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Abstract Since the 1960s, the Farley-Buneman instahility has played an important role in probing the
E-region ionosphere. The intervening years have seen significant progress in the linear theory of this
instability, its relation to other instabilities, and some of its observational signatures. However, the
saturation mechanism and nonlinear behavior remain open topics because of their role in controlling
energy flow in the E-region plasma. This paper explores the saturated state of the Farley-Buneman
instability in 2-D and 3-D kinetic simulations of the high-latitude ionosphere, at three different simulated
altitudes: 107, 110, and 113 km. These simulations show irregularity amplitude growth and saturation in all
runs, but irregularity growth takes much longer in 2-D than in 3-D. Once the simulations reach saturation,
wave power in the meter-scale regime falls off as a power law below the wavelength of peak growth, but
the power law index is larger in 3-D than in 2-D. At longer wavelengths, the 3-D spectrum is much flatter
than the 2-D spectrum. This implies that purely 2-D) simulations of the Farley-Buneman instahility may
overestimate irregularity amplitudes at decameter scales and may also underestimate the efficiency of ion
Landau damping at the ion mean-free-path scale. From a physical perspective, the relatively flat spectra
above the wavelength of peak growth in 3-D simulations imply a wavelength-independent saturation
mechanism across a range of altitudes. Finally, both 2-D and 3-D simulations demonstrate the importance
of accounting for zeroth-order ion drift when estimating the flow angle of density irregularities.

Plain Language Summary At approximately 90-120 km in altitude, the Earth’s atmosphere
comprises a gas containing mostly neutral molecules, and a small number of positively charged ions and
electrons. This sort of gas is called a weakly ionized plasma. Aeronomy researchers have known for decades
that the weakly ionized plasma around 90-120 km in Earth'’s atmosphere can grow unstable and reflect
radio waves, and they have used radio-wave reflection as one technique to probe this region of geospace.
However, the aeronomy community still does not understand the nature of the fully developed plasma
instabilities in this region. This work addresses that problem with computer simulations. It finds that 2-D
simulations do not capture all the characteristics of 3-D simulations, which should mimic reality more
closely. It also finds that whatever mechanism creates the fully developed 3-D) instability should apply to
wavelengths from a few meters to tens of meters. Finally, this work suggests that the direction along which
the unstable waves travel should change in a predictable way as altitude increases. These conclusions will
help future researchers estimate atmospheric parameters based on radar and rocket measurements.

1. Introduction

During periods of elevated geomagnetic activity, strong field-aligned currents close through the E-region,
where they drive comparably strong Hall currents. Electrons in these Hall currents stream through the
less-mobile ions at speeds larger than the plasma acoustic speed, setting up the conditions for the Farley-
Buneman instability (FBI) (Buneman, 1963; Farley, 1963b, 1963a). The FBI is responsible for anomalous
transport across the magnetic field, elevated electron temperatures, and increased conductivity.

The FBI requires an electron-ion relative drift speed above a certain threshold (cf. Dimant & Oppenheim,
2011b; Makarevich, 2016b). Electrons are magnetized above roughly 80 km, so their drift velocity is effec-
tively E, x By/B; throughout the E-region. lons are strongly demagnetized via collisions in the lower to
middle E-region and drift very slowly in the direction of E;, causing the relative drift velocity to be very
nearly equal to the electron drift velocity at those altitudes. However, ion collision frequencies decrease with
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altitude, causing their drifts to become appreciable and thereby causing the magnitude and direction of the
electron-ion relative drift to deviate significantly from E;, x B, /B,

The present work demonstrates the evolution of FBI irregularities in 2-D and 3-D simulations of the auro-
ral E-region ionosphere during a period of moderately strong electric field, at altitudes where the ion drift
is not negligible. Knowledge of the growth and saturation of the FBI during periods of increased auroral
activity can provide information about the ionosphere’s role in mediating magnetosphere-ionosphere cou-
pling during increased geomagnetic activity. The results of these simulations should help observers estimate
large-scale parameters (e.g., the background electric field) from small-scale measurements.

Interest in the radar aurora dates back to 1937, when Eckersley (1937) showed that a sufficiently strong
HF radio apparatus could observe radar echoes associated with the visible aurora. Since then, the aeron-
omy community has produced a substantial amount of observational and theoretical work on the subject
of E-region coherent echoes. See the excellent reviews of the radar aurora by Makarevich (2009) and Hysell
(2015) and of E-region instabilities in general by Fejer and Kelley (1980), Sahr and Fejer (1996), and Farley
(2009} for more information.

Bowles (1954) used a 25.4 MHz radar to study auroral echoes and determine that the radar aurora is
highly aligned with the background magnetic field. Booker (1956) established that auroral radar echoes
come from field-aligned irregularities (FAT) in the electron density, with scale sizes on the order of a meter
perpendicular to By, and 5 to 10 m parallel to By,

Much of the initial work in characterizing E-region density irregularities began at the geomagnetic equator
(Bowles et al., 1960, 1963; Cohen & Bowles, 1963}, but Haldoupis (1989) acknowledged that most of the
outstanding questions posed by auroral observations seemed to have no equatorial counterpart. In particular,
he called out the importance of altitude in instability generation and saturation mechanisms.

Numerous rocket missions have provided in situ measurements of the auroral plasma environment. Miseide
et al. (1973) observed electric field fluctuations that increased in the presence of enhanced auroral emis-
sion. Kelley and Mozer (1973} observed dispersionless electrostatic waves during a strong substorm whereas
Iranpour et al. (1997) observed dispersive waves in which longer wavelengths had lower speed but which
propagated with the Hall current regardless of wavelength.

Pfaff et al. {1984) reported simultaneous in situ electric field and density measurements in the presence of
a 54 mV/m background electric field. Those measurements showed signatures of both meter-scale FBI and
longer-wavelength gradient drift instability (GDI) effects, evidenced by a broad spectrum and a reduction in
long-wavelength power as conditions became unfavorable to the GDI. The authors reported a wave power
spectrum that was a strong function of wave number and the presence of secondary waves propagating
perpendicular to the direction of primary irregularities.

The Scandinavian Twin Aurora Radar Experiment (STARE) and the Sweden And Britain Radar Experiment
(SABRE) provided a large body of observations of coherent echoes from the auroral E-region. In their review
of the combined STARE/SABRE campaigns, Nielsen and Schmidt (2014) noted that studying the radar
aurora gained popularity when researchers discovered that the back-scattered signal contained information

about the background electric field.

The E-region Rocket/Radar Instability Study (ERRRIS) campaign (Pfaff et al., 1992; Sahr et al., 1992)
comprised three rocket flights with ground-based support from STARE, the European Incoherent Scatter
(EISCAT) radar, and the Cornell University Portable Radar Interferometer (CUPRI). Rocket-based mea-
surements of electric field and density fluctuations suggested that the background electric field controls the
amplitude of FBI irregularities, the shortest wavelength to which their spectrum extends, and the altitude
range over which they are present.

Common volume measurements by STARE and EISCAT showed that estimates of electron drift from STARE
observations of coherent echoes are reasonably good as long as the electron drift is not too large (Nielsen
& Schlegel, 1983). Similar measurements also showed that the phase speed as a function of electron drift
speed follows the ion acoustic speed (Nielsen & Schlegel, 1985), which has been a consistent result of both
auroral and equatorial FBI observations. In both studies, the dual-beam STARE system allowed researchers
to measure the irregularity phase velocity in two directions and to infer the echoing altitude, while EISCAT
provided estimates of the electron drift velocity by measuring F-region plasma drifts. The angle between
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these two drifts is the flow angle. Knowing how the flow angle changes with altitude can help observers to
estimate the electric field in the E-region through coherent hackscatter alone.

Haldoupis et al. {1984) also used STARE to make observations of a common volume in the high-latitude
E-region. Those authors observed narrow and broad Doppler spectra in the same volume, with narrow spec-
tra coming from flow angles within —&0° to 0° and broad spectra coming from flow angles within —90°
to —65°. They attributed the simultaneous narrow and broad spectra to collocated primary and secondary
irregularities driven by the FBI and the related GDI. Dimant and Oppenheim (2011a) demonstrated how
these secondary irregularities constitute a nonlinear current that has significant implications for E-region
conductivities during periods of intense geomagnetic activity.

Hysell et al. (2012) reported results from VHF coherent-scatter radar observations during a geomagnetic
substorm over Alaska, with an emphasis on aspects of the radar aurora revealed through VHF radar imaging.
One goal of that work was to establish a relationship between coherent backscatter from FAI and F-region
E, x B, drifts, so that future research could use the former to predict the latter. In order to compare E-region
coherent-scatter measurements to F-region incoherent-scatter measurements, they first assumed that the
F-region electric field maps perfectly down magnetic field lines into the E-region. They also assumed that
the coherent-scatter Doppler velocity and spectral width followed empirical formulas involving the electron
drift speed, the ion acoustic speed, the LOS E-region ion drift speed, the flow angle, and an angular correction
for wave turning. They set the latter parameter to 10° and assumed that the observed echoes came from
110 km,

The angular correction for wave turning in Hysell et al, (2012) reflects a phenomenon central to the present
paper. A joint STARE/EISCAT study by Uspensky et al. (2003) emphasized the importance of accounting
for non-negligible ion drifts and reported a resultant deflection of the phase velocity from E;, x By by 5% to
15°, A theoretical paper by St.-Maurice and Hamza (2001) proposed a nonlinear fluid theory of E-region
irregularities which did not resort to the usual assumption of superimposed plane waves and explained wave
turning as a natural consequence of a rotating electric field in plasma holes and blobs. Janhunen (1954a,
1994b) concluded that the flow angle offset from E; x B, was responsible for instability saturation in his
particle-in-cell (PIC) simulations. Oppenheim and Dimant (2004), Oppenheim et al. {2008), and Oppenheim
and Dimant (2013} attributed wave turning in their PIC simulations to thermal effects described by Dimant
and Oppenheim {2004).

The work by Haldoupis et al. (1984) and Hysell et al. (2012) illustrates the value of knowing, or at least
accurately estimating, the flow angle of density irregularities. Wave turning in simulations demonstrates the
tenuousness of assuming that E-region density irregularities propagate in the direction of electron drift, and
the work by Uspensky et al. (2003) further emphasizes the role of ion drifts. Rocket-borne measurements
of density and electric field corroborate the ground-based observations of FBI-driven irregularities in the
presence of strong auroral electric fields and demonstrate that “the unstable auroral E-region is far from
being a layer of homogeneous turbulence” (Pfaff et al., 1984).

This paper proceeds as follows: Section 2 describes the relevant instability theory. Section 3 describes the
simulation method. It also explains relevant physical parameters while acknowledging drawbacks and
assumptions. Section 4 presents the simulation results in terms of RMS density perturbations (section 4.1)
and irregularity flow angle (section 4.2). Section 5 discusses the results with respect to previously published
theory and observation. Section 6 summarizes the paper.

2. Theory

The FBI occurs in a warm plasma with magnetized electrons and collisionally demagnetized ions. Formally,
that means the magnitude of the electron cyclotron frequency, £, is greater than the electron collision fre-
quency, v,, whereas £, < v, for ions. This work uses the magnetization parameter for species s: x, = /v,
The presence of an electric field, typically due to winds (at equatorial latitudes), field-aligned currents (at
high latitudes), or plasma gradients, causes electrons to stream through ions. The electrostatic force between
electrons and ions imparts momentum to the ions that competes with thermal pressure when random den-
sity perturbations arise. When the total electric field exceeds a threshold value, the kinetic pressure due to
ion inertia overcomes thermal pressure and perturbations grow (Dimant & Sudan, 1995). The linear fluid
theory of the FBI is well established in the literature (Fejer & Kelley, 1980), and recent work has advanced
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Table 1
Simulation Parameters
Symbal Value Unit Mame
my 5.0 % 10~ kg Ton mass
TR 1250 Mass ratio
My 4.6 % 1005 kg Meutral mass
Th 300 K Meutral temperature
g 2% 108 m? Flasma density
Vi sim 1022, 611, 369 g1 Ton-neutral coll. freq.
Vo sirm 965, 71, 491 g1 Elec.-neutral coll. freg.
WL -stm 0.030, 0.013, 5.6 103 Anisotropy factor
h 107, 110, 113 km Effective altitude
Bon 50% 107 T Magnetic field
Ex 50.0 mV/m Electric field
e 4096 m Box length in X direction
dx 0.04, 0.08 m 2-1, 3-D cell size in X direction
L, 4096 m Box length in ¥ direction
dy 004, 0.08 m 2-I, 3-Dr cell size in Y direction
L, 163.54 m Box length in Z direction
dz 0.08 m 3-D cell size in Z direction
L = 460, = 115 ms 2-D, 3-D time span
dt 1.75 % 1075, 3.0 1075 s 2D, 3-D time step
the community's understanding of its connection to the linear fluid theory of other ionospheric instabilities
(Dimant & Oppenheim, 2011b; Makarevich, 2016a, 2016b, 2019). In the absence of a background density
gradient, the real frequency and growth rate are
k-uy
m,=1+w+k-um. (1)
w? - kC?
1+ ¥
where k is the wave vector with wave number k = 2x/ 4, uy = u,—u,, is the zeroth-order electron-ion rela-
tive drift velocity, u, and uy, are the zeroth-order drift velocities of electrons and ions, C, = 4/(T; + T,)/m;
is the sound speed with temperature in energy units, and
ke, : Kk, g 1
= = + . =—.
Y "’l[(k) (k) T
The y parameter is essentially a measure of the anisotropy in electron and ion mobilities.
Isothermal linear theory predicts a threshold value of E,, = B,C; (1 + ), where B, is the background mag-
netic field. At E-region altimdes, the dominant neutral species is N, and the dominant ion is NO®. Collisions
of NO* with N, are effectively nonresonant Maxwell molecule interactions (i.e., elastic collisions for which
v, is independent of velocity), so their collision frequency depends only on neutral density. Collisions of e~
with N, are inelastic. They depend on neutral density and electron temperature, since an increase in ther-
mal energy will disproportionately increase the velocity of the less massive electrons relative to the neutrals
(Schunk & Nagy, 2004).
3. Simulation Methods and Limitations
The simulations presented herein employed the full particle-in-cell (PIC} version of the electrostatic parallel
particle-in-cell (EPPIC) numerical code. See Oppenheim and Dimant (2004) for a description of the advan-
tages and disadvantages of the full PIC version of the code, see Oppenheim et al. (2008) for a description of
YOUNG ET AL. 40f15
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Altitude (km)

100

an improvement in parallelizing the 2-D version, and see Oppenheim
and Dimant (2013) for a description of the 3-D version. Table 1 lists the
simulation parameters used in the present work.

The ratio of ion mass to electron mass was artificially small for these sim-
ulation runs—a common practice in PIC simulations. Oppenheim and
Dimant {2004) noted that the simulation can use an artificially inflated
electron mass as long as it maintains the electron and ion Hall and Ped-
ersen drift rates, and the collision and thermalization rates. [t must also
keep the electron collision frequency large compared to the ion collision
frequency, so that electron Landau damping does not become important.

The simulation used a plasma density, ny, appropriate to the night time
E-region. This not only mimics auroral conditions; it also reduces the
electron plasma frequency, @y, ~ 4/ng, which allows the simulation to

T

1073

10-2 107t 1 10 take larger time steps. The FBI growth rate does not depend on the total
P, x, density, provided the density satisfies the condition wy, /v; > 1(Rosenberg
& Chow, 1998).

Figure 1. Figure 2 from Dimant and Oppenheim (2004), showing
theoretical altitudinal profiles of y, and x; at equatorial and high magnetic  In this work, m,. g, represents the simulated electron mass. Various

latitudes,

guantities, described below, must be adjusted self-consistently in order
to compensate for the artificially inflated electron mass. In each case, the
subscript sim will denote a simulated quantity which differs in general
from the physical value.

A major focus of this work is the change in instability behavior with altitude. Neutral density is a good proxy
for altitude in the atmosphere, but EPPIC does not use neutral density as a simulation parameter, so the sim-
ulated ion and electron collision frequencies, v, g, and vy, 5, specify the equivalent altitude. As Oppenheim
and Dimant (2013) explain, the effective collision frequency during a simulation run typically differs
from the input value. Selecting an input value that will produce an appropriate simulated value requires
SOIME Care.

Figure 2 in Dimant and Oppenheim (2004}, reproduced here in Figure 1, provides a way to select collision
frequencies corresponding to a desired altitude. The first step is to identify an appropriate value of w, ., for
the desired altitude. Next, the user identifies the corresponding value of &y, 5, = £,/ V). sy from which they

calculate v;. ;.. The user then calculates v, from the definition yr, = v v, /0 0;:

Veintm = WListm (ﬂuvnenm) . (3)
- 4,95,
= Wossam ( PP e e V- e ) - @

As described above, a sim subscript denotes a simulated value. These values differ in general from physical
values in order to compensate for the artificially inflated electron mass.

With these candidate values for v,y and v, gy, in hand, the user typically runs two types of simulations
with subthreshold electric fields to validate their values. The process for validating v;. 4., consists of running
the simulator with a subthreshold driving electric field, E; = 10 mV/m, and calculating the effective ion
collision frequency from the ion Pedersen drift, u,p, via the zeroth-order drift relation vy, = @0/ M.
The process for validating v, ,, consists of running the simulator with a small parallel electric field, E, =~
0.1 mV/m and calculating the effective electron collision frequency from the electron parallel drift, u,:
Viesim = |{Je|E|m"'m¢“e||-

Many observations of FBI associated with the aurora assume that the echoes originate in a volume centered
on 110 km. The effectively altitudes of the simulations presented here encompass that altitude to facili-
tate comparison to observations. The present simulations used three pairs of effective collision frequencies:
Viegim = 1.022 571 and v, = 965 57!, corresponding to 107 km; v, = 6105 ' and v, = 671570,
corresponding to 110 km; and v, = 369 57! and v,.,,, = 491 57!, corresponding to 113 km. Note that
Vostm = Vy.gm DETE, Whereas v, = 10v, in the real E-region.
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Figure 2, Mean squared amplitude of density perturbations at all wavelengths, The left panel shows 2-D runs and the
right panel shows 3-D runs. The blue traces correspond to 107 km, the green traces correspond to 110 km, and the red
traces correspond to 113 km.

The EPPIC collision routines calculate the ratio of the particle velocity to a reference velocity and then check
that ratio against a normalized random number to calculate the probability of collision. The reference veloc-
ity depends on the species’ initial thermal velocity. The FBI dramatically heats the local plasma (Oppenheim
& Dimant, 2013), so the simulation runs presented here seeded both species’ populations with high temper-
atures to ensure that the collision model would behave accurately as the plasma heats up. In 2-D and 3-D
runs, both species cooled rapidly, then heated, and finally leveled off at elevated temperatures. Electron tem-
peratures at the end of 3-D runs were in the range 500-800 K, which represents modest heating compared
to the temperatures observed, for example, by St.-Maurice et al. (1981) and Foster and Erickson {2000).

The dimensionless parameter @, = +/m,v,/m;y controls the aspect angle of peak growth in 3-D
{Oppenheim & Dimant, 2004). In nature, its value is approximately 1.4 » 1072 radians, or 0.8°. The method
described above for selecting collision attempts to keep My, gmVeum & ™Mb, in order to maintain realis-
tic electron mobilities despite the artificially high electron mass. Thus, these simulations should produce
physically reasonable growth-stage aspect angles. However, the discretization of these simulations does not
resolve parallel modes well, so conclusions about irregularity aspect angles are approximate at best.

This work follows radar convention by defining flow angle as the angle between zeroth-order electron drift
and LOS. Since electrons drift predominantly in the E, x By, direction and radars can only observe Doppler
shift from echoes propagating parallel or antiparallel to their LOS, the flow angle is equivalently the angle
between Ey % By and the direction of wave propagation. Where the sign of flow angle is unspecified, the
reader may assume that it is negative in a counter-clockwise sense. In terms of physical quantities, it points
in a direction between E; x By, and —E,.

4. Results

This section presents the main results from 2-D and 3-D simulations. Section 4.1, presents two views of
spectral data averaged around all angles in the perpendicular plane, to illustrate the stages of instability
development. This analysis uses a coordinate system with ky parallel to By, (the parallel direction), kpyy paral-
lel to By (the Pedersen direction), and ky,y parallel to Ep 2 By (the Hall direction). Section 4.2 presents images
of spectral amplitude in the perpendicular plane to illustrate the dependence of flow angle on altitude.

4.1. RMS Density Perturbations
Figure 2 shows {|6n/ng|*} for all perturbations throughout both the 2-D and 3-D simulations. Here,
{|6n/nyl*} is the squared RMS perturbed density as a function of time. The final values correspond to
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Figure 3. Squared RMS amplitude of density perturbations during growth and saturation stages in each run. The left
panels correspond to 2-D runs and the right panels to 3-1 runs. Gray traces show the growth-stage spectrum, and black
stages show the saturated spectrum. Red lines show a power law fit to the meter-scale range of the saturated spectrum,
and the printed mumbser gives the slope.

perturbation amplitudes of approximately 11% and 15%, which is typical for the moderately to strongly
driven FBI.

All runs exhibit a growth stage followed by a saturation stage. The run at 110 km grows most quickly in both
2-D and 3-D, though the discrepancy is greater in 2-D. The 2-D run at 107 km saturates at a lower amplitude
than the other two. Despite the slower growth at 113 km than at 110 km, both runs saturate at roughly the
same amplitude. Growth in the 3-D run at 113 km starts about 10 ms later than in the other two runs and
reaches a slightly lower initial saturation amplitude. While the 3-D run at 107 km largely mimics the run at
110 km during growth and initial saturation stages, its amplitude drops to the level of the run at 113 km by
the end. However, the difference is less than a factor of two. For the most part, all runs, especially those in
3-D, saturate at approximately the same amplitude.

Itis interesting that the saturated amplitude is nearly independent of altitude, especially in 3-D. This implies
that the mechanism which saturates linear growth is nearly independent of ion mean free path, since that
parameter sets the effective altitude in these simulations. However, there are small difference between sat-
uration amplitudes, which may result from different heating rates at all three altitudes. The saturation
amplitude in all 2-D runs actually oscillates about a mean value, whereas it oscillates very weakly, if at all,
in 3-D runs. Plots of temperature (not shown) show very similar oscillations, or lack thereof, in 2-D and
3-D runs.

Figure 3 presents a view of {|énik)/n,|*) versus wave number during irregularity growth and after insta-
bility saturation in each run. Table 2 lists the times (in milliseconds) corresponding to growth-stage and
saturated-stage traces. The supporting information accompanying this paper includes movies of all six
spectra as a function of time.

During the linear growth stage, 3-D simulations show growth predominantly at a small range of wavelengths
whereas 2-I) simulations show a more complex pattern of growth over a broader range of wavelengths.
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Table 2
Spectral Snapshot Times (ms)
2D D
107 km 110 km 113 km 107 km 110 km 113 km
Growth TR.B5 TR.85 111.10 30.46 2500 3046
Saturated 458.75 458,75 458.75 114.69 114.69 114.69

All runs exhibit initial growth at a wavelength of a few meters, but the peak is broader and higher in 2-D
than in 3-D. In 2-D runs, {|dn(k)/ny|*} falls off on both sides of the peak but increases again toward longer
wavelengths. In 3-D runs, {|6nik)/ ny |2} falls off toward wavelengths shorter than the peak at all altitudes and
falls off toward longer wavelengths at 110 and 113 km. Despite the relative increase at longer wavelengths
at 107 km, {|éni{k)/n,|?} is still lower than in 2-D runs. The run at 113 km also has a secondary peak at a
wavelength less than a meter.

Following the linear growth stage, all runs transition to a saturated state characterized by increased
long-wavelength growth. The 2-D saturated spectra show a power law dependence on k with slopes from
—3.3 to —4.1 in the meter-scale range and a smooth transition to a shallower slope with decreasing k. Mean
squared amplitude is at least an order of magnitude larger at the longest wavelengths, compared to the wave-
length of peak initial growth., The 3-D saturated spectra show an even more distinet power law, with a knee
neark =2 m~!. The 3-D power law slopes in the meter-scale regime are steeper in 3-D than in 2-D, ranging
from —4.8 to —5.5, and the long-wavelength spectra are flatter than in 2-D.

4.2. Flow Angle

Quantifying the flow angle of density perturbations in the E-region ionosphere is crucial to using their drift
speed to estimate the driving electric field. The following analysis presents 2-D images of density perturba-
tion spectra in the plane perpendicular to By, Images from 3-D runs include the same 4-point k; average
described in 4.1 and are therefore quasi-perpendicular spectra.

In an isothermal plasma, the linear fluid theory of the FBI predicts that density irregularities will propagate
parallel to the electron-ion relative drift. However, the plasma is decidedly not isothermal during geomagnet-
ically disturbed conditions. In addition to extreme electron heating (cf. Foster & Erickson, 2000; Oppenheim
& Dimant, 2013; Schlegel & St.-Maurice, 1981; St.-Maurice et al., 1981), the plasma may experience thermal
instabilities that affect the flow direction of ion frregularities.

Dimant and Oppenheim (2004) identified a theoretical ion thermal instability (ITI) by extending work on
an electron thermal instability (ETI) in the upper D/lower E-region by Dimant and Sudan (1997). They pre-
dicted, using a 2-D fluid analysis, that the ITI and FBI should grow at similar wavelengths and in similar con-
ditions, resulting in a combined instability. Kagan and Kelley (2000) also developed a theory of electron and
ion thermal instabilities that could operate coincidentally with the FBL. However, Dimant and Oppenheim
(2004) point out that despite qualitative similarities, a handful of quantitative differences between the two
theories and incorrect estimates by Kagan and Kelley (2000) produce significant discrepancies in the results,

Both the ITI and ETT operate by heating regions of relative low plasma density and cooling regions of rel-
atively high plasma density, increasing the magnitude of both. Since the optimum flow angle for the IT is
nonzero, it may contribute to a nonzero net flow angle of density irregularities. Unfortunately, the similar
wavelength ranges of the FBI and ITI make distinguishing the ITI from the FBI in observations very chal-
lenging. Simulations may facilitate this distinction by comparing the total flow angle to that predicted by [TI
theory alone.

This section follows Dimant and Oppenheim (2004) in representing the angle between the zeroth-order drift
and perturbation flow as y. The optimal angle for instability growth will be the angle at which the instability
threshold is smallest, assuming fixed values for all other relevant parameters. At the altitudes of interest for
this study, the optimal deviation of k from u (toward —E,) for the comhined instability, 7!, is only a few
degrees, while the optimal angle between k and E;, x By falls in the range —10 < H:::plt < —30.

The following set of figures show spectra of ion density perturbations in the plane perpendicular to B, after
computing the RMS over an appropriate time range. Each panel includes color-coded lines which aid in
answering two questions fundamental to this work: How does the flow angle of ion perturbations change
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Figure 4. RMS squared spectral amplitude in density perturbations during growth and after saturation in 2-D runs.
Each panel spans 0 = kg, < 4 in the Hall direction and —2 = kp,g = +2 in the Pedersen direction. Rows correspond to
altitude, from 107 (bottom) to 113 km (top). The left column shows the growth stage, and the right column shows the
saturation stage. In each panel, a magenta line indicates the drift angle, #, a cyan line indicates the optimal flow angle
for the combined FBI + ITI, 8, and white lines indicate the centroid angle, {#}, with 4 uncertainties. The top left
corner of each panel lists the centroid angle. The color scale for all panels ranges from —20 to 0 dB, or two orders of
magnitude in power,
with altitude? Do thermal effects from the ITI significantly alter the flow angle beyond the isothermal FBI?
All lines represent angles with respect to E; x B,.
The first line, shown in magenta, gives the angle of relative drift velocity between electrons and ions, u; =
u, — u,. Theory predicts that the isothermal FBI growth rate should peak at the drift-velocity angle,
(1+x )+ 051 +x)
# = tan™! [— rz I; 3 (5)
KA1+ K| 1—85(1 + K2
where 8, = /m,v,/m,v, as in Dimant and Oppenheim (2004). See Appendix A for a derivation of 8.
To be relevant to a simulation run, 8, must use the simulated values of its parameters. The ion Mass, P,
is the physical ion mass, but the electron mass, m,, oy, is inflated. Both ion and electron collision frequencies
are as described in section 1. This work sets v, to maintain the appropriate value of y for a given altitude,
accounting for the artificial electron mass, At 107 km, # = —97; at 110 km, # = =157 at 113 km, § = —24°,
YOUNG ET AL. 9of15
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Figure 5. RMS squared spectral amplitude in density perturbations during growth and after saturation in 3-D runs.
The figure layout is identical to that of Figure 4.
Estimating # from the asymptotic values of g qm» Hay-gm, a0 Uy 0 n the subthreshold run with B =
10 mV/m at each altitude gives these values directly.
The second line, shown in cyan, gives the predicted deflection of FBI 4 ITT perturbations. Equation 34 of
Oppenheim and Dimant (2004) is
2i (1 + )
tan 2 = —
Aopt 3= rl‘z
Solving this equation for y,, and using the relation 8 = y + 8 yields an equation for 8, at a given altitude:
1. [ 2&',{I+w]]
By = =tan " | —— | + 4. (6)
ot ]
2 3— kK
This angle represents the predicted angle of maximum growth of FBI + ITI perturbations. The values are
Bope = —12° at 107 km, 8, = —20" at 110 km, and 8, = —32° at 113 km. Note that, graphically, y, is the
difference between the magenta and cyan lines.
The third line, shown in white, actually represents three lines: the centroid of spectral power, with plus and
minus one-e uncertainty. Since spectral power is spread over a range of angles, the angular deflection of the
YOUNG ET AL. 10of15
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centroid of spectral power represents flow angle between the wave vector, k, and E; x By. This work uses
{#) to represent the flow angle. See Appendix B for a derivation of {#}.

In order to reduce the uncertainty in the centroid location, the analysis routine calculated the centroid for
each image in the EMS time frame, calculated {#} as the mean centroid from that distribution, and calculated
& {#) as the standard deviation of that distribution. The standard deviation is so small in all cases as to be
imperceptible in the images.

Itis worth noting that the centroid is a better measure of flow angle during growth than in saturation. During
the growth stage, spectral amplitude is relatively isolated in both wavelength and angle. This means that
the centroid of the peak represents the peak (k. kp,;) value of linear growth. After saturation, there is no
longer a single peak wavelength that characterizes the instability. The centroid algorithm can still find the
spectral center of mass, but its value as a measure of flow angle is diminished. Nonetheless, it will serve as
a visual guide.

Figures 4 and 5 show {|én(k, #) /ny|*) during growth and after saturation in 2-D and 3-D runs, respectively.
The data in each image correspond to the growth and saturation times in Table 2 and Figure 3. Each panel
also shows the drift angle, 8, the optimum FBI + ITI flow angle, 8y, and the flow angle of the centroid,
{#). Overall, the flow angle appears to be similar between 2-D and 3-D runs at a given altitude. The data
resolution is poor because of the need to resolve electron dynamics: The fully kinetic simulation must resolve
the Debye length, which requires grid cell sizes that are very small compared to the wavelengths of interest.
Thus, most of the spectral dynamics occur close to (k. kpg) = (0,0), where the resolution is poor. For this
reagon, a hybrid simulation with fluid electrons and kinetic ions would be more appropriate to this study
(cf. Young et al. (2019)).

These figures show that, over the range of altitudes that this work considers, {#) deviates less from 9 as
altitude increases. They also show that {#) differs by at most a few degrees between 2-D and 3-D runs, after
calculating the mean along B, in 3-D. Effects from the I'TI are the most likely explanation for the difference
between (f) and 8, especially at 110 km, where (#} of the saturated instability is nearly identical to 8 . At
107 km, 8, estimates (8} fairly well during growth but underestimates it (in magnitude) in the saturated
state. At 113 km, |8] < [{#)| = 8 throughout the run. The theoretical basis presented in Dimant and
Oppenheim (2004) for predicting ion thermal effects applies to 2-D perturbations in the long-wavelength
limit ku, < v; and does not account for kinetic effects. The shortest long-wavelength limit relevant to the
simulations presented in this work is & m, corresponding to 107 km (assuming |E;| = 50 mV/m). Therefore,
the formal theory does not strictly apply to any of the simulations presented in this work. Development
of a theory that describes the apparent thermal effects presented here represents an intriguing avenue of
research.

5. Discussion

The results in section 4 describe the evolution of the FBI from linear to nonlinear instability. The linear
instability is well established in literature and textbooks, but the precise nature of the nonlinear instability
remains an open question. While the present work shows results from both 2-D and 3-D simulations, the
true ionosphere is 3-, and thus the 2-D simulations are only interesting insomuch as comparisons between
2-D and 3-D runs illustrate the fundamental role of wave modes with k" #0.

It is instructive to first get an estimate of how well the overall 3-D growth rates shown in the right panel
of Figure 2 compare to linear theory. Using equations (1) and (2} with parameters appropriate to 110 km,
oy = 60 571, Linear theory assumes that perturbed quantities vary as complex exponentials; thus, én/n, ~
exp [i{k - r — wi)], where k is the wave vector, r is the vector displacement, @ = w, + im, is the complex
frequency, and ¢ represents time. This analysis is interested in the RMS squared amplitude of these linear

perturbations, given by
2
(‘% ) ~ EXp {ijr} .

Inserting ey, = 60 57! implies that the RMS squared amplitude should increase approximately an order of
magnitude in 20 ms. The green trace in the right panels of Figure 2 confirms that this estimate is consistent
with the simulation.
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The saturated 3-D spectra in Figure 3 are flat for 4096 m = 4 > 3 m and follow a power law with index
approximately —5.0 for 3m > 4 > 0.08 m. In the presence of a constant driving electric field, the FRI
saturates via an inverse cascade. Below the wavelength of peak growth, ion Landau damping provides a
diffusion mechanism that increases with decreasing wavelength until amplitude hits the noise floor at the
simulation grid scale. The steep power law fall off below 4 = 3 m demonstrates the effectiveness of this
wave-particle damping; it is a result of the sharp drop in kinetic growth rate below the wavelength of peak
growth as shown in Schmidt and Gary (1973). The difference in power law index between 2-D and 3-D runs
implies that 2-D simulations may overestimate the amount of wave power in perturbations with wavelengths
slightly smaller than the wavelength of peak growth.

The flat spectrum at wavelengths larger than 4 = 3 m in 3-D runs suggests a saturation mechanism indepen-
dent of wavelength above the wavelength of peak growth. The instability couples energy from the wavelength
of peak growth into progressively longer wavelengths until it reaches the size of the simulation box. Without
a diffusion mechanism at these wavelengths, the energy stays there. The resultant saturated spectrum for
all wavelengths is nearly independent of simulated altitude, implying that it depends only weakly on v, for
the range of simulated altitudes considered here. This does not contradict the assertion by Pfaff et al. (1984)
that the auroral E-region is far from homogeneous: The difference in overall growth at different altitudes
(Figure 2) and the variation in growth-stage spectra (Figure 3) imply abundant variation with changing
altitude.

Saturated wave power at the longest wavelengths is similar in 2-D and 3-D, but the slightly steeper slope
in 2-I} runs suggests that parallel modes play a role in the mode-coupling process that flattens out the 3-D
spectrum. Of course, in the physical ionosphere, a nonlinear cascade of gradient-driven turbulence may
steepen the apparent slope of { |&n/n,|%) at wavelengths above the dissipation regime, The nonlinear theory
of combined FBI and GDI in the equatorial electrojet proposed by Sudan (1983, 1983a) predicts a power law
index of —2 to —3 at long wavelengths, with a steeper slope in the kinetic regime.

The saturated 3-D spectra in Figure 5 display significant nonzero flow angles but not necessarily significant
deviations from the zeroth-order electron-ion relative drift. These spectral images predict that the flow angle
of density irregularities driven by the pure FBI should increase with altitude. However, the role of thermal
effects in deflecting the mean flow from E; x B, will decrease with decreasing collision frequencies, so
that the flow angle approaches the direction of relative drift as altitude increases. This result is qualitatively
consistent with the conclusion of Uspensky et al. (2003) that the jon drift contribution to the relative drift
velocity is important. Quantitatively, the caleulated centroid angles in all six panels of Figure 5 are larger
than the value of —10° that Uspensky et al. (2003) and Hysell et al. (2012) assume. The predicted flow angle
in the saturated stage at 110 km, where many observers assume these echoes originate, is —19.4°. The theory
of Dimant and Oppenheim (2004) predicts this value quite well.

By comparing linear fluid theory to linear kinetic theory in the long-wavelength limit, Wang and Tsunoda
(1975) showed that the optimum aspect angle is a few tenths of a degree for electron drift speeds around
600 m/s and increases as electron drift speed increases. Schlegel (1983) ran a numerical analysis with A = 1m
at 110 km and showed that the optimum aspect angle does not increase monotonically with drift speed but
reaches a maximum for a drift speed of 1.4 km/s. The FBI produces predominantly field-aligned irregulari-
ties [ Makarevich, 2009), but some observers have reported observations at aspect angles of 1° and larger (cf.
Haldoupis, 1989).

During the growth phase of the simulations presented here, perturbations had a wavelength of approx-
imately 3 m in the perpendicular plane. Spectra that included ky (not shown) contained power in the
lowest nonzero k; pixel, corresponding to k; = 2x/L;. Since the parallel resolution is also 2z /L,, that
results in a growth-stage aspect angle of approximately 1°-2° off perpendicular. For comparison, the the-
oretical simulated value is ©.0p = VM 0pVeam/MVam = 1.7° and the theoretical physical value is
8, = v/m,v,/my, = 1.1°, Therefore, the simulation appears to model parallel modes reasonably well for
the given parameters.

6. Summary

This paper presents 2-D and 3-D fully kinetic simulations of the Farley-Buneman instability in the
high-latitude ionosphere, at three different simulated altitudes: 107, 110, and 113 km. The middle simulated
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altitude corresponds to the assumed altitude of many observed auroral radar echoes. Mean irregularity
amplitude at all wavelengths over the course of each run exhibits a linear growth phase followed by a satu-
rated phase. The linear growth phase at 113 km starts off slower than at 107 and 110 km in 2-D runs, and
growth is slower overall in 2-D runs when compared to 3-D runs.

Snapshots of amplitude versus wave number for 2-D and 3-D runs demonstrate different growth behavior
for each set: While the primary wavelength of irregularity growth is a few meters in all runs, the 3-D run at
113 km contains a secondary wavelength of peak growth at the sub-meter scale. At all altitudes, 2-D mns
show earlier long-wavelength growth. The saturated stage of 2-D runs exhibits a power law with slopes —3.3
to —4.1 at meter scales and a shallower slope at longer wavelengths. The saturated stage of 3-D runs exhibits
a power law with slopes —4.8 to — 5.5 at meter scales and a nearly flat spectrum at longer wavelengths.

Images in the perpendicular plane show that the mean irregularity flow angle is never 0° at these altitudes
and that the flow angle increases from growth to saturation. The deflection from 0° results from a combi-
nation of thermal effects and the zeroth-order direction of electron-ion relative flow. The flow angle of the
saturated instability increases with increasing altitude, but thermal effects appear to decrease with increas-
ing altitude, so that the mean flow approaches the relative drift with increasing altitude. Overall, this work
predicts that the saturated amplitude of Farley-Buneman irregularities should exhibit a flat spectrum with
a knee near the wavelength of peak growth and a flow angle at least as large as, and probably a few degrees
larger than, the deviation of relative drift from Ej x By.

Appendix A: Drift Angle
In the absence of pressure gradients and inertia, assuming B, = Ej and B, = B,Z, the drift components of
species § are

_ 4:En
ul:}' = anls{l + R_E]" (Al}

Kol By

vy (1 +x2) (A2)

Uy = Ky, =

The drift-velocity components are thus

gy = Mgy — My (A3)

K K
= +¢E £ - - , (A4)
b [m,v,l[l+fc§]| m[u,{l+fcf]|]

Uy, = Uy, — Uy, (A3)

(A6)

1 1
-k, + .
v [m,ve {1 + xf} Y t:l + rf:l]

These components make an angle 8 = tan™! (g, /11y,) with the E, x By, (ie., ¥) direction. Plugging in the
above expressions for wg, and uy, yields the expression for # given in section 4.2

Appendix B: Centroid Angle
Consider a 2-D discrete distribution, f(x;,y,), withx; = iAx, y, = jAyand (i, j) € {0.N, -1} ® {0.N, - 1}.
The coordinates of the center of mass, ({x}, {y)), are
? ?xlfﬂxl* }'J:I 1
_ 1 ) Bl
I
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where f, = f(x.y,)and M = ¥/ ¥, f, is the total mass. These are just the components of the first moment
of the distribution with respect to the radial coordinate r = (x, y).

The conversion from Cartesian to polar coordinates is straightforward: (k) = \.i’{x}z +{y)* and {8) =
tan~" ()} / (x}).
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