs. 2, 4). Such electrons are not anything unknown (e.g., Burke et al., 1995; Pedersen et al., 2007). They
originate from early substorm injections and remain trapped during the substorm/storm recovery (Burke
et al., 1995; Liemohn et al., 1998). Their presence with two SAID channels can be understood using the
observation that the inner boundary of the substorm plasma sheet is controlled by the plasmapause (e.g.,
Mishin, 2013), while the plasmapause is controlled by the cross-tail, E, and SAID/SAPS electric fields
(Goldstein et al., 2003). Figuratively, the plasmapause acts as a magnetosphere “power plant” (Streltsov &
Mishin, 2018b) converting the kinetic energy of earthbound-ejected mesoscale plasma flows (MPFs) into
the SAID electric field as follows.

Low ram pressure MPFs propagate from the reconnection site by virtue of the polarization electric field at
the forefront (Mishin & Puhl-Quinn, 2007; Mishin, 2013), such as documented in laboratory experiments
(e.g., Brenning et al., 2005). Eventually, the dense cold plasma at the plasmapause shorts out the polarization
charge, so that the MPF's electrons stop and form the substorm plasma sheet/auroral boundary. The MPF's
ions move further inward until the emerging SAID electric field stops them. As this process is inherently
unstable, the turbulent plasmasphere boundary layer is formed, with the SAID channel as an integral part
(see Figure S1). Once created, SAID may last in the subauroral region for a few hours (e.g., Anderson et al.,
2001). In the case of several substorm breakups, the plasmapause moves inward between injections due
to increasing E and plasmasphere erosion (Goldstein et al., 2003). Thus, the subsequent substorm MPF
will form a new auroral boundary and SAID near the “fresh” plasmapause closer to the Earth. During the
substorm recovery, the plasmapause moves outward leaving the remaining energetic electrons inside the
plasmasphere with two SAID channels (see Figure S4).

SAID/SAPS-related density troughs are formed due to enhanced rates, k, ,, of charge exchange of O* ions
with N, (k;) and O, (k,) and subsequent fast recombination of NO* and O ions (e.g., Schunk et al., 1976;
Pavlov, 1996; Moffett et al., 1998) and ion outflows (Anderson et al., 1991). The depletion time is about
v~ (ky - [N] + k- [02])_1 ~ 10-15 min. Once the density is depleted and the EDF tail is cut off (Figure 4),
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the thermal excitation of the red line is inhibited. This conclusion is true also for the F-region extent of
the Picket Fence, which lacks of the red color, whereas the color in a rayed aurora gradually changes with
altitude from green to red (Vallance Jones, 1974).

Asnoted Gillies et al. (2019) and show the above estimates regarding the STEVE continuum, its mechanisms
are more puzzling, at least for the short-wavelength part. Taking account of vibrational and electronical
states of participating molecular species may resolve the problem. In particular, Chou et al. (2019) specified
transitions N,(C°I1, — B*II,) and N,(A’Z} — X 'E¥) in the ground states yielding emission lines at 391,
418, 420, 450, 485, 526, and 574 nm, that is, in the short-wavelength part. In general, transitions between
vibrationally excited states produce around the lines multiple peaks corresponding to various combinations
between vibrational energies (e.g., Vallance Jones, 1974; Piper, 1992). This is consistent with the Gillies et al.
(2019, Fig. 1) spectrum.

It is known that vibrationally and electronically excited molecules play an important role in charge exchange
and production of nitric oxide in high-temperature SAID and SAR arcs (e.g., Schunk et al., 1976; Pavlov, 1996;
Moffett et al., 1998; Mishin et al., 2004) and auroral plasma (e.g., Mishin and Telegin, 1989; Campbell et al.,
2006; 2007), respectively. More careful studies, both experimental and theoretical/numerical, are needed in
order to characterize their effect on the emission spectrum in STEVE.

In conclusion, STEVE and the Picket Fence visualize processes occurring in the subauroral
geospace during substorms. The Picket Fence structure is formed by feedback-unstable, SAID-driven
magnetosphere-ionosphere interactions when the Hall conductance created by precipitating energetic
electrons exceeds the Pedersen conductance. The bite out of the tail of the thermal electron distribution due
to vibrational excitation of nitrogen molecules inhibits thermal excitation in STEVE. Thus, suprathermal
electrons coming from the turbulent plasmasphere boundary layer appear to be the major excitation source.
Because the chemiluminescent and radiative attachment reactions do not explain the short-wavelength
part of the STEVE continuum, it is suggested that transitions between vibrationally excited molecular states
in the SAID channel should be taken into account. The increased abundance of molecular components rel-
ative to atomic oxygen is related to atmosphere's upwelling due to enhanced ion-neutral drag and elevated
temperature in the SAID region.

5. Data Availability Statement

FORTRAN and executable codes for 3-D simulations of FACs interacting with the ionosphere, data files to
run simulations illustrated in Figure 2, and output files with 3-D distributions of FACs shown in Figure 2
are available as MISHIN-GRL-2019.zip archive from the Figshare.com/DOI:10.6084/m9.figshare.9856955
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