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Toward the Unified Theory of SAID-Linked Subauroral Arcs

Evgeny V. Mishin! (2 and Anatoly V. Streltsov?

!Air Force Research Laboratory, Space Vehicles Directorate, Albuquerque, NM, USA, Department of Physical Sciences,
Embry-Riddle Aeronautical University, Daytona Beach, FL, USA

Abstract we present a unified approach to subauroral arcs within intense subauroral ion drifts (SAID),
which explains the observed transition of a precursor Stable Auroral Red (SAR) arc into Strong Thermal
Emission Velocity Enhancement (STEVE). This approach is based on the short-circuiting concept of fasttime
SAID as an integral part of a magnetospheric voltage generator between the innermost boundaries of the freshly
injected plasma sheet electrons and ring current ions. Here, enhanced plasma turbulence rapidly heats the

bulk plasma and accelerates suprathermal non-Maxwellian “tails.” Heat and suprathermal electron transport
rapidly elevate the ionospheric electron temperature—the source of a bright SAR arc. Through a substorm,

the density altitude profile within the evolving ionospheric SAID channel transforms into a “fresh” F-region
trough with the E-region valley. The ionospheric feedback instability within the depleted-density SAID channel
generates small-scale, field-aligned currents with parallel electric fields sufficient to produce the suprathermal
electron population, exciting the STEVE and Picket Fence emissions. This approach also explains the inner
electromagnetic structure of intense SAID, which is consistent with fine optical structures in STEVE and Picket
Fence.

1. Introduction

Subvisual Stable Auroral Red (SAR) arcs, typically of ~300-500 Rayleigh (R), at altitudes # ~ 300—400 km are
frequently observed in the subauroral ionosphere (see, e.g., Gallardo-Lacourt et al., 2021). The spectrally pure
redline (“r”) emission at 630 nm via O('D) - O(°P) + hv, is consequent to thermal electron excitation of the
O('D) state with the threshold energy of ¢, &~ 1.96 eV. Quiet time SAR arcs appear inside the ring-current-re-
lated ionospheric trough (RIT, e.g., Karpachev, 2021) with elevated F-region electron temperature, 7, 2 2,500 K,
maintained by the heat flux from the plasmasphere heated by Coulomb collisions with the ring current (RC) ions
(e.g., Ihaba et al., 2020; Kozyra et al., 1997). The RIT is adjacent to the equatorward wall of the main ionospheric
trough (e.g., Aa et al., 2020) located between the ionospheric footprints of the plasmapause and the electron
plasma sheet (PS) (e.g., Heilig et al., 2022; Yizengaw & Moldwin, 2005).

During disturbed conditions, significantly brighter SAR arcs are observed in newly formed troughs with
T, 2 3,500 K in enhanced subauroral convection flows (e.g., Baumgardner et al., 2007; Forster et al., 1999; Foster
et al., 1994). The disturbed subauroral convection near the local midnight is dominated by narrow, A < 1°in
latitude, fast, v, 2 1 km/s, westward flows—subauroral ion drifts or SAID (Spiro et al., 1979). SAID are driven
by meridional (outward/poleward) electric fields, E,, sandwiched between the RC and PS innermost borders
(e.g., Horvath & Lovell, 2023; Mishin, 2013, 2023). This region in the plasmasphere exhibits elevated plasma
temperature and suprathermal (up to ~300 eV) non-Maxwellian “tails” due to enhanced plasma turbulence
(e.g., MS2021a, Figures 8.3-8.4). Henceforth, MS stands for Mishin and Streltsov.

Late in large substorms, east-west-aligned Strong Thermal Emission Velocity Enhancement (STEVE) and
Picket Fence arcs appear within intense SAID channels with high velocities, v, 2 4 km/s, and deep troughs of
Moy ~ 10* ecm~3 with T, > 5,000 K at altitudes # ~ 450-800 km (Archer, Gallardo-Lacourt, et al., 2019; Chu
et al., 2019; Gallardo-Lacourt et al., 2018; MacDonald et al., 2018; Nishimura et al., 2019). If it appears, Picket
Fence lags STEVE (Martinis et al., 2022; Yadav et al., 2021) but can remain after STEVE disappears. Picket
Fence arcs reside in the height range of 130 < s, < 180 km and STEVE arcs at 200 < &, < 270 km (Archer,
St.-Maurice, et al., 2019; Liang et al., 2019; Martinis et al., 2021). The STEVE purple/mauve color is determined
by a 400-800 nm Air Glow Continuum (AGC), while the green- (“g”, O('S) — O('D) + hzxg at 557.7 nm) and
red-line emissions increase just a little (Gillies et al., 2019, 2023; Liang et al., 2019).
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STEVE is observed to follow on a precursor SAR arc (e.g., Chu et al., 2019; Gillies et al., 2023; Liang et al., 2019;
Martinis et al., 2022, 2021). In particular, the transition of bright SAR arcs into STEVE arcs at lower altitudes
was documented (Gillies et al., 2023; Martinis et al., 2022). The SAR arcs, ~2 and ~6 kR, were related to intense
SAID channels with Vi, > 4 and 5.5 km/s, T, ~ 6,000 and 8,000 K, and _, ~ 3 X 10* cm~3 at ~450 km, respec-
tively. Notably, about 10 min after the onset of a substorm, Gillies et al. (2023) detected a SAR arc moving south-

'min

ward with the width increasing. After ~20 min, near the beginning of the substorm recovery, the arc abruptly
narrowed and transformed into STEVE/AGC with the redline luminosity nearly doubled and the equatorward
motion temporarily stopped. Once the AGC faded away in ~25 min, a weak SAR arc reappeared. The flow speed
and T, in the SAID/STEVE channel were significantly greater, while the width and n_, were much smaller than
during the preceding SAR arc (Martinis et al., 2022). Thus, Gillies et al. (2023) assume that the red-into-AGC
transition manifests some unknown threshold condition.

Whichever the threshold is, the AGC calls for strongly excited nitrogen molecules, N, (Harding
et al., 2020; MS2019). Moreover, MS2019 have shown that at & S h,, where n. < ni"ib) = 10‘3NN2 (the N,
density), a non-Maxwellian suprathermal tail is the main excitation source because the N, vibrational barrier
bites off the thermal electron distribution function (EDF) at € > ¢, (e.g., Mishin et al., 2000). This inference is
a fortiori valid for the Picket Fence spectrum, which is dominated by the green line and the first positive band
N,('P) at >650 nm from the NZ(B31'Ig) or N,(B) state, while lacking the blue-line (“b”) emission at 427.8 nm
(Mende et al., 2019; Mende & Turner, 2019). That is, an enhanced suprathermal tail extends beyond the O('S)
and N,(B) excitation thresholds of ¢, ~ 4.2 eV and &, = 7.35 eV, respectively, but is cut off at &, = 18.75 eV
(Mende et al., 2019).

As suprathermal electrons coming from the plasmasphere degrade along the path (e.g., Khazanov et al., 2017),
the observations call for a local source of suprathermal electrons. MS2022 attributed the source to parallel elec-
tric fields, SE”, inherently linked to small-scale, field-aligned currents (FACs), 6j”, carried by dispersive Alfvén
waves generated in the SAID channel by the ionospheric feedback instability (IFI). Note that the linear theory
relation for inertial Alfvén waves is 8E « w,8j;/n,. As the input for the IFI simulation, MS2022 included a
so-called ionospheric “valley” of " ~ 103 cm=3 between >120 and <200 km (Titheridge, 2003) in addition to
the F-region trough. A rigorous solution of the Boltzmann kinetic equation with 8E,(h) from this simulation gives
a local EDF, FE(S,SE“(/’[)), which satisfies the requirements for STEVE above 200 km and Picket Fence beneath.
On the other hand, the EDFs obtained in the runs without the valley were insufficient. The MS2022 simulation
and similar runs (e.g., Streltsov & Mishin, 2022; henceforth, SM2022) show that the gradient of the Alfvén speed
near the valley's upper boundary reflects FACs-carrying Alfvén waves with the reflection coefficient stronger for
shorter-scale waves. Thus, the valley works like a lowpass filter, which passes the magnetospheric waves with
larger perpendicular wavelengths and reflects short-scale waves.

The most recent observational findings include fine-scale optical structures in STEVE (Nishimura et al., 2023)
and the small-scale meridional structure of the electromagnetic field (MS2023) and density trough (Sinevich
et al., 2023) within intense SAID, like that linked to STEVE arcs. The MS2023 IFI simulation reproduced
in detail the SAID electromagnetic structure, thus validating that the IFI captures the basic physics of the
small-scale magnetosphere-ionosphere coupling in SAID events. Given the 8E, — &) intimate relation, it is
anticipated that the arc brightness would have a similar small-scale structure. In addition, nonlinear interactions
of the IFI-generated Alfvén waves create a series of electrostatic convective cells—small-scale vortices along the
channel (e.g., Pokhotelov et al., 2003). Combined with the inner structure across the channel/arc, these would
make a 3D optical fine structure in the height range of STEVE and Picket Fence.

As the required magnitudes of 8E are attained in a low-density F region with the valley beneath (MS2022), we
suggest that the SAR arc-into-STEVE transition is determined by the formation of such depleted density profile
in the evolving ionospheric channel. This assertion is examined below. Section 2 describes the SAID develop-
ment during substorms with implications for SAR and STEVE/Picket Fence arcs. The IFI simulation in Section 3
reproduces the inner electromagnetic structure of intense SAID with 8E(h) that makes the specific local EDFs
required for STEVE and Picket Fence. We show that SAID-related SAR arcs with their ensuing transition into
STEVE follow the progress of the SAID channel started as an integral part of a fasttime magnetospheric voltage
generator (VGg;) and then evolved under the action of the elevated temperature and strong electric field, depleting
the plasma density within the ionospheric counterpart.
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2. Substorm SAID: Implications for Subauroral Arcs

Here, we present a scenario of the development of a SAID-linked subauroral arc within a typical SAID channel
evolving throughout an isolated substorm. The fast timescale and near-midnight MLT sector point to the earthbound
mesoscale plasma flow bursts (MPFs) (Gkioulidou et al., 2014; Horvath & Lovell, 2023; Mishin, 2013; Mishin
& Puhl-Quinn, 2007; Nishimura et al., 2022; Z. Wang et al., 2019; W. Wang et al., 2021). SAID are created as an
integral part of the VG by the short circuiting of earthbound MPFs over the plasmapause (Mishin, 2013, 2023;
Mishin & Puhl-Quinn, 2007). As a result, SAID appear in the near midnight plasmasphere interior to L, —the
L-shell where the plasma density at the plasmapause exceeds the critical value of ny(Lumin) = ni,mi") ~10cm™.
Here, the self-polarization field at the incoming MPF's front is short-circuited by the cold plasma, so that the
MPF's electrons stop and form the “fresh” electron PS boundary (hence the auroral boundary). Meanwhile, the
demagnetized (Mishin, 2013, Equation 4) hot MPF's ions—the “fresh” RC injection—move further inward until
being halted by the emerging SAID electric field, E,. This way, the VG is created between the substorm PS and
RC innermost boundaries. Its initial east-west dimension of, typically, ~2-3 MLT hours is determined by that of
the MPF.

For substorms initiated by intense MPFs (e.g., Fukui et al., 2020; Henderson, 2012; Lyons & Nishimura, 2020;
Nishimura et al., 2010), the VG/SAID follow hard upon the prebreakup arc brightening (e.g., MS2020, 2021b,
Chapter 5.1). That is, the plasmaspheric SAID channel develops shortly after, or concurrently with, the substorm
onset. Once formed, it then persists for a few hours. In a quasi-stationary state, the SAID field in the plasmasphere
electrostatically maps to the ionospheric counterpart on the RIT's poleward wall (e.g., Anderson et al., 2001;
Figueiredo et al., 2004; MS2021a, Figure 8.7) owing to the plasmapause-trough relation (e.g., Heilig et al., 2022;
Karpachev, 2021). The plasmapause-SAID relation connects the equatorward/inward motion of SAID (e.g.,
Figueiredo et al., 2004; Mishin, 2013, Figure 12; Puhl-Quinn et al., 2007, Figure 2) with the inward moving plas-
mapause (and the electron PS) due to the increasing convection field (e.g., Chen & Wolf, 1972) and SAID-caused
erosion (Goldstein et al., 2003).

The freshly injected, hot RC ions have an anisotropic distribution that evolves into a “nose” near the innermost
border of the SAID channel, where the hot ion pressure gradient drives the ion diamagnetic (azimuthal) current.
In turn, the electron pressure gradient near the plasmapause/PS innermost edge drives the electron diamagnetic
currents. Unstable ion distributions and diamagnetic currents generate intense plasma turbulence—the source of
the fast bulk plasma heating and acceleration of suprathermal (up to 200-300 eV) tail particles—between the
plasmapause and the nose (e.g., Mishin, 2013, 2023; Mishin & Burke, 2005; Mishin & Sotnikov, 2017). This
turbulent state remains in place well into the substorm recovery.

Enhanced above ~10'° eV/cm?/s heat conduction and suprathermal electron fluxes characteristic of intense SAID
elevate T,—the source of a “fresh” SAR arc in the conjugate topside ionosphere—up to 25,000 K; theoretically,
within a few minutes (e.g., Khazanov, 2011; Rees & Roble, 1975). Thus, the fresh SAR arc would emerge shortly
after the substorm onset as a rapid brightening of the pre-substorm SAR arc expanding over the elevated T, region
between the plasmapause and the ion nose (e.g., MS2021a, Figure 8.7). The fresh SAR arc would follow the
plasmapause's equatorward motion, like the precursor SAR arcs in the documented transition events. Suprather-
mal electrons in the topside ionosphere would also excite multiple emission lines, such as reported by Mendillo
et al. (2016).

Statistically (e.g., Figueiredo et al., 2004; Karlsson et al., 1998), ionospheric SAID channels observed at earlier
times are wider and their peak amplitudes are smaller than at later times. Oksavik et al. (2006) reported on
a fast shrinkage of the subauroral backscatter from the SAID region. Figure 1 shows an example of a fast
change in the SAID width and peak amplitude in the plasmasphere. It was detected near L = 5.3 and 21.1
MLT during an inner-magnetospheric pass of the Cluster spacecraft at the end of the expansion phase of an
individual substorm commencing at 212:00 UT on 18 April 2005 (Mishin, 2013). The time lag between the
satellites is taken into account. C1/C2/C3 encountered the outer boundary of the channel at the plasmapause at
R, ~ 4.13R./4.01R./3.99R, with C2/C3 lagging the headmost C1 by 7.0/15.8 min (Mishin, 2013).

Between the C1 and C2 crossings, the outer boundary moved inward by ~0.12R, while a wider electric struc-
ture reduced to a typical narrow SAID channel with practically the same cross-channel voltage, that is, ~8.5
versus ~8.05 kV. The continual voltage and remarkably alike hot ion distributions agree well with a stationary
magnetospheric voltage generator (e.g., Mishin, 2023). Note that the inward motion practically stopped after the
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Figure 1. The 18 April 2005 subauroral ion drifts (SAID) event from the Cluster spacecraft. (top row) Outward electric fields
from (left) C1 and (right) C2/C3 shown by black/magenta lines; (second row) H* differential, LB, number fluxes; (third row)
electron counts from C1 (1 keV) and C2/C3 (0.5 keV); (fourth row) floating potentials; and frequency-time spectrograms for
the electric field from (fifth row) the C1 and C3 WBD instrument for the electric field in (V/m)*Hz and (bottom row) from
C4 and C3 STAFF in (mV/m)%*Hz. Color codes in logarithmic scale for the directional differential fluxes and for the wave
spectrum are given to the right of the spectrograms. The auroral boundary (the dashed line) is marked by the drop of the
background electron counts and the rise of the floating potential. Adapted from Mishin (2013, Figure 12).

channel narrowed and that, as usual, broadband low-frequency waves are seen between the plasmapause and the
nose being more enhanced inside the channel. A “thick” upper hybrid (light blue) line indicates the presence of
suprathermal electrons in the plasmasphere (Mishin & Burke, 2005).

A similar shrinkage of the channel with the increase of the peak amplitude in the ionospheric SAID is observed
in the SAR arc-into-STEVE transition event, along with the decreasing plasma density (Martinis et al., 2022).
The latter observation indicates the importance of the trough development within the channel, which will be
discussed next.

We define the trough depth as
Snmin(h) = 1 = nmin(h)/no(h) (eY)]

(n,;,/1, 1s the minimum/background plasma density). The ionization balance in the O*-dominated F region is
determined by the recombination of molecular ions NO* and O}, created via the charge exchange reactions,
O* + X, —» XO* + X with X = N or O, since the recombination rate of O* ions is very small. Accordingly,
subauroral ionization troughs have long been explained (e.g., Anderson et al., 1991; Moffett et al., 1998; Pavlov
& Foster, 2001; Schunk et al., 1976) through a combination of enhanced charge exchange reactions and plasma
outflows due to frictional ion heating. The latter follows the formation of the ionospheric SAID channel, which
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takes a number of Alfvén wave bounce periods, typically, 12) ~ 5 min (see Section 4). Over this time, the charge
exchange process due to elevated T, is the main contributor.

The charge exchange rate of vibrationally excited molecular species increases in the region of elevated 7T, (e.g.,
Moffett et al., 1998; Pavlov, 1996; Pavlov & Foster, 2001). Mishin et al. (2004) numerically simulated subau-
roral density depletions, 8n,;, ~ 0.8 or n,;, ~ ny/5 ~ 3 x 10* cm=3, measured at 850 km and related to elevated
T, = 6,000-9,000 K (see MS2021a, Figure 8.9). The vibrational excitation rate, k., was calculated with a
Maxwellian EDF, F,,(e,T,). The value of T, at 300 km was taken by a factor of ~2 smaller than at 850 km, like-
wise the SAID/SAR arc events (Baumgardner et al., 2007; Forster et al., 1999; Foster et al., 1994). Enhanced
charge exchange depleted the F, peak at 300 (400) km with n, = 3 x 10° cm~ and T, = const = 3,500 (4,000) K

ton ;. ~ (0.5-0.2)n;in ~10—30 min.

min

The gain in 7, rapidly decreases below 300 km (e.g., Forster et al., 1999, Figure Sc; Foster et al., 1994, Figure
6b; Liang et al., 2022, Figure 2). Besides, the vibrational barrier cuts off the number of “vibrationally active” tail
electrons at Ny, > 10’ 1. Thus, little contribution from the vibrational mechanism is anticipated below ~300 km.
Yet, a Maxwellian EDF is a valid approximation for n. > ni""b) <3X% 10* cm=3 at >300 km (e.g., MS2019, Figure
4), that is, in the height range of SAR arcs. Here, balancing an external electron-heating source, Q,, by inelastic
losses (see, e.g., MS2021b, Figure 4.3.3) gives an estimate of T; Qe_z/sne_z/5 for T, = 6,000-10* K. Higher
temperatures lead to higher k ,, and a deeper depletion via a positive feedback loop, 6T, — én. — 6T.. This effect
should increase the depletion rate relative to that in Mishin et al. (2004).

However, at any rate, npyi, > niV"’) is expected. As soon as the F,-peak density reduces and the initial equilib-
rium breaks down, the surrounding plasma flows into the depleted region like a rarefaction wave propagating
away from the peak. A steady-state topside altitude profile can be evaluated assuming diffusive equilibrium in
a given temperature profile (Schunk et al., 1976). The O* scale height in high temperature events is as large as
400-500 km, so the altitude profile of high T, troughs is expected to be nearly flat, dn_, (h) ~ const, from the F,

region to the top (e.g., Foster et al., 1994, Figure 6¢).

Concerning implications for SAR arcs, the rapid increase of the O('D) thermal excitation rate with T, overcomes
its decrease with the depleted n_ at 7, < 15,000 K (e.g., MS2021b, Figure 5.3.12). Thus, the SAR arc bright-
ness would increase with time on the freshly depleted RIT walls (arc flanks) for n. > ng""”. In other words, the
arc width would widen (cf. Gillies et al., 2023, Figure 1). Moreover, the arc's poleward side would be brighter
because the wave activity is most intense in the turbulent plasmasphere boundary layer (TPBL) near the plasma-
pause (Mishin et al., 2010; Mishin & Sotnikov, 2017; MS2021a, Figure 8.4), as demonstrated by Figure 1.

As soon as the ionospheric channel is formed, the depletion rate near the peak amplitude upsurges as the ion ohmic
heating accelerates charge exchange reactions and ion outflows. For ballpark estimates, a 0.1 V/m electric field
(the O* drift speed of v; = 2 km/s and energy of ¢, = 0.33 eV) yields dn_,, ~ 0.7 at a 300 km altitude (Schunk
etal., 1976). Unlike the T-related vibrational mechanism, the electric field acts in the entire flux tube, including
the E region. Liang et al. (2021, 2022) simulated the SAID/trough evolution by means of a 2D, time-dependent
model. Their model includes the Pedersen transport in addition to the “standard” ohmic heating and vibrational
excitation mechanisms, though taking no account of the vibrational barrier. The downward electron heat flux is
imposed as the boundary condition at 800 km altitude. The simulations reveal the key role of the ion Pedersen
transport in the dynamic variations of the lower ionosphere (<200 km altitude) in intense SAID. In particular,
they show a deep F-region trough with strongly elevated 7, (above ~250 km) and 7, (throughout), as well as
a valley of név) < 10° cm™ between 2100 and <180 km, for both ultimate SAID drivers, that is, the constant
(large-scale) FACs enclosing the channel or the constant voltage.

As expected in the current generator model, the ionospheric electric field increases in unison with the decreasing
plasma density with the characteristic time scale of 7, ~ 5 min (Liang et al., 2022, Figure 4). However, the shrink-
age of the channel with the increase of the peak amplitude, such as in Figure 1 and the transition event (Martinis
et al., 2022), was not reproduced in the Liang et al. (2021, 2022) simulations. For that, it is necessary to start with
the constant voltage magnetospheric generator and then allow for the FACs to maintain the voltage in the depleted
plasma (cf. Figueiredo et al., 2004; Karlsson et al., 1998; W. Wang et al., 2021). In any case, the depleted density
profile with a valley would be formed.

Next, we simulate the IFI development in intense SAID with the depleted density profile.
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Observations: SWARM-A Alt. 470 km  2016.07.25

3. IFI Simulation Within Low-Density SAID Channels

f<0.5Hz

6x10*
1 sx10* The feedback of the variations of the ionospheric plasma density
{ ax10* on the FACs’ structure and dynamics is an essential element of the
1 ax10¢ % magnetosphere-ionosphere coupling (e.g., Streltsov & Mishin, 2018; hence-
1 2x10¢ = forth, SM2018). The altitude-dependent, ion-neutral collision frequency,

T v, (h), creates a strongly sheared convection flow, which makes short

transverse-wavelength, A, ~ 1-10 km, dispersive Alfvén waves carry-

282

Electric Field
(mV/m)

Density with valley
logygng

UT (h) 6.720 6.721 6.722 6.723 6.724 6.725
MLat 56.91 57.14 57.37

L 3.603 3.648 3.694

ing small-scale FACs “over-reflect” from the E-region ionosphere (e.g.,
57.59 57.82  58.05
3.739 3.787  3.835 Trakhtengertz & Feldstein, 1991). For the E-region plasma density of

ny < 10* cm=3, the IFI threshold is only ~0.1 E, ~ 20-30 mV/m.

Specifically, we model the meridional electromagnetic structure from
Swarm-A in the 25 July 2016 STEVE/SAID event described in detail
by MS2023. As shown earlier (e.g., MS2023; SM2022), the input/back-
ground plasma density and the electric field are obtained by extrapolating
the pertinent data from Swarm-A in Figure 2a to the entire domain. Because
large-scale parallel electric fields in SAID are absent, the lowpass filtered
electric field, (E, ), is mapped electrostatically. The plasma density is mapped
using the formulae and coefficients from SM2018 and SM2022. Here, we
assume the plasma density in the ionospheric E region (110 km altitude),
nyp =2.5 % 10% cm™3, a depleted F, peak at 300 km, n,, = 3.5 x 10*cm =, and
ne, =10 cm™ in the equatorial plane. The density in the valley, n{'”, between
120 and 150 km altitude is assumed to be 1.25 x 10° cm~3. Figures 2b and 2¢
show the spatial distributions of the input background electric field and the
plasma density inside the computational domain obtained by the extrapola-
tion discussed above.

3.835

As in earlier papers (e.g., MS2019; MS2022; MS2023; SM2018; SM2022), a

Figure 2. The 25 July 2016 event. (a) The measured (red color, E,) and
lowpass filtered (black, (E,)) meridional electric fields and the plasma density
(blue) along the Swarm-A pass. The filter cutoff frequency is indicated. (E,)
is the large-scale part of the electric field used to construct the background
electric field in the computational domain in frame (b). (c) The spatial
distribution of the input background plasma density inside the computational
domain. The dashed line marks the “trajectory” of a virtual satellite in the

computational domain.

reduced two-fluid MHD model describing dispersive Alfvén waves in low-f3
plasmas is used. The model consists of the electron parallel momentum equa-
tion, the density continuity equation, and the current continuity equation.
These equations are solved numerically using the finite-difference-time-do-
main technique (FDTD) in a two-dimensional computational domain repre-
senting an azimuthal slice of the dipole magnetic flux tube (see details in,
e.g., SM2022). In the meridional (“x”) direction, the domain is bounded by
L = 3.603 and L = 3.835 magnetic shells according to the observed SAID
dimension along the satellite trajectory. In the direction along the ambient
magnetic field (“z”), the domain is bounded by the ionosphere at altitude
110 km.

In the model, we set the electron temperature, T,, proportional to 1/n, so that Vp.=V,n.T) = 0. The maximum
value of 7, in the disturbed equatorial magnetosphere is set to 100 eV. In this case, the maximum value of 7, in
the E-region and in the valley is about 4,600 and 9,200 K, respectively. The latter is close to the observed values
in STEVE events. However, note that the input values of T, have an insignificant effect on the IFI development,
while 7, is more essential. Indeed, 7; determines the ion mobility and hence the Pedersen conductivity, 6, which
controls the FACs closure by the Pedersen current in the ionosphere. As in the E region op ~ n;/vin(T;), ohmic
heating of the ionospheric ions reduces the Pedersen conductivity and thus the IFI-generated FACs. This mech-
anism can lead to instability saturation. The self-consistent treatment of the IFI development with the ion ohmic
heating included is a formidable task for future research.

Simulation starts from the current-free equilibrium state. The IFI develops from numerical noise, which can be
interpreted as random thermal fluctuations of the background plasma. Figure 3a shows the temporal dynamics
of the meridional electric field taken from the computational domain at the Swarm-A altitude. The IFI-generated
waves become noticeable after ~200 s in simulation. The waves are amplified until saturation at about 270 s
(marked with the arrow). Figure 3b shows the saturated electric field (red line), E ; , and the plasma density from

sim?
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24 Ex (mVIm) 337
Simulations: virtual SWARM-A

600 300 . , . ’ 6x10*

\
\

N

f<0.33 Hz

5x10*

NN

200 4x10*

500

n (cm-3)

3x10*
100 |

Ex (mV/m)

2x10*

\§
N

ok 1x10*

‘?\
SN N

L 1 0

Observations (—)
30 T T
f=0.50-1.00 Hz
f=0.33-1.22 Hz

Simulations (—)

time (s)
NN

Ex (mV/m)

100

©)

-30
UT(h) 6720 6721 6722 6723 6724 6725
MLat 5691 5714 5737 5759  57.82  58.05
3835 L 3603 3648 3694 3739 3787  3.835

0
3.603 3.719

Figure 3. The ionospheric feedback instability (IFI) simulation of the 25 July 2016 event. (a) The temporal dynamics

and spatial structure of the simulated meridional electric field taken from the computational domain at the altitude of the
SWARM-A satellite. (b) The saturated electric field (the red curve) and its low frequency (f < 0.33 Hz) part (black). The blue
curve shows the plasma density along the virtual satellite trajectory. (c) The observed E| in the frequency range 0.5-1.0 Hz
(black), and the simulated E, in the frequency range 0.33—1.22 Hz (red).

a virtual satellite “flying” through the computational domain along the trajectory corresponding to Swarm-A
(the dashed line in Figure 3a). Finally, Figure 3c shows the observed E | in the frequency range 0.5-1.0 Hz (with
black line), and the simulated E | in the frequency range 0.33—1.22 Hz (red line) along the trajectory of the virtual
Swarm satellite.

As illustrated by Figure 3, the simulation reproduces the large- and small-scale features in good, quantitative
detail. In other words, the IFI model captures the underlying physics of the magnetosphere-ionosphere coupling
in the STEVE/SAID channel. Further, Figures 4a—4d show snapshots of 8j; and 8E taken from the simulation
with (without) the valley after saturation at 270 s (at 600 s). Figure 4e shows the corresponding plasma density
profiles along the ambient magnetic field between 118 and 400 km altitude.

MS2022 evaluated the effect of 8E} with the aid of the power distribution over inelastic processes (the energy
balance) from a numerical solution of the Boltzmann kinetic equation with the input values of  E / N, = E from
1 to 200 Td (Dyatko et al., 1989). Here, the Townsend unit 1 [Td] = 1077 [V ¢m?] and the neutral density, N,, total
the densities of N,, O, and O,. For example, for N, = 10'2 cm~2 at ~120 km, E = 1Td yields SEH =1 [mV/m].
For the composition typical of ~120 km (e.g., Picone et al., 2002), Figure 3c in MS2022 shows that the power,
Py, spent on excitation of vibrational levels of the ground state N2(X'Zg) exceeds 50% at E > Ey ~5 Td and
reaches a broad maximum ~90% at Eg"“) ~ 20 Td. Excitation of the N, electronic levels takes away the power
P, ~ 3% (mainly the A3X] state) at E = E, ~40Td and Ps =~ 50% at Es ~ 100 Td, while the rest goes to vibra-
tional excitation. About 30% of Py, goes into the triplet, A3Z} (“A”), B31'Ig (“B™), and C3I1, (“C”), and about 10%
goes mainly to O('D) and O(!S). The ionization of N, begins at E = Eion ~ 90 Td and at Ex amounts to P, ~2%.

At Eion < E < Ey, the suprathermal tail is confined within the energy range of ~3.5 eV < ¢ < ¢, needed for
Picket Fence, while the AGC requires roughly Ex < E < Eion. Figure 5 shows the simulated magnitudes, I6E”I,
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simulations with valley simulations without valley
75 15.9
lonosphere m '
0 0
2 = 4— . i ; .
I 3
| ® ©| @
_7.5 M [_lonosphere -15.9 £
3.603 3.719 3.835 3.603 3.719 3835
75 —— 77 v T T S 2
x
<
1
{ L L L L
% 0 EO 0 150 200 250 300 350 400
w w Altitude (km)
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75 deods w ® K Ao b L &)
3.603 3.719 3.835 3.603 3.719 3.835
(O] (L)

Figure 4. Snapshots of the saturated field-aligned current density, 5j;, and 8E, in the simulation domain: (a, b) with and (c, d) without the ionospheric valley. (¢) The
plasma density variation along the ambient magnetic field between 118 and 400 km altitudes with (black solid lines) and without (blue dashed) the valley, as taken

along the white dashed line in frames (a, b) and (c, d), respectively.

with (denoted by “vI”’) and without (“I”) the valley from Figure 4 together with altitude profiles of the critical
fields, 5EEZ) = N, - E, (“z” stands for “A”, etc.), calculated with the midlatitude neutral density model (Picone
et al., 2002) for 25 July 2016 increased by a factor of 1.5. Shown for comparison are I8E| simulated for the

O0E  from the kinetic theory and simulations

R e B B e R a  iAsaas
101k STEVE L il J
Picket Fence %, 1.5mod
\Z A,1.5mod
1005 NG N [
E
>
£ Llaaleo]aaliun,
Pronl R B A e
o JU LD L T,
107 b e e e
. \
Tew N
Tl 8
%N
10.2 L L I L L ' I \ L L I L L I Jiss 3581

O a® O P O OV N PO O a® O P OO
FEFETLELET SR @ q o
altitude, km

Figure 5. §E, |(|Z) (the green solid line) and 6E|(‘A) (thick magenta) calculated
with the increased model neutral density and éE‘(IA] (thin magenta) calculated
with the model neutral density. The simulated field amplitudes, I3E, |, for

the trough without the ionospheric valley (blue dashed), with the valley I
(black dashed), and the extended valley II (cyan dashed), as well as for the

background F region (blue dotted), as indicated.

same input values of rg, iy, nt"”, and n,, but with a made-up valley extended
between 120 and 200 km (“vII”’), as well as for a made-up “pre-SAID” back-
ground ionosphere (“b”) with ng, = 1.5 x 10° cm~ and ng; = 10* cm=, that
is, without the valley and F-region trough.

Figure 5 shows that the simulation for the depleted F region with the valley
I at 120-150 km produces I3E,|, satisfying the conditions for both Picket
Fence at altitudes ~140-160 km and STEVE below ~250 km. For the
depleted F-region trough but without the valley, only STEVE can be excited
within the channel. Therefore, shortly after the density height profile within
the channel evolves accordingly, STEVE (and Picket Fence) would appear
beneath the precursor SAR arc's poleward side. The results strongly depend
on the features of the density profile, as illustrated by the simulations for
the made-up profiles of the extended valley II and background F region. In
the former case, the Picket Fence threshold is exceeded between ~150 and
230 km and that for STEVE between ~240 and 290 km, while in the latter
case IOF, III is well below the STEVE (and a fortiori Picket Fence) threshold for
the model neutral density.

Note that we use the increased model neutral density due to the well-known
fact that, along with the density decrease and ion outflows, enhanced ohmic
heating results in upwelling in the atmosphere. With the SAID/STEVE
parameters, the enrichment of the STEVE region by molecular components
should be significant. Indeed, Millward et al. (1993) have calculated that
the neutral density at altitudes 300400 km triples in about 10 min after
a 0.2 V/m electric field (v; ~ 4 km/s) is imposed. This agrees well with
fast upwelling caused by a substorm-related ion drift surge of v;; ~ 5 km/s
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MPF Penetration into
the Plasmasphere

observed by a tristatic Fabry-Perot interferometer system and the EISCAT
UHF radar near a 240 km altitude (Aruliah et al., 2005). Similarly, CHAMP

prebreakup arc
SAID

* polarization shorting

detected an almost doubled mass density at an altitude of ~400 km in the

| plasma turbulence excitation |

flow channel of v;; > 3 km/s in ~30 min after the storm commencement
(Mishin et al., 2007). As, in reality, the gas density increases non-uniformly,

mostly in the F region, the § E I(IZYA) plots in Figure 5 should be considered only

plasma heating and
suprathermal acceleration

as an illustration.

channel

ionospheric SAID heat & suprathermal
electron transport

Figure 6 depicts the overall scenario of the development of SAID-related
subauroral arcs during MPFs-initiated substorms (cf. MS2021a, Figure 8.1).

ionospheric plasma heating I

bright SAR arcT l

enhanced charge exchange

4. Discussion

plasma outflow The Liang et al. (2021, 2022) and the IFI simulations give the timing of the

depleted density profile ] depleted density profile and the IFI of the same timescale, 7, ~ ;5 ~ 5 min.
i That is, the total time after the ionospheric channel is created is of 7, ~
E” i IF generation T“) + 7, ~ 10 min. This short timescale contradicts the statistics that STEVE

[ STEVE & Picket Fence

] is the substorm recovery feature. However, recall that these simulations,

Figure 6. Block diagram showing a scenario of subauroral ion drifts-related
Stable Auroral Red and Strong Thermal Emission Velocity Enhancement/
Picket Fence arcs for mesoscale plasma flow bursts-initiated substorms.
Denotations on the left (right) side indicate the basic observables (processes).

as typical, imply unmoving ionospheric SAID channels. This assumption
contradicts the observed inward (equatorward) motion of the channels in
the magnetosphere (ionosphere) during the substorm expansion phase.
Note also that STEVE arcs appear during strong substorms (e.g., Nishimura
et al., 2023, 2022), with the rapidly expanding auroral zone. Furthermore,
the shrinkage events in Figure 1 and during the SAR arc-into-STEVE transi-
tion occurred near the beginning of the substorm recovery when the auroral
expansion has slowed and eventually stopped. This observation allows us to explain the apparent contradiction
o €xceeds the critical value of Ug ~ Ag/ry, < 0.1%/
min 5 0.25 km/s, so that the depletion process and the IFI are hampered until the substorm expansion slows down.

as follows. Let us assume that the equatorward speed, U,

Figure 5 illustrates that in addition to a “fresh” F-region trough, which facilitates STEVE, a deep valley beneath
is needed for Picket Fence. Moreover, as shown by additional simulations, when the E region is depleted but the F
region is still dense, the large gradient of the Alfvén speed near the valley's upper boundary reflects small-scale,
mostly unstable Alfvén waves, hereby inhibiting the IFI development. These results allow us to understand why
STEVE appears ahead of Picket Fence. As discussed in Section 2, the electron heating above ~250 km occurs
in the whole region between the plasmapause and the RC innermost boundary. The heating time is short relative
to the transit time of the equatorward moving plasmaspheric source (manifested by the SAR arc motion). That
means that elevated 7, persists, and thus the vibrational mechanism depletes plasma in the moving F region with
a broad SAR arc. As soon as the ionospheric SAID channel is formed, the strong electric field facilitates the
depletion process and the IFI development within the shrinking SAID channel at the poleward side of the SAR
arc. Here, the threshold for STEVE can be reached in the already pre-depleted F region prior to that for Picket
Fence beneath.

The depletion process is concurrent with the increase of the vibrational barrier in the F region due to atmos-
pheric upwelling. The latter would hinder thermal excitation in the lower, 2300 km, most intense segment of the
precursor SAR arc, thereby making it dimmer or vanishing. The continuing upwelling could eventually increase
the neutral density and thus the STEVE threshold at ~200 km (see Figure 5), hereby quenching STEVE. Yet,
Picket Fence could remain because the upwelling effect in the valley is less significant than in the STEVE altitude
range. As discussed by MS2023, the structure of 8, combined with electrostatic convective cells consequent to a
parametric coupling of the IFI-generated Alfvén waves would make a 3D, fine-scale optical structure of STEVE
and Picket Fence. Given the irregular structure of the density trough (Sinevich et al., 2023), the SAR arc might

also exhibit dim, fine-scale structures.

The effect of the depleted ionospheric density can be considered in a more general context as follows. The tran-
sient response of the ionosphere to magnetospheric stresses is determined by the development of the ionospheric
currents that close the magnetospheric FACs carried by Alfvén waves from the magnetosphere. They provide
a J x B force pulling the ionospheric plasma along the magnetospheric driving force. The ionosphere adds a
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resistivity in oscillating electrical circuits, which causes the wave damping via ohmic heating. Specifically, the
ionospheric response is determined by the Pedersen, X, and Alfvén wave, X, = 1/u,V,, conductances through
the reflection coefficient of Alfvén waves (e.g., Glassmeier, 1984)

_Za-%p _ —latZp > Xp

Ra = =
A 2A+2p

2
+1latdp < Za

The resulting FAC is given by
i = il = R)/(1+ Ra) ©)

As jﬁ"") — oo for a perfect conductor at X, > X, , the ionosphere is “instantly” pulled along the magnetospheric
flow, viz., the ionospheric flow channel is “instantly” formed. In a real world, it takes several Alfvén wave
bounces, 12). On the other hand, as expected from general considerations, the incident waves do not affect the
insulator as jﬁ”) tends to zero and so do the ionospheric currents. That is, the ionosphere is “disconnected” from
the magnetospheric driver. For X, < X,, one gets jﬁ‘”) JJni ~ Zp/Za < 1, so the ionospheric flow is lagging the
magnetospheric flow, viz., the formation of the ionospheric channel is retarded. As X, decreases faster with the
density depletion than X, in the ionosphere, the depleted density profile makes the ionosphere more resistive.
The latter is also true for the increasing ion temperature in the E region where 6, « n/v, (T;). Both these effects
during the E-region modification inside the channel make the ionosphere less responsive to magnetospheric
changes and, most importantly, inhibit the IFI development when X, drops well below X,. The latter would
quench STEVE and Picket Fence, thus leaving the SAR arc alone with the brightness fading out following the
plasmaspheric turbulence.

5. Conclusions

The short circuit scenario of the fasttime magnetospheric voltage generator coupled with the ionospheric feed-
back mechanism predicts the following features of SAID-linked subauroral arcs during substorms:

I. SAR arcs

a) commence in both hemispheres above ~300-350 km shortly after the substorm onset as a sudden intensi-
fication and expansion of the pre-substorm SAR arc between the plasmapause and the RC innermost edge;

b) move equatorward, broaden, and brighten up, especially at the poleward side, during the substorm expan-
sion phase;

c) exhibit additional emission lines, most likely, the green line on top;

d) get dimmer or disappear concurrent with the emerging STEVE, and

e) contain weak optical structures.

II. STEVE and Picket Fence

a) result from a specific local EDF produced by small-scale parallel electric fields, OF,
together with small-scale FACs, &j), in the depleted SAID channel;

b) are located underneath the precursor SAR arc's poleward side;

- generated by the IFI

¢) emerge within the channel shortly after its equatorward motion slows down at the end of the expansion
phase;

d) follow the shrinkage of the channel and increasing peak amplitude caused by the plasma density depletion
in accord with a constant magnetospheric voltage generator; and

e) exhibit fine-scale optical structures resulting from the IFl-generated 8E; structures.

1. STEVE
a) appears prior to Picket Fence beneath, and
b) is quenched by the atmospheric upwelling and the E-region modification.

Most of these predictions (a—d and g-k) do agree with the features found either in the SAR arc-into-STEVE
transition events (Gillies et al., 2023; Martinis et al., 2022) or other SAID, STEVE, and SAR arc events (Chu
et al., 2019; Liang et al., 2019; Martinis et al., 2021; MS2023; Nishimura et al., 2023; Sinevich et al., 2023).
However, to verify small-scale, optical structures in SAR arcs and 6E” in STEVE/Picket Fence, as well as the
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atmospheric upwelling effect, additional in situ and ground-based observations with high temporal and spatial
resolution in the F and E regions are necessary.
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