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Abstract.  In this study, a 2D self-consistent hybrid gyrofluid-kinetic elec-
tron model is used to investigate Alfvén wave propagation along dipolar mag-
netic field lines for a range of ion to electron temperature ratios. The focus
of the investigation is on understanding the role of these effects on electron
trapping in kinetic Alfvén waves sourced in the plasma sheet and the role

of this trapping in contributing to the overall electron energization at the
ionosphere. This work also builds on our previous effort [Damiano et al., 2015]
by considering a similar system in the limit of fixed initial parallel current,
rather than fixed initial perpendicular electric field. It is found that the ef-
fects of particle trapping are strongest in the cold ion limit and the kinetic
Alfvén wave is able to carry trapped electrons a large distance along the field
line yielding a relatively large net energization of the trapped electron pop-
ulation as the phase speed of the wave is increased. However, as the ion tem-
perature is increased, the ability of the kinetic Alfvén wave to carry and en-
ergize trapped electrons is reduced by more significant wave energy disper-
sion perpendicular to the ambient magnetic field which reduces the ampli-
tude of the wave. This reduction of wave amplitude in-turn reduces both the
parallel current and the extent of the high energy tails evident in the ener-
gized electron populations at the ionospheric boundary (which may serve to
explain the limited extent of the broadband electron energization seen in ob-
servations). Even in the cold ion limit, trapping effects in kinetic Alfvén waves

lead to only modest electron energization for the parameters considered (on
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the order of tens of €V) and the primary energization of electrons to keV lev-

els coincides with the arrival of the wave at the ionospheric boundary.

X-3
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1. Introduction

Nonlinear trapping of electrons, leading to elongated beam like structures in the di-
rection of parallel velocity are a ubiquitous feature of space plasmas. For example, such
features have been noted in reconnection potentials [e.g. Le et al., 2009], have been gen-
erated in active injection experiments in the ionosphere [e.g. Haeusler et al., 1986; Bohm
et al., 1992], and are associated with kinetic Alfvén waves in the Earth’s magnetosphere
where they have been illustrated in Polar observations [e.g. Wygant et al., 2002; Jan-
hunen et al., 2004] and have been reproduced in simulations [e.g. Watt and Rankin, 2009;
Damiano et al., 2015]. Such distributions are also observed in THEMIS observations of
kinetic Alfvén waves in the plasma sheet (associated with the breaking of reconnection
induced fast flows [e.g. Chaston et al., 2012]) as illustrated in Figure 1 and more recently
in Van Allen Probes observations associated with kinetic Alfvén wave activity in the inner
magnetosphere [Chaston et al., 2015].

In the auroral context, a fundamental question is how electron acceleration in these
waves, which usually exist above the auroral acceleration region, might contribute to the
energized precipitating electron population that ultimately leads to the generation of the
visible aurora. As opposed to electron acceleration by inertial Alfvén waves in the auroral
acceleration region (where vy, < V4) kinetic Alfvén waves interact with electrons that
have parallel velocities close to the phase speed of the wave. In a uniform topology, this
leads to a modest parallel acceleration bounded by the trapping velocity associated with
the wave potential (v, = \/2ed/me - e.g. Bohm et al. [1990, 1992]; Wygant et al. [2002];

Rankin et al. [2007]; Le et al. [2009]). However, in a non-uniform topology Watt and
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Rankin [2009] noted that because the phase speed of kinetic Alfvén waves increases (due
to the increasing magnetic field) as they propagate toward the ionosphere, the nonlinearly
trapped electrons would be energized. Close to the intermediate regime along the field
line (where vy, ~ V), the parallel electric field (and hence the trapping potential) would
be progressively reduced and thus the energized, formerly trapped electrons, become free
of the wave (which enters the inertial Alfvén wave regime due to the increasing Alfvén
speed) and thus can propagate unimpeded to the ionosphere where they contribute to the
precipitation of energized electrons.

One limitation of this analysis is that it was performed in the limit of cold ions, although
in the plasma sheet, ion gyro radius effects are expected to be important because T; /T, ~ 7
[Baumjohann et al., 1989]. Damiano et al. [2015] recently confirmed this point, by noting
that the inclusion of ion temperature effects reduces the wave potential and consequently
the effects of electron trapping. In the present paper we seek to build on this recent work
by examining electron trapping in kinetic Alfvén waves sourced in the plasma sheet for a
range of particle temperatures and wave amplitudes. Whereas in the previous effort, we
considered how ion kinetic effects modify wave propagation given the same electric field
driver amplitude, in this study we vary the amplitude of the initial perpendicular electric
field to keep the initial parallel current characteristics constant and examine the evolution
of the system in that context. The remainder of the paper is divided into three sections.
Section 2 presents an overview of the hybrid gyrofluid-kinetic electron model that will be
used in the investigation. Section 3 presents the simulation results while Section 4 draws

conclusions based on this analysis.
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2. Gyrofluid-Kinetic-Electron Model

The simulations are conducted with the hybrid 2-D Gyrofluid-Kinetic Electron (GKE)
model discussed in [Damiano et al., 2015] which is the gyrofluid extension of the hybrid
MHD-kinetic electron model [Damiano et al., 2003; Damiano et al., 2007] that has seen
extensive use in the study of field line resonances [e.g. Damiano and Wright, 2008; Dami-
ano and Johnson, 2012]. The dipolar model geometry is illustrated in Figure 2a and
explicitly includes the field aligned direction (x;) and the direction across L shells (zs).
The system is independent of the azimuthal coordinate so that d/9z; = 0.

The gyrofluid portion of the model incorporates the modified linearized momentum

equation given by

HoPo at  hihs

o = o5 () )

where 43 = (1 — 1.25p2V% )us (and the coefficient of p?V? is obtained from a Padé
approximation [Johnson and Cheng, 1997; Cheng and Johnson, 1999]), p; is the ion
gyroradius, z; = cosf/r%, xy = sin®0/r, 23 = ¢, hy = r®/(1 + 3cos?0)/2, hy =
r?/(sin6(1 + 3cos?0)/2), hy = rsinf and p, and B, denote the background plasma

density and magnetic field respectively. This equation is coupled to Faraday’s law

g; 1 (8 9
Bt hila (592; (hoEs) — v (h1E1)> (2)

and the perpendicular

By = —B,(1 — p?V? )il (3)
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and parallel Ohm’s laws

me(9j” 1 1 Pe”_PeJ_
_Me N _ Ly p 8"y p 4
1™ ez ot nev“ " ne B, Vil (4)

where the first term on the right hand side yields the electron inertial contribution, the
second term yields the electron pressure contribution (kinetic Alfvén wave) and the last
term incorporates the mirror force effects. It should be noted that the parallel generalized
Ohm’s law is not solved in the model in this form. We have displayed the law here in
conventional form and without metric tensor coefficients for simplicity of notation and
understanding. The full form of the parallel Ohm’s law is apparent in several other
previous publications (including Damiano et al. [2015]) and the full derivation can be
found in Damiano et ol. [2007].

The guiding center equations are used to describe the parallel electron dynamics

d’Ul i 1 8Bo
Me~ = —eB — ptmma (5)
dx
hld_tl = U1 (6)

where v; = v|| is the parallel electron velocity and p,, = is the magnetic moment. Con-
servation of u,, is assumed in the model and the value of v; computed at any given time
from i, is the gyrophase independent perpendicular velocity (v = m) Standard
Particle-In-Cell techniques (as discussed in Damiano et al. [2007]) are used to compute
the integral moments of the electron distribution function for use in the parallel Ohm’s

law.
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3. Simulations

Consistent with Damiano et al. [2015], the simulation grid extends from the I = 9.4
to the L = 10 field lines in the perpendicular direction and the low altitude boundaries
are set to a geocentric altitude of 2 Rg. This altitude was chosen as it corresponds to the
average location of the B/n peak (where the peak of the electron acceleration is believed
to occur [Swift, 1978; Lysak and Hudson, 1979; Wright et al., 2002; Damiano and Wright,
2008]). Electrons are initially positioned to form a constant density such that n; = n, = 1
cm ™3 (which is order of magnitude consistent with densities measured at altitudes above
2 Rg le.g. Kletzing and Torbert, 1994]) and equal temperature Maxwellians are assumed
in both v and v).

The dispersive Alfvén waves are initiated in the equatorial plane of the simulation
domain by perturbing the azimuthal velocity at ¢t = 0 (which is equivalent to perturbing
the ion polarization current). The perpendicular profile of the perturbations assumed is
equivalent to those used in Damiano et al. [2015] and is displayed in Figure 2b. For a
T; = 1 keV ion temperature, this profile leads to a value of k, p; ~ 1 in the plasma sheet
(where the field aligned profiles of p; and V4 are plotted in Figure 3). In this present
study, although we do not adjust the perpendicular profile of the perturbation, a range of
amplitudes and ion temperatures are considered. In the parallel direction, a Gaussian with
a full width half maximum of 1 Rg is chosen. This profile splits up into two equivalent
perturbations traveling to the northern and southern low altitude boundaries respectively.
As in Damiano et al. [2015], our analysis will focus on wave perturbations propagating to
the northern low altitude boundary, as the evolution of the system is symmetric in both

directions.
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3.1. Particle trapping in kinetic Alfvén waves

In this section, we consider the evolution of the system without ion Larmor radius effects
(T; = 0). Figure 4a illustrates the evolution of the parallel current as a function of time
for the E, perturbation presented in Figure 2b and 7, = 100 €V (this value of T, will
be fixed for the whole investigation). The electron distribution functions at Il = 2 Rg
(where [} is measured from the equator) for the indicated times are presented in Figures
4b-4d. As the wave perturbations reach ) = 2 Rg, the initial Maxwellian distribution
function transitions to one with a pronounced parallel elongation consistent with Damiano
et al. [2015]. However, the initial perpendicular electric field of this simulation is larger
than that used in Damiano et al. [2015] and the distributions are plotted closer to the
equatorial plane in order to see more clearly the effects of trapping.

As mentioned in Damiano et al. [2015], the parallel extent of the elongation is defined
by the trapping width, v, = \/W. To confirm this point, we have calculated the
potential ¢ = — [ Ed), for the pulse perturbation at ¢ = 15 s in Figure 4c. The result is
illustrated in Figure 5 where the position of the peak of the potential is consistent with the
peak of the parallel current illustrated in Figure 4. Taking the value of the peak potential
(~ 62 V), the value of the trapping width is found to be 0.48 x 107 m/s. To make this
comparison clearer, in Figure 6 we re-plot the distribution functions from Figure 4 as a
function of v alone where the dashed vertical lines are indicative of v based on the
peak potential determined from Figure 5. As expected, the plateau region agrees quite
well with the boundaries defined by +wvy,.

The trapped nature of these electrons is further elucidated in Figure 7 where we plot the

time history of the electrons within the trapped region as illustrated in Figure 6¢ (although
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we have only taken a narrow subset of the trapped population defined by |vy| < 1.5 x 10°
m/s). Superimposed in this figure is the distance vs time relationship (solid red line)
assuming the initial phase speed of the wave (as determined from the dispersion relation
w = k; V4 which does not change much over the first 2 Rg) and it is clear that the
electrons travel as a coherent group trapped within the potential well of the wave. When
the same analysis is applied to a group of untrapped electrons, there is no consistent
evolution with the wave in the time history (not shown). Figure 7b plots the average
electron kinetic energy of the same trapped electrons as a function of time and there is
both an oscillation in the average energy (associated with the exchange between kinetic
and potential energy) and a slow increase in the average energy with time as the phase
speed of the wave increases (consistent with the idea of Watt and Rankin [2009]). The
average energy increases by a few tens of eV before plateauing when the electrons become
detrapped from the wave at about ¢t = 30 seconds.

Also from Figure 7a, it is clear that the trapping goes back to the wave initialization
at t = 0. As mentioned previously, there is no current at ¢ = 0. The initial perturbation
in E/;, which peaks at the equator, breaks up into two perturbations which travel to the
opposing low altitude boundaries. The growth of the current perturbation in the northern
hemisphere of the simulation domain over the first few seconds is plotted in Figure 8a
along with the distribution functions at I = 0.5 Rg. This growth is significantly faster
than the parallel propagation and so it is informative to look at the temporal evolution
of the distribution function at one point in space (Figures 8b - 8d). Initially, electrons

with v ~ vpp ~ V4 (close to the core of the electron distribution), are trapped by the



DAMIANO ET AL.: PARTICLE TRAPPING IN KINETIC ALFVEN WAVES X-1

waves but this trapping extends to larger values of |v)|| as the parallel current density (and

consequently trapping potential) in the wave grows.

3.2. Gyroradius effects on wave trapping

As discussed in Damiano et al. [2015], the inclusion of ion gyroradius effects reduces
the noted parallel elongation (relative to the T; = 0 case) (for a given value of the perpen-
dicular electric field) since the inclusion of these effects reduces the ability of the wave to
carry a parallel current (because the perturbation is not able to drive a strong polarization
current in the hot ion limit) thus reducing both Ej and ¢. This point is re-iterated in
Figures 9a and 9b where a reduced parallel current is evident in the blue case (T; = 1
keV) relative to the black case (T; = 0) even though the magnitude of the perpendicular
electric field remains the same between the two cases (Figure 9b). The corresponding
reduced elongation is reflected in a comparison of Figures 9d and 9¢c. As with Damiano
et al. [2015], we have plotted the T; = 1 keV case at an earlier time than the T; = 0 case
since the wave speed increases with the inclusion of ion gyroradius effects as given by the

dispersion relation

T,
o= BVay[1+ KL+ 25)), @

However, if we then increase the initial Fy perturbation in the T; = 1 keV case, so that
we end up with a similar parallel current as in the 7; = 0 case (comparing red and black
lines in Figures 9a and 9b), the parallel elongation in the 7; = 0 case approaches that
evident in the T; = 0 case, but is still slightly less (comparing Figures 9e and 9d). This

result is consistent with having a similar parallel current because the current is carried by
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a slight asymmetry of the distribution around v = 0 and not the length of the elongated
region.

It is then of particular interest to understand how perturbations carrying a similar
current evolve in the two different ion temperature regimes. The time history of the
trapped electrons illustrated in Figures 9¢ and 9e are plotted in Figures 10a and 10c
(while a corresponding example for T; = 500 eV is plotted in Figure 10b). Even though
the parallel elongation of the distribution functions at /| = 1.85 Rg is similar in all
cases, the time and length of the trapping decreases as T;/T, increases. The reduced
trapping time as a function of the increasing temperature ratio is reflected in a reduced
total energization when the average kinetic energy of the trapped electrons is plotted as
a function of time (Figure 10d). Interestingly, the period of the cycling in Ex decreases
with increases in T;/T. as well. Defining the trapping period 7 = [ dl/v and assuming a
Gaussian shaped potential ¢ (e.g. as displayed in Figure 5), it is straightforward to show
that 7 ~ 1/4/@. Therefore, since ¢ is decreasing with the increase in ion temperature, the
increase in the oscillation period with ion temperature evident in Figure 10c is consistent
with this analysis.

In order to illuminate the reason for the reduced trapping, Figure 11 plots the profile of
the parallel current (and the corresponding electron distribution functions at the current
maxima) at several times for the 7; = 0 case (left hand panels) and the T; = 1 keV case
(right hand panels). The times were chosen so that the current profiles for the two different,
cases peak at the same positions in space. In the T; = 0 case, the parallel current density of
the wave increases in amplitude as the wave propagates toward the northern low altitude

boundary, which is consistent with the converging magnetic field topology. Consistent with
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the evolution in current, the parallel elongation in the distribution function decreases as
E)| drops as the pulse gets closer to the transition region between the kinetic Alfvén wave
and inertial Alfvén wave regimes.

In Figure 11e, the evolution of the parallel current in the T; = 1 keV case is qualitatively
different from the T; = 0 case as the amplitude of the parallel current profile seems rel-
atively constant (actually decreasing marginally) relative to the T; = 0 case. Consistent
with the drop in current, the parallel elongation in the electron distribution functions
evident in the T; = 1 keV case reduces relative to the T; = 0 case. This trend is evident
primarily in the comparison of the distribution functions at I = 2 and [} = 3.5 Rg. By
lj = 5 Rg, most significant trapping effects are minimized (refer to Figure 10) and the
distribution functions in Figures 11d and 11h are reflective of largely untrapped popula-
tions. There is slightly more asymmetry in the positive v direction in Figure 11d relative
to Figure 11h reflective of the higher parallel current in the T; = 0 case. Additionally,
mirror force effects contribute to a slight horseshoe shape in the core of the distributions
as the pulse gets closer to the northern low altitude boundary.

This difference in the current evolution in the 7; = 0 and 7; = 1 keV cases can be
understood from the profiles of F5 plotted in Figure 9b. The T; = 1 keV cases exhibit
a broader perpendicular dispersion of wave energy relative to the T; = 0 case since with
k1p; ~ 1 alarger perpendicular group speed results (see equation 7) which moves energy
away in both directions from the region of peak current in the middle of the simulation
domain. There is also a moderately more pronounced dispersion of wave energy parallel to

the field line in the T; = 1 keV case, but the parallel dispersion is of secondary importance
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relative to the perpendicular dispersion (which moves wave energy entirely off the field
line of interest).

As Landau damping effects are known to contribute to wave energy dissipation in kinetic
Alfvén waves, there might be some expectation that the drop in amplitude between the
T, = 0and T; = 1 keV cases might also be associated with energy dissipation due to wave-
particle interactions with electrons. However, this cannot be the case as the inclusion of ion
gyroradius effects, while keeping all other parameters the same, decreases the efficiency of
the Landau damping because of the increased phase speed of the wave moves the resonance
condition between the electrons and the wave more into the tail of the distribution function
where fewer particles can interact with the wave. This effect is also evident from the

dispersion relation analysis in Lysak and Lotko [1996].

3.3. Effects of T./T; ratio on ionospheric electron energization

In Damiano et al. [2015], we plotted the distribution of electrons at the ionospheric
boundary coincident with the arrival of the wave considering simulations with T; = 0 and
T; = 1 keV, but with the same initial F,. A reduced energy spectrum was found in the
T; = 1 keV case since the parallel current was reduced in the wave for a given value of F,.
In the present example, we have considered cases with T; = 0 and T; = 1 keV where E,
has been chosen so that the parallel current profiles are initially similar. The temporal
evolution of the ionospheric current, along with the ionospheric electron energy spectrum
at the current maximum, is in each case displayed in Figure 12 along with the T; = 500
eV case. From this figure, it is clear that although the initial current in all cases was

initialized to be the same, the peak ionospheric current reduces as the ion to electron
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temperature ratio increases (as does the extent of the high energy tail plotted in Figure
12Db).

Indeed, observations indicate that the extent of the electron energization in broadband
aurora is generally only on the order of several hundred eV to a keV [e.g. Chaston et al.,
2002; Chaston, 2006] and so these simulation results suggest that ion gyroradius effects (in
a warmer plasma sheet) may be a factor in limiting this energization. Additionally, kinetic
Alfvén waves can stochastically heat ions perpendicular to the ambient magnetic field
[e.g. Johnson and Cheng, 2001] (as seen in THEMIS plasma sheet observations [Chaston
et al., 2014]). Therefore, the simulations results also suggest that a gradual shutting off
of broadband auroral precipitation may occur as the ion temperature increases over time.

In the inertial Alfvén wave regime close to the ionospheric boundary, there is both a
resonant (Fermi) and non-resonant contribution to the electron energization [e.g. Kletzing,
1994; Watt et al., 2005, 2006]. This non-resonant component is associated with the bulk
energization of the distribution to carry the parallel current in the inertial Alfvén wave
and was noted by Wait et al. [2005, 2006] to account for the suprathermal electron bursts
evident in FAST satellite data. In Damiano et al. [2015], we illustrated that the main
electron energization at the ionospheric boundaries evident in Figure 12 was occurring
at the same time as the arrival of the wave and thus associated with this non-resonant
acceleration. We found no significant resonant Fermi accelerated component (which is
mostly likely because of the wave and plasma parameters chosen). The same scenario
is true in this manuscript. Although the particle trapping effect in the kinetic Alfvén

waves plays a role in the energization of the electrons, it is of limited significance for the
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parameters considered here as the energy gains are limited to tens of eV for the best case
scenario in the limit of T; = 0 (see Figure 10).

Finally, it is worth noting that it has not been our aim in this study to quantitatively
address electron energization in dispersive scale Alfvén waves for a wide range of observed
magnetospheric parameters. Our primary aim has been to understand ion gyroradius
effects on electron trapping in kinetic Alfvén waves for the more controlled set of plasma.
conditions consistent with our previous effort [Damiano et al., 2015] in order to facili-
tate comparison of the case of fixed initial current with that of fixed initial perpendicular
electric field. However, we want to emphasize that our choice of wave parameters are rep-
resentative of average parameters associated with Alfvén waves as seen by both THEMIS
le.g. Chaston et al., 2012, 2014] and Polar [e.g. Keiling et al., 2001]. Additionally, while
our choice of individual plasma temperatures is on the colder side, they are relevant to
the generation of broadband aurora that form under conditions of northward IMF [S.
Wing, private communication regarding Luhr et al., submitted 2016] that can often be
associated with the formation of a Cold Dense Plasma Sheet (CDPS - e.g. Wing et al.
2005]; Johnson and Wing [2009]). A systematic investigation of the warmer plasma limit,
with parameters directly derived from THEMIS observations, is in progress and will be

the focus of a follow-up manuscript.

4. Conclusions

Building on the work of Damiano et al. [2015], we have used the 2D hybrid GKE model
to study the electron response to dispersive scale Alfvén waves propagating along auroral
field lines for a range of ion temperatures and wave amplitudes. Consistent with previous

efforts, we find that electrons trapped in the source region of the wave can be carried
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along the field line and energized by the wave. We find that the effects of this trapping
are strongest in the cold ion limit, and the trapping diminishes in effectiveness as the ion
temperature is increased.

This reduction is partially due to the reduction of the ability of the wave to carry a
parallel current (as noted in Damiano et al. [2015]) which décreases the magnitude of the
trapping parallel electric field. Increasing the amplitude of the wave increases the effec-
tiveness of the trapping, but in the hot ion limit, dispersion of wave energy perpendicular
to the ambient magnetic field reduces the wave amplitude along a given field line limiting
again both the parallel current and trapping potential ¢ meaning that particles become
untrapped sooner than in the 7; = 0 limit. The reduced parallel current also results in
reduced electron energization at the ionospheric boundary as manifested in shorter high
energy tails in the electron spectra evident there. Therefore, the ion temperature appears
to be an important factor in defining the characteristics of the precipitating electron
spectra principally because of its effects on the dispersive characteristics of the wave,

Finally, for the parameters we have considered here, particle trapping in kinetic Alfvén
waves sourced in the plasma sheet leads to only modest electron energization (tens of
eV in the cold ion limit) and the primary energization of electrons to high energies is

happening above the ionospheric boundary coincident with the arrival of the wave.
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Figure 1. Example of electron distribution observed in THEMIS D spacecraft data
in plasma sheet associated with KAW activity. Note the elongated core in the parallel

direction which is qualitatively similar to the distributions generated in the simulations

presented in this study.
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Figure 2. a): Simulation domain where x5 is positive increasing out of the page. Solid
lines denote the L = 9.4 and L = 10 perpendicular boundary field lines. The dotted line
indicates the L = 9.7 field line (along which the maximum parallel current of the wave
perturbation occurs) where the solid dots denote 1 Rg length intervals along the field
line. The circles of radius 1 and 2 Rg respectively denote the surface of the Earth and
low altitude “ionospheric” boundary. b) Initial radial (F5) electric field profile (used in
Section 3.1) as a function of r, (r = r,sind, where the angle ¢ is subtended from the z

axis) at the equator for Ly = 0.1 Rg.
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Figure 3. a) Ion gyroradius profile for T; = 1 keV as a function of length along the
field line (I)) measured from the equator in Rg. b) Alfvén velocity profile as a function
of [;j. The dotted horizontal line denotes vy, = V4. Both profiles are taken along L = 9.7

field line.
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Figure 4. a) Parallel current density along the L = 9.7 field line at indicated times.
(b) Electron velocity distribution function (normalized) at I = 2 Rg for the black case
(panel a). (c) same as (b), but for blue case in panel (a). (d) Same again, but for red
case. Small scale fluctuations evident to the right in panel (a) result from statistical noise
near the low altitude boundary where the number of simulation particles per grid cell is

less than in the the equatorial region. However, the fluctuation levels are far smaller than

the signal when the wave reaches the lower altitude boundary as seen in Figure 12.
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Figure 6. a) Electron distribution function as a function of v, at the same times used
in Figure 4. Sold black lines are indicative of different values of v, . The vertical dashed

lines in each panel indicate vy = £4/2e¢/m, using the maximum of the potential, ¢, as

defined by the peak displayed in Figure 5.
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Figure 7. (a) Distribution of electrons along the L = 9.7 field line as a function of time
for electron population trapped in the kinetic Alfvén wave at t=15 seconds (and ) = 2
Rg). Example taken from the T; = 0 case considered in Figures 4 and 6. Plots were
created by taking the positions of the relevant electrons, at each time and binning them
as a function of distance along the field line. The solid red line shows the trajectory based
on the original phase speed of wave (which does not vary significantly over the plotted

interval). (b) Average kinetic energy (Ex) of trapped electrons considered in panel (a) as

a function of time.
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Figure 8. a) Parallel current density along the L = 9.7 field line at indicated times.
(b)-(d) electron velocity distribution function (normalized) at I = 0.5 Rg at indicated

times. The trapping width increases as the current (and hence potential) in the wave

grows. The initial temperature of the distribution function is 100 eV.
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Figure 9. a) Parallel current density along the L = 9.7 field line for indicated times
and ion temperatures. In all cases T, = 100 eV. Times have been chosen so that maxima
overlap at I = 1.85 Rg (dotted black line). b) Perpendicular profile of E, at l) = 1.85 Rg
in all three cases. d) Electron velocity distribution function (normalized) at same position
for black case in panel (a). e) Same as d), but for blue case in panel (a). f) Same again,

but for red case in panel (a).
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Figure 10. (a) Distribution of electrons along the L = 9.7 field line as a function of time
for electron population trapped in the kinetic Alfvén wave at [; = 1.85 Rg for T;/T. =0
case. (b) Same as (a), but for 7;/T, = 5 case. (¢) Same as (a), but for T;/T. = 10 case.

(d) Average kinetic energy (Ek) of trapped electrons considered in panel (a) (solid line),

panel (b) (dashed line) and panel (c) (dotted line).
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Figure 11. (a) Parallel current density along the L = 9.7 field line at indicated times
for T; = 0 case. (b) Normalized electron velocity distribution function (f.) at I} =2 Rg
and t = 14 s (black case in panel a). (c) f. at [ = 3.5 Rg and ¢t = 24 s (blue case in panel
a). (d) feat ) =5 Rg and t = 30 s (red case in panel a). (e) Parallel current density
along field line at indicated times for T; = 1 keV case. (f) foat ]y =2 Rpandt =175
(black case in panel ¢). (g) f. at I = 3.5 Rg and ¢ = 17 s (blue case in panel e). (h) f.

at {jj =5 Rg and t = 17 s (red case in panel e).
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Figure 12. a) Parallel current at the northern low altitude boundary of L = 9.7 field
line as a function of time for three ratios of the ion to electron temperature. b) Histograms
of electron kinetic energy at the peak of the parallel current in each case as indicated in
Figure 12a (t = 36 s for T;/T. = 0, t = 32 s for T;/T, = 5 and t = 30 s for T;/T. = 10).

Histograms were constructed by binning simulation electrons in 20 bins of constant energy

width between 0 and 2.2 keV.
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