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Electron Trapping in Shear Alfvén Waves that Power the Aurora
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Results from 1D Vlasov drift-kinetic plasma simulations reveal how and where auroral electrons are
accelerated along Earth’s geomagnetic field. In the warm plasma sheet, electrons become trapped in shear
Alfvén waves, preventing immediate wave damping. As waves move to regions with larger vy,/v,, their
parallel electric field decreases, and the trapped electrons escape their influence. The resulting electron
distribution functions compare favorably with in situ observations, demonstrating for the first time a self-
consistent link between Alfvén waves and electrons that form aurora.

DOI: 10.1103/PhysRevLett.102.045002

Terrestrial auroral displays may be categorized into two
different classes: discrete and diffuse. Discrete aurora con-
sists of well-defined luminous features that are produced
by the magnetic field-aligned acceleration of electrons in
the magnetosphere above the auroral ionosphere. The na-
ture of this acceleration process can also be divided into
different types according to the underlying physics [1]:
acceleration through quasistatic field-aligned electric fields
which form in a region (2-3)Rj radial distance from the
Earth above the auroral ionosphere, and acceleration by the
transient parallel electric field carried by shear Alfvén
waves of small perpendicular extent [2,3]. Shear Alfvén
waves in Earth’s magnetosphere are guided from the
plasma sheet to the ionosphere by the geomagnetic field,
and spacecraft observations have demonstrated that they
have sufficient energy flux to power terrestrial auroral dis-
plays [4]. Observations from satellites also suggest that
these dispersive-scale Alfvén waves are coincident with
accelerated field-aligned electrons [5]. However, the de-
tails of the wave acceleration process are not well under-
stood, in part because the interaction is governed by kinetic
processes that are difficult to study without resorting to
numerical experiment, and the fact that the waves travel
through variable plasma environments between the plasma
sheet and the ionosphere. In this Letter, we present results
from a simulation of the kinetic interaction between shear
Alfvén waves in a nonuniform magnetic field and demon-
strate how and where electron acceleration can take place
in the Earth’s auroral magnetosphere and other inhomoge-
neous plasma environments.

The plasma sheet supports a warm, tenuous plasma, with
electron temperature 7T, ~ 100-2000 eV, and electron
number density n, ~ 10°-10° m™3. In this region, the
electron thermal speed vy, is larger than the local Alfvén
speed vy, and therefore significant wave-particle interac-
tions are expected when shear Alfvén waves travel through
the plasma [6]. Closer to the ionosphere, the magnetic field
strength is much larger due to greater proximity to the
Earth. In this region, the plasma has vy, << v, and the
characteristics of the shear Alfvén wave change. In the
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vicinity of the plasma sheet, the predicted parallel electric
field strength is high and the phase velocity of the wave
vpn > vy for short perpendicular wavelengths [7]. In
plasma closer to the ionosphere, vy, < vy, and for the
same short perpendicular scales, the predicted parallel
electric field is reduced [8]. Previous modeling results
have demonstrated that the flux and energy of electrons
accelerated by shear Alfvén waves depend sensitively on
the phase velocity and amplitude of the parallel electric
field supported by the wave [9]. It is demonstrated here that
in inhomogeneous plasma, the variation of the ratio
vy, /v, along the geomagnetic field determines the altitude
range of wave-particle interactions which form the aurora.

We present results from DK-1D [8], a nonlinear and self-
consistent drift-kinetic plasma simulation code which has
been developed to study the interaction between shear
Alfvén waves and electrons in the nonuniform plasma
environment of Earth’s magnetosphere. Figure 1(a) shows
a representation of the simulation domain in near-Earth
space. The dashed lines represent an idealized dipolar
geomagnetic field, and the thick dark line represents the
one-dimensional simulation domain, stretching from
around 2.5Ry, radial distance to nearly 8 R radial distance.
The initial electron number density n, = 10°® m~3 and
electron temperature 7, = 200 eV are constant, to eluci-
date the physics of a shear Alfvén wave traveling along the
nonuniform geomagnetic field. Because of the dipolar
variation of the magnetic field, the Alfvén speed varies
from ~2 X 10° m/s at the upper end of the simulation
domain to ~7 X 107 m/s at the lower end of the domain.
The perpendicular wave number k; = 27/, is scaled
along the geomagnetic field according to dipolar mapping
[6], given A; = 4 km at a reference altitude of 110 km.
Figure 1(b) shows the variation of the perpendicular wave
number as a function of distance in the simulation domain,
and Fig. 1(c) shows the variation of the ratio v},/v3,
demonstrating that the simulation covers parameter re-
gimes which are appropriate for the auroral zone magne-
tosphere. The simulation follows the evolution of three
parameters in time on a fixed grid in phase space and
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FIG. 1. (a) Graphical representation of the simulation domain
in an idealized dipolar magnetosphere, X is the radial distance in
the equatorial plane of a dipolar field, and Y is the distance along
the magnetic dipolar axis, with the origin at the center of the
Earth. (b) Variation of the perpendicular wave number along the
simulation domain. (c) Variation of the ratio v%,/v?% along the
simulation domain. The “top” of the simulation is to the right of
(b) and (c).

configuration space: the electron distribution function
fe(z py, w), the scalar potential ¢(z), and the parallel
component of the vector potential Aj(z), where z is the
field-aligned coordinate (z = 0 at the end of the simulation
domain closest to the Earth), p = v — (¢,/m,)A is the
parallel canonical momentum per unit mass, v is the
parallel velocity, and w is the magnetic moment, which
is assumed to remain constant for each electron.

Figure 2 shows snapshots of f,(z v)) for u =0 (top
row) and the parallel electric field Ey(z) = —9dA; /ot —
d¢p/0z (bottom row) during a simulation which was ini-
tialized by adding a wave packet of the form ¢, =
®, exp[—(t — 3T)?/4T?*] sin(wt) to the scalar potential at
the upper boundary, where the amplitude ®, = 100 V, the
period T =2s, and the frequency @ = 27r/T. Linear
theory [6] predicts that resonant wave-particle interactions
will occur in a region around the phase velocity vy, ~
—2 X 10° m/s at the top of the simulation, and that the
resonant velocity will increase in magnitude as the wave
moves through decreasing z. The distribution function
snapshots in the upper panels of Fig. 2 indicate that sig-

nificant phase space modification is occurring at the pre-
dicted resonant velocities for large values of z, near the top
of the simulation domain. As the wave packet enters the
simulation domain, regions of positive E| accelerate elec-
trons downwards. Those electrons which are resonant with
the wave (at the wave phase velocity vy, < vr,) become
preferentially accelerated to form a beam. However, once
this beam encounters the region of negative £ immedi-
ately ahead, particle trapping occurs, and the wave damp-
ing in the warm plasma is momentarily halted.

At locations above z ~ 4Ry in Fig. 2, and for all times
indicated, the parallel electric field is near its maximal
value, and the distribution function shows distinct trapping
regions. Conversely, in the plasma environment below z ~
4Rp, E) is much weaker, and electrons are able to stream
down the field unimpeded as the trapping islands lose their
shape. The dependence of trapping on vy, /v is confirmed
by simulations with uniform magnetic field and otherwise
identical conditions, which reveal that the trapping of
electrons persists all along the simulation domain when
B, is constant and vy,/v4 >> 1. In the homogeneous case,
after the initial wave-particle energy exchange at the upper
boundary (which creates the trapped populations), the
wave amplitude remains essentially constant for all z.
This confirms that in inhomogeneous plasma, electrons
are able to escape the wave and participate in wave accel-
eration only after they have moved into a different vy, /v,
regime. For shear Alfvén waves traveling through warm
plasma, E|/E| ~ kjky A2v},/v3, where kj is the parallel
wave number and A, is the electron skin depth [10]. We
quantify the changes in the parallel electric field strength in
the simulation by noting that the local Alfvén speed
changes with z, as does the perpendicular scale size.
Figure 1(c) shows that the value of v7,/v? is very large
towards the top of the simulation domain where trapping
occurs, and drops off sharply as the wave propagates into
regions of increasing magnetic field strength (although v,
is still larger than v, at the altitude at which the electrons
begin to escape the influence of the wave). The perpen-
dicular wave number, on the other hand, increases only
slightly over the upper part of the simulation domain.
Therefore, as the shear Alfvén wave progresses down the
simulation domain towards the ionosphere, the parallel
electric field strength diminishes due to decreasing
v},/v3 and the trapped electrons eventually reach an
altitude where they may escape the influence of the wave.

The simulation results discussed above suggest a mecha-
nism whereby shear Alfvén waves can propagate through
warm plasma at large radial distance from the Earth with-
out experiencing the strong damping that is predicted by
linear theory [6]. This is relevant to observations from the
NASA Polar spacecraft in the auroral zone [11], which
suggest that field-aligned shear Alfvén wave Poynting flux
is large beyond a geocentric distance of 4Ry and small
inside this region, implying that shear Alfvén waves asso-
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FIG. 2 (color online).

Simulation snapshots of the electron distribution function (for u = 0) as a function of z and v (top row) and

the parallel electric field as a function of z (bottom row). Orange arrows track a particular phase feature of the wave as it moves through

the simulation domain.

ciated with this Poynting flux are losing a significant
fraction of their energy at 4Rp. The nonlinear trapping
demonstrated in the simulation results discussed above
can explain this observation: wave-particle interactions
sustain the shear Alfvén wave beyond a particular radial
distance where the parallel electric field carried by the
shear Alfvén wave is large. Then, when the wave Ey
decreases due to changes in the ambient plasma and mag-
netic field conditions, the electrons can escape the wave,
and provide a sink for the wave energy.

The electron distribution functions that accompany
shear Alfvén waves of small perpendicular extent often
indicate both parallel and antiparallel energization [12]. To
compare our simulation results with these observations
from the Polar satellite, we average f, at z = 5.5Rg in
the simulation domain over an interval of 13 s to simulate
the accumulation time of the particle detector on Polar.
Figure 3(a) shows the resulting two-dimensional distribu-
tion function for a simulation where the initial pulse am-
plitude is ®, = 100 V. This corresponds to an initial wave
Poynting vector with a relatively modest amplitude
~7 wWm~? (when compared with a statistical survey of
shear Alfvén wave Poynting vectors in this region of space
[4]). Figure 3(a) shows elongation of the distribution func-
tion in the parallel direction, which is a signature of both
resonant electron acceleration to form the trapped beam as
well as acceleration of the bulk distribution function in the
opposite direction to carry the parallel current of the shear

Alfvén wave. The details of the distribution function mo-
tion can be seen clearly in the upper panels of Fig. 2, where
the distribution function is shifted in the upward direction
in order to carry the shear Alfvén wave current, whereas
the resonant electron beam is accelerated in the downwards
direction (the direction of propagation of the wave).
Figure 3(b) shows a similarly averaged distribution func-
tion from z = 5.5Ry for a simulation where the initial
wave amplitude was @, = 400 V. The elongation in the
parallel velocity direction becomes more pronounced as
the wave amplitude is increased, in general agreement with
the process observed by the Polar satellite.

Previous simulation studies of wave-particle interactions
in shear Alfvén waves [13] have demonstrated that the bulk
distribution motion is local: electrons are accelerated and
decelerated locally to carry the wave parallel current when
required. The trapped electrons observed in the results
presented here experience long-range transport from where
they are first accelerated near the top of the simulation
domain, through the trapping region, where they are con-
fined by successive potential wells in the wave packet, to
the free-streaming region below z ~ 4R, where the most
field-aligned electrons now have access to the ionosphere
and can contribute towards auroral brightening. Our simu-
lations also reveal that electrons with large values of w are
reflected above the ionosphere by the mirror force acting in
the converging magnetic field, and do not contribute to the
auroral brightening seen at lower altitude.
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FIG. 3 (color online). Averaged simulation distribution func-
tion from z = 5.5Rj; as a function of parallel and perpendicular
velocity for initial wave amplitude of (a) 100 V and (b) 400 V.
Note that the positive and negative directions of the parallel
velocity have been reversed for easier comparison with Polar
observations [12].

In conclusion, the simulation results shown in this Letter
reveal that the nonlinear plasma interaction between shear
Alfvén waves and electrons can explain observational
findings from the magnetospheric auroral zone. In plasma
with vy, > v, (i.e., conditions prevalent in the magneto-
spheric plasma sheet and other natural plasma environ-
ments), nonlinear particle trapping allows shear Alfvén
waves to persist in plasma regions where one would other-
wise expect large damping. As the waves move into re-

gions where different plasma conditions prevail, their
parallel electric field is weakened, and the accelerated
and trapped electrons can escape from the wave field to
produce field-aligned beams which ultimately result in
auroral brightening. The electron distributions associated
with this process are very similar to those observed by the
NASA Polar satellite when large amplitude shear Alfvén
waves are present, indicating that electron trapping by
shear Alfvén waves could be occurring in the magneto-
spheric plasma sheet. The self-consistent plasma simula-
tion results reported in this Letter reproduce observable
features associated with shear Alfvén waves in natural
plasma environments, and provide closure on the link
between Alfvén waves and the aurora.
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