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[1] A linear, one-dimensional gyrofluid code including electron inertia, electron pressure
gradient, and finite ion gyroradius effects is applied to an inhomogeneous dayside auroral
field line to determine the characteristics of propagating Alfvén waves with small
perpendicular wavelengths. Test particles are then used to study the behavior of both
magnetosheath (100 eV) and background ionospheric electrons (2 eV) under the influence
of dispersive Alfvén waves. Although the test particle approach is not self-consistent, the
gyrofluid/test particle simulation is able to reproduce many of the features observed by
low-altitude satellites. The test particle simulations verify results from previous studies,
such as reproducing electron energy and pitch-angle dispersions, and in doing so, validate
the approach. The test particle simulations also show how resonant particles can lead to
low-energy field-aligned electron bursts that are commonly observed in the dayside
auroral region. The new results in this study reveal the plasma conditions necessary for
electron resonance. We show that an increased mass density (significant O+ density) in the
acceleration region is an essential prerequisite to generate an electron burst. The primary
effect of the O+ is to decrease the phase speed of the Alfvén wave. Furthermore, the full
gyrokinetic effects of the O+ act to produce a region in which the Alfvén speed profile
is gradually slowing, which allows electrons remaining within the wave to lower altitudes.
In these electron bursts, the energy gain experienced by the majority of electrons ranges
from tens to hundreds of eV. The trapping occurs if the parallel electric field is substantial
enough (�0.2 mV/m) in the acceleration region to accelerate the background electrons.
An integrated energy flux of accelerated electrons is estimated to be 3 erg s�1 cm�2, about
20% of the Alfvén wave Poynting flux. INDEX TERMS: 2431 Ionosphere: Ionosphere/

magnetosphere interactions (2736); 2451 Ionosphere: Particle acceleration; 2487 Ionosphere: Wave

propagation (6934); 2483 Ionosphere: Wave/particle interactions; KEYWORDS: electron acceleration, Alfvén

wave propagation, magnetosphere-ionosphere coupling, particle acceleration
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1. Introduction

[2] Shear Alfvén waves represent perturbations of the
perpendicular electric and magnetic field traveling in the
direction of the ambient magnetic field. In ideal magneto-
hydrodynamic (MHD) theory, these Alfvén waves have no
field-aligned electric field component and therefore provide
no parallel acceleration to particles. However, a parallel
electric field can be produced by low-frequency dispersive
Alfvén waves (w < wci, where wci is the ion gyrofrequency)
when the parallel electric force is balanced by the electron
inertia (i.e., inertial Alfvén wave [Goertz and Boswell,
1979]) or the electron pressure gradient (i.e., kinetic Alfvén
wave [Hasegawa, 1976]) [Stasiewicz et al., 2000, and

references therein]. Hence a dynamic model including both
inertial and kinetic effects should be considered when
studying Alfvén waves in the magnetosphere-ionosphere
(M-I) coupling.
[3] Various numerical investigations have been per-

formed with models including both electron inertia and
pressure gradient effects in an effort to study dispersive
field line resonances with reduced MHD equations [Rankin
et al., 1999; Lu et al., 2003] or reduced two-fluid equations
[Streltsov and Lotko, 1995; Streltsov et al., 1998]. Such
models were primarily designed to study standing Alfvén
waves along closed field lines. Although field line reso-
nances are not studied here, the behavior of Alfvén waves
propagating through the transition region (between the
kinetic and inertial regimes) as modeled by the gyrofluid
code used in this investigation is similar to those reported in
previous studies. This paper goes beyond previous inves-
tigations to demonstrate the behaviors of electrons and
waves in the O+ dominated acceleration region.
[4] Other models have been employed to explain the

acceleration of electrons by both linear Alfvén waves [e.g.,
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Nakamura and Tamao, 1989; Kletzing, 1994; Streltsov and
Lotko, 1995] and nonlinear Alfvén waves [e.g., Hui and
Seyler, 1992; Knudsen, 1996; Seyler et al., 1998; Clark
and Seyler, 1999; Génot et al., 2001]. Some authors have
made an effort to evaluate their simulation results through
direct comparison with observations. In one of these
studies, André and Eliasson [1995] were able to reproduce
electron conics through interactions with broadband paral-
lel electric field fluctuations. Alternatively, Thompson
and Lysak [1996] were able to do the same through
interactions with inertial Alfvén waves. By using one-
dimensional (1-D) MHD model including an electron
inertial correction, Chaston et al. [2002a] were able to
replicate some of the observed features on the nightside
polar cap boundary region. Among these features were
waveforms and frequency-dependent field structures and
electron distribution functions of the ionospheric Alfvén
resonator [Lysak, 1991, 1993].
[5] A significant amount of observational evidence indi-

cates that Alfvén waves play a strong role in electron
acceleration in the dayside auroral/cusp regions. These
electrons show many of the same signatures as in the
nightside but are dominated by field-aligned bursts. Electric
field observations from the Viking satellite have shown that
the cusp region is characterized by irregular and spiky
electric fields [Marklund et al., 1990]. Matsuoka et al.
[1993] indicated that the irregular fluctuations of electric
field observed by EXOS-D are considered to be Alfvén
waves and suggested that the Alfvén waves are generated in
association with the particle injection into the magneto-
sphere when reconnection occurs. FAST observations reveal
highly structured electrons in the cusp region associated
with intense electric field variations [Pfaff et al., 1998; Su et
al., 2001], which are related to propagating Alfvén waves
[Chaston et al., 1999]. On the basis of observations from
the Freja satellite, Andersson et al. [2002] reported that
two distinct electron signatures (field-aligned and time-
dispersive properties) are associated with the propagating
Alfvén wave in the dayside auroral region. With the
assumption of a simple potential profile, Andersson et al.
[2002] were able to reproduce the energy-dispersive signa-
ture by tracing particle trajectories. The pitch-angle disper-
sion was also reproduced by Andersson et al. when the
magnetic mirror effect was included in their test particle
tracing. By varying the magnetic field and density along
the flux tube, Kletzing and Hu [2001] produced a time-
dispersed electron signature with the energy up to �1 keV
from their Alfvén wave model. With a 1-D MHD code
including inertial corrections for propagating shear Alfvén
waves in the dayside auroral oval with test particles,
Chaston et al. [2000] obtained a broad crescent-shaped
electron feature above 200 eV in a plot of pitch angle
versus energy, as well as a field-aligned electron burst with
the highest energy reaching �600 eV. In this article we
consider the effects of heavy ions (O+) and demonstrate that
an enhanced density at low altitudes plays a significant role
in Alfvén wave dynamics. The lower phase speed enhances
resonant electrons, allowing us to reproduce electron bursts.
[6] This paper focuses on Alfvén wave related electron

signatures and electric and magnetic field fluctuations
seen by the FAST satellite in the dayside auroral regions.
We not only reproduce the energy and pitch angle

dispersive electron signatures but also explore the plasma
conditions required to generate field-aligned electron
bursts. The propagation of dispersive Alfvén waves is
performed by a one-dimensional gyrofluid code [Jones,
2004; Jones and Parker, 2003] in an inhomogeneous
plasma including electron, H+, and O+ species. A test
particle tracing method is employed to examine the
response of electrons to propagating Alfvén waves. An
example of electron signatures observed by the FAST
satellite is presented in section 2. The model used in this
paper is described in section 3. Simulation results from
our study are shown in section 4. Finally, section 5
contains discussions and conclusions drawn from these
model results.

2. Motivation: FAST Observations

[7] This numerical study is motivated by electron
signatures observed by the FAST satellite. An example
is shown in Figure 1 when the FAST satellite passed
through the dayside auroral region from 0833:25 to
0833:28.5 UT on 17 July 1997. Figure 1a shows the
observed electric fields along the spacecraft trajectory that
are nearly perpendicular to the local magnetic field.
Magnetic field perturbations in the direction perpendicular
to both the spacecraft trajectory and the local magnetic
field are plotted in Figure 1b. The ratio of electric and
magnetic field perturbations is approximately 104 km s�1

at �0833:27 UT, which is on the same order as the local
Alfvén speed. Figures 1c and 1d are the electron energy
and pitch-angle spectrograms, respectively, where the
logarithm of the energy flux is color-coded according to
the color bar.
[8] Two distinct features are marked by the arrows: a

time-dispersive electron signature and a field-aligned elec-
tron burst. Similar features observed by the Freja satellite
were presented by Andersson et al. [2002, Figure 2].
Both time-dispersion and burst signatures are believed to
associate with propagating Alfvén waves [Andersson et
al., 2002]. Although the time dispersion signature is
primarily in the downward direction toward the iono-
sphere (0� in Figure 1d), the pitch angle of electrons
are broadened with increasing time (a bow shape in green
color outlined by a black dashed curve in Figure 1d). This
signature is more clearly shown in distribution functions
of Figures 1e–1h, where the negative (positive) parallel
velocity is the direction toward (away from) the iono-
sphere. Time-dispersive electrons have been reproduced
by test particles from previous studies [Kletzing and Hu,
2001; Andersson et al., 2002]. In this study, we are able
to verify these earlier results as applied to the dayside
aurora and, in doing so, validate our model.
[9] Field-aligned electron bursts are the commonly

detected signature in the auroral oval. They are also referred
to as low-energy field-aligned electron bursts or supra-
thermal electron bursts [e.g., Hoffman and Evans, 1968;
Johnstone and Winningham, 1982; McFadden et al., 1986;
Clemmons et al., 1995]. These electrons show character-
istics that are narrow in pitch angle (field-aligned toward
ionosphere) and broad in energy bins (tens to hundreds
of eV). Supratheramal electron bursts are also observed
together with an inverted-V structure in the nightside aurora
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Figure 1. FAST observations of the dayside auroral region on 17 July 1997. (a) Perpendicular electric
fields. (b) Perpendicular magnetic fields. (c) Electron energy-time spectrogram. (d) Electron angular time
spectrogram, where 0� (180�) indicates the direction parallel (antiparallel) to the local magnetic field.
Four snapshots of the electron distribution functions are displayed in Figures 1e–1h during times when
the energy-time dispersion signature was observed. The vertical and horizontal axes are parallel and
perpendicular velocity with respect to the local magnetic field, where negative velocity is the direction
toward the ionosphere. The color represents electron energy fluxes according to the color bar on the right.
See color version of this figure at back of this issue.
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region. Chaston et al. [2002b] applied a time-varying
potential derived from observed electric fields and repro-
duced those electron signatures in a nightside inverted-V
region. In the dayside, electron bursts are observed without
the presence of inverted-V structures. The focus of this
paper is to more fully understand the plasma conditions
necessary to generate these electron bursts from our linear
Alfvén wave model.

3. Model Description

3.1. Gyrofluid Code

[10] For the purpose of this study, a linear one-
dimensional gyrofluid model [Jones and Parker, 2003;
Jones, 2004] is adopted to simulate the propagating Alfvén
wave on a dayside auroral flux tube. This gyrofluid code
includes both drift-fluid electrons and gyrofluid ions and
also allows for modeling of full finite gyroradius, electron
pressure gradient, and electron inertia effects. The deriva-
tion of the gyrofluid equations is adapted from Beer and
Hammett [1996]. The finite Larmour radius effects for
electrons are neglected. The density relation for the elec-
trons and ions is obtained from the zero moment of the
kinetic equation (i.e., the continuity equation):

@dns
@t

¼ �uks
@ns
@z

� ns
@uks
@z

þ uksns
1

B

@B

@z
; ð1Þ

where ns represents the density for each particle species s.
Three particle species (e�, H+, and O+) are considered in
our simulation, where ne = nH + nO. Here dns is the density
perturbation, uks is the parallel velocity, and B is the
magnetic field. A simple dipole magnetic field is assumed
for this study.
[11] The ion gyroaveraged guiding center density, ni, is

obtained from the Padé approximation ni = niGo
1/2 � ni/(1 +

bi/2). Go(bi) = Io(bi)e
�bi, where Io is the first modified Bessel

function, and bi = k?
2 ri

2 = k?
2 Timi(eB)

�2. Here ri is the ion
gyroradius.
[12] The momentum relation of the first gyrofluid

moment can be described as

@nsuks
@t

¼ � B
@

@z

pks

msB

� �
þ qns
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Ek
� �

� p?s
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� qnsj
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Jo v2?=2v
2
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� �� �� �
@ lnB

@z
;

where q, ms, ps, and Ek represent particle charge, particle
mass, plasma pressure, and parallel electric field. The use of
hi denotes averaging over the ion gyro-orbit. Jo is the Bessel
function, and hJo(v?2 /2vth2 � 1)i � �bi/[2(1 + bi/2)

2], where
v? and vth represent the particle perpendicular and thermal
velocities. For electrons, the momentum equation is closed
with p?e = pke = neTe, which yields

@neuke
@t

¼ �
eEk

me

� B
@

@z

neTe

meB

� �
� neTe

me

@ lnB

@z
: ð2Þ

The ion momentum equation is closed with p?i = niTi,
yielding

@niuki
@t

¼
eniEk

mi 1þ bi=2ð Þ � B
@

@z

pki

miB

� �

� niTi

mi

� enij
mi

bi

2 1þ bi=2ð Þ2

" #
@ lnB

@z
: ð3Þ

The second moment of the gyrofluid equation is used to
provide the ion parallel pressure:

@pki
@t

¼ �B
@

@z

3niTiuki

B

� �
� 2niTiuki

@ lnB

@z
: ð4Þ

Both perpendicular and parallel heat fluxes are assumed to
be zero.
[13] The parallel electric field Ek is defined by the scalar

potential f and the vector potential A as

Ek ¼ �
@Ak

@t
� @j

@z
: ð5Þ

The vector potential comes from Ampere’s law,

r B ¼ r r Að Þ ¼ moe
X
i

niui � neue

 !
: ð6Þ

The scalar potential comes from the Poisson equation,

r2j ¼ �e=eo
X
i

ni � ne

 !
: ð7Þ

The ion density, ni, is not the same as the guiding center
density, ni, but is related by ni = ni � nio(1 � Go)ej/Ti.
[14] The Lax-Wendroff method is employed to solve

the above equations. The accuracy of this method is
improved by applying it to half steps, which are between
the grid points spatially and between time steps tempo-
rally. First, equations (1), (3), (4), and (5) are advanced in
time by this method, where Ak is determined from
equation (5). Equations (6) and (7) are then evaluated,
where ue is obtained from equation (6). Finally, equation (2)
is evaluated to solve for Ek. Ek is recorded at each time step,
and eEk acts as the electric force to advance test particles, as
described in section 3.3. The order in which we solve this
system of coupled equations is so chosen to include electron
inertia while avoiding resolution of electron thermal
velocity in the Courant condition. The detailed computa-
tional method is described by Jones [2004] and Jones and
Parker [2003].
[15] The dispersion relation can be analytically solved

based on equations (1)–(7) under the assumptions that the
background quantities B, ns, and T are constant. In the limit
that bi � 1, this relation reduces to the usual dispersive
Alfvén wave:

w2

k2k
� V 2

A

1þ k2?r
2
s

1þ k2?l
2
e

; ð8Þ

where VA(=B/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

nimimo
q

) is MHD Alfvén speed, rs(=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
miTe=e2B2

p
)

is ion acoustic gyroradius, and le(=c/wpe) is electron skin
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depth. The denominator of equation (8) consists of the
electron inertia term, while the numerator contains the
contribution of the electron pressure gradient term. When
including the ion equations, a fairly complicated linear
dispersion relation is obtained,

X
i

nio

mi 1þ bi=2ð Þ 1� 3Ti

miV
2
P

� ��1

þ neo

me

1� Te

meV
2
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� ��1

þ k2?
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¼ k2?
moe2V 2

P

X
i
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2
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me
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meV
2
P

� ��1
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i

nio 1� Goð ÞT�1
i

2
66664

3
77775;

ð9Þ

where VP(=w/kk) is the phase speed of the Alfvén wave.
Equation (9) is solvable as a quadratic in VP

�2. A detailed
derivation can be found in the work of Jones [2004]. A
nearly perfect agreement was obtained when simulation
results were compared with the valid root of analytical
dispersion relations.
[16] The Landau damping effect is not considered in our

model. By using the local, homogeneous dispersion rela-
tion, Lysak and Lotko [1996] found that the Landau damp-
ing rate is less than �0.1 of the wave frequency whenever
the wave number satisfied both k?rs < 1 and k?le < 1.
Moreover, their results indicate that low-frequency Alfvén
waves with perpendicular wavelengths greater than the
order of 10 km when mapped to the ionosphere will not be

significantly affected by Landau damping. On the basis of
the initial parameters chosen for our simulations, Landau
damping should not play a significant role. We should point
out, however, that the effect of Landau damping in an
inhomogeneous environment, such as our model, has not
been fully investigated. This problem is to be the subject of
future studies.

3.2. Initial Conditions and Background Parameters

[17] The background parameters for the gyrofluid code
are shown in Figure 2. The lower (ionospheric) and upper
(magnetospheric) boundaries are chosen at 1.1 and 7.2 RE

geocentric distance. Density profiles are displayed in
Figure 2a, where the dashed, dotted, and solid lines repre-
sent H+, O+, and e� densities, respectively. In order to
obtain the density profile, 330 orbits were collected by the
FAST satellite as it passed through the dayside auroral
region. The spin-averaged plasma densities were estimated
by Langmuir probes. It should be noted that there are
uncertainties at low altitudes due to an unknown electron
temperature; however, our estimations of the plasma density
between 2000 and 4500 km (in the acceleration regions) are
believed to be accurate. For convenience, mathematical
equations were used to fit the median values of plasma
densities. The density profile (solid line) in Figures 2a
has the form nO(r) = 5  105 exp ((1.0157 � r)/0.035)
for O+ (dashed line), where nO is in cm�3 and r is in RE,
and nH = nM + nI with nM(r) = 2600/r7 and nI(r) =
17.684 tanh(1.808  r � 0.337) � 12.7 for H+ (dotted

Figure 2. Initial conditions of the gyrofluid code. (a) Plasma densities, where solid, dashed, and dotted
lines represent the electron, O+, and H+ densities. (b) The plasma temperature (thin line) and b (bold line),
where the short horizontal bar indicates the location where b = me/mH. (c) The electron skin depth
(le), H

+ gyroradius (rH), and O+ gyroradius (rO) are plotted as the thin, long dashed, and bold lines,
respectively. (d) k?le, k?rH,, are k?rO are displayed as the thin, long dashed, and bold lines. (e) The
phase speed of the dispersive Alfvén wave.
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line), where nM and nI are the magnetosheath and iono-
spheric contributions, respectively. It should be noted that
we modified the O+ and H+ density profiles in order to
obtain the electron burst signature (see detailed description
in section 4.2).
[18] The bold line in Figure 2b represents b(=monT/B

2).
The short horizontal bar at �5.1 RE indicates where b =
me/mH. The temperatures of the upper (magnetosheath) and
lower (ionosphere) boundaries are assumed to be 100 and
2 eV, respectively. The thin line in Figure 2b represents
temperatures with a form T = 2 + 98 tanh(r � 1.0157). On
the basis of models of the dispersive field line resonances,
Streltsov et al. [1998] and Rankin et al. [1999] indicated that
the parallel electric field decreases with increasing ion and
electron temperature ratio. This effect is not significant in
the auroral acceleration region where the electron inertia is
dominant. In this paper we simply assume the ion temper-
ature to be the same as the electron temperature. If we had
wished to consider hot magnetosheath ions (Ti > Te), it may
have been necessary to increase the initial perturbation at
high altitudes in order to obtain the same magnitude of the
parallel electric field in the acceleration region. Because the
selection of the initial pulse was based on amplitudes
observed at low altitudes, the effect of Ti > Te is not relevant
to this study.
[19] From FAST observations at 1500–2300 km altitudes

in the dayside auroral regions, Chaston et al. [1999] showed
an averaged value of the perpendicular scale sizes of Alfvén
waves to be 590 m. It is believed that auroral forms and
vortex structures with scale sizes of 0.1–10 km (referenced
to the ionospheric height) are related to the nonlinear Alfvén
wave phenomena [Stasiewicz et al., 2000, and references
therein]. In our study, the perpendicular wave number (k?)
is assumed to be �1 km�1 (i.e., a perpendicular wavelength
of 6.3 km) at the ionospheric boundary and is inversely
proportional to the radius of the magnetic flux tube (i.e.,
k? / B1/2 for a dipole field).
[20] The electron skin depth (le), H

+ gyroradius (rH), and
O+ gyroradius (rO) are plotted in Figure 2c, while k?le,
k?rH, and k?rO are displayed in Figure 2d. The kinetic
Alfvén wave (k?rH > k?le) appears in an intermediate beta
plasma with me/mH < b < 1 at altitudes above 5.1 RE, while
the inertial Alfvén wave (k?rH < k?le) arises in a low-beta
plasma with b < me/mH at altitudes below 5.1 RE. The
phase velocity of the dispersive Alfvén wave is plotted in
Figure 2e, where the peak is located at �1.6 RE.
[21] As suggested by Lysak [1991, 1993] and Chaston et

al. [2002a], the ionospheric Alfvén resonator may modify
the Alfvén wave propagation. Although the gyrofluid code
is also capable of studying the ionospheric Alfvén resonator,
such investigation is beyond the scope of this paper. Here,
we assume the ionosphere is a perfect conducting boundary
and focus on the effect in the acceleration region before the
wave reaches the ionospheric boundary.
[22] The simulation is initialized with an electron density

perturbation of a single Gaussian pulse near the upper
boundary of the flux tube and then allowed to evolve
in time. The parallel wavelength of this initial pulse is
�0.13 RE. The physical mechanism responsible for the
generation of the field perturbation is not addressed here.
It may, for example, come from low-frequency hydromag-
netic waves excited from a region where reconnection is

occurring at the dayside magnetopause. Various magnitudes
of initial density perturbations were tested to create an
assortment of parallel electric fields. Our results were
compared most favorably with the FAST data when the
parallel electric field has a magnitude of �0.2 mV/m at the
acceleration region.

3.3. Test Particle Method

[23] Our primary focus is to study kinetic electron dis-
tributions by tracking a distribution of test particles in the
simulation and following their evolution with Alfvén
waves. Kinetic equations for the electrons in the direction
parallel to the magnetic field are described as below:

@xk
@t

¼ vkb̂; ð10Þ

me

@vk
@t

¼ �eEk � m b̂ � rB
� �

; ð11Þ

where b̂ is the direction along the magnetic field line and
m = mev?

2 /(2B). The gravitational force is neglected for
electrons. Ek is evolved in the gyrofluid code as a function
of time and position along the magnetic field line. It should
be noted that the test particle approach is not self-consistent.
Particles evolve due to the wave field, but their dynamics do
not couple back to the gyrofluid model describing the
waves.
[24] A Maxwellian electron distribution function with a

temperature of 100 eV is introduced from the top of the field
line (i.e., the magnetopause boundary) to represent precip-
itating magnetosheath electrons. Electrons outside the loss
cone will be reflected due to the mirror force. Cold (�2 eV)
ionospheric electrons are also introduced as the background
population along the flux tube. We allow particles to fill the
flux tube and reach a steady state before launching an
Alfvén wave. There are approximately 300,000 and
376,000 test particles to represent magnetosheath and back-
ground electrons, respectively, in the entire flux tube. Fresh
particles are injected from both upper and lower boundaries
at each time step. The position, parallel and perpendicular
velocities, and phase space density of each particle are
recorded at each time step until the particle escapes from
the simulated flux tube.

4. Simulation Results

4.1. Time Dispersive Signature

[25] Although several previous studies have successfully
reproduced electron time dispersive signatures [Kletzing
and Hu, 2001; Andersson et al., 2002], it is important to
verify these results for the dayside and validate our model.
Figures 3a–3d show the snapshots of test particles and the
parallel electric field at time 0.8, 1.5, 2.0, and 2.11 s. The
parallel velocities and positions of background cold elec-
trons and magnetosheath electrons are plotted in the left
and right panels, respectively. The thin and bold solid
lines in the middle panel represent the phase speed of the
Alfvén wave and the parallel electric field, respectively,
obtained from the gyrofluid code. The parallel wavelength
and the magnitude of the parallel electric field increase
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with increasing wave speed above the peak of the Alfvén
speed (Figures 3a–3c). Once below the peak (Figure 3d),
the amplitude of the parallel electric field decreases sub-
stantially because the density rises very quickly at low
altitudes and the electron skin depth becomes small.
[26] In the kinetic regime the parallel electric field

appears to have the same phase as the gradient of the scalar
potential (not shown here), while it has the opposite phase
in the inertial regime. The parallel electric field is nearly
reduced to zero at 5.1 RE, a transition region from the
kinetic to the inertial regime. The altitude of the transition
region decreases with increasing magnetosheath density.
The behavior of the parallel electric field near the transition
region can be explained by equation (12) assuming bi � 1.

On the basis of equations (5), (6), (1), (7), and (8), the
parallel electric field can be written as

Ek ¼ �ikkf 1� w2

k2k
V�2
A

 !
� �ikkf

k2?l
2
e � k2?r

2
s

1þ k2?l
2
e

 !
: ð12Þ

The parallel electric field behavior is also consistent with the
results based on equation (14) from Streltsov and Lotko
[1998].
[27] In earlier results, electron distributions are not mod-

ified significantly from the initial Maxwellian distribution
due to a small parallel electric field in the kinetic region.
Hence the time zero of our test particle procedure in this

Figure 3. Four snapshots of parallel velocities of cold electrons (left), parallel electric fields and Alfvén
speeds (middle), and parallel velocities of magnetosheath electrons (right) along the flux tubes at times
(a) 0.8, (b) 1.5, (c) 2.0, and (d) 2.11 s.

A11201 SU ET AL.: MODELING OF ELECTRON BURSTS BY ALFVÉN WAVES
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article is set when the wave propagates through the transi-
tion region. Although we filled the flux tube with test
particles up to �7.2 RE, Figure 4 presents particles between
the ionospheric boundary and �5 RE.
[28] In this simulation, the cold background electrons are

not substantially accelerated by the Alfvén wave (the accel-
eration of background electrons is discussed in section 4.2
with different initial density profiles). The strongest acceler-
ation is in the warm magnetosheath electrons (the right panel
in Figures 3c–3d). Electrons are accelerated downward
toward the ionosphere due to a positive (antiearthward)
parallel electric field at the leading edge of the wave.
Particles with higher energies move faster than ones with
lower energies along the flux tube, which create the energy-
time dispersion at a fixed location as shown in Figure 4a.
Figures 4a and 4b present the energy and pitch angle spectro-
grams of magnetosheath electrons at 3668 km altitude, where
0� (180�) is the direction downward (upward) to the iono-
sphere. Snapshots of magnetosheath electron distribution
functions are plotted in Figures 4c–4f. The highest-energy
electrons first appear at small pitch angles and evolve to
larger pitch angles with time from a bow shape structure in
the angular spectrogram (Figure 4b). The simulation results
in Figure 4 resemble the FAST observation from 0833:26.5
to 0833:27 UT in Figure 1 with the exception of the low-
energy burst signature. The time span (�0.5 s) and the energy
of the dispersive signature from our simulation results are
comparable to those from the observation.
[29] A reversed phase of the initial density perturbation

was also studied (results not shown here), where a negative
parallel electric field was created in the leading edge of the
wave below the transition region while a positive field was
generated in the trailing edge. The dispersion signature was
still present; however, the energy dispersion developed at
the trailing edge of the wave as opposed to the leading edge
as was shown in Figure 3.

4.2. Electron Burst Signature

[30] Low-energy electron bursts are the most frequently
observed signatures in the auroral oval, particularly in the

dayside region; even so, they are the least studied signatures
by modelers. It is believed that cold electrons are trapped
within the wave and gain energy as the Alfvén wave
propagates down toward the ionosphere [Andersson et al.,
2002]. Electron bursts are often observed together with the
electric and magnetic field perturbations, where the E?/B?
ratio is on the same order of the local Alfvén speed
[Chaston et al., 1999]. Additionally, Su et al. [2001]
showed the energy flux of electron bursts to be well
correlated with the perpendicular electric field of Alfvén
waves. The most important finding of this study is the
determination of the appropriate background parameters to
produce field-aligned electron bursts.
[31] In the simulation described in section 4.1, the cold

electrons were not substantially trapped by the wave.
Particle trapping requires a parallel electric field of
significantly larger amplitude and/or a substantially slower
wave phase speed (the phase speed should be comparable
to the electron thermal speed). It should be noted that the
electron trapping described in this paper is different from
that shown in the phase space diagram discussed by
Clark and Seyler [1999]. Rather, the trapping referred
to in this paper is similar to the Fermi-like resonance
described by Kletzing [1994], which differs from the
ionospheric resonator [Lysak, 1991, 1993]. In a pure H+

plasma the amplitude of the parallel electric field
decreases as the wave phase speed decreases with in-
creasing electron density. The wave amplitude (Ek, E?)
would have to be increased to a level well beyond that
consistent with observations at FAST altitudes to allow cold
electrons to be resonant with the wave. The presence of O+,
however, may cause the Alfvén wave speed to decrease
without significantly lowering the parallel electric field (i.e.,
the total electron density remains the same). This hypothesis
of increasing the mass density without modifying the
electron density is tested by the simulation presented below.
[32] The initial conditions shown in Figure 5 are modified

from those in Figure 2 to determine whether wave trapping
could occur, which could result in a cold electron burst.
The temperature profile in Figure 5b is the same as that in

Figure 4. (a) Energy-time and (b) angular-time spectrograms of magnetosheath electrons at 3668 km
altitude, where 0� (180�) indicates the direction parallel (antiparallel) to the local magnetic field.
Distribution functions of magnetosheath electrons at (c) 2.11, (d) 2.17, (e) 2.23, and (f ) 2.30 s. See color
version of this figure at back of this issue.
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Figure 2b. Although the total density is similar to that in
Figure 2a, the composition of O+ andH+ differs below�3RE,
which results in a different wave speed profile in Figure 5e
than in Figure 2e. An increase in O+ density results in a
decrease of the wave speed. The peak of the Alfvén speed is
located at �2.7 RE, and the Alfvén speed only decreases
slightly from 2.7 to 1.6 RE before the total density rises
dramatically with decreasing altitudes causing the parallel
electric field to vanish. The kinetic effect is dominant above
4.7 RE where k?rH > k?le. Owing to an increase in O+

density below 3 RE, the O+ gyroradius effect decreases the
phase speed of the wave while the two-fluid MHD model
yield the opposite effect.
[33] The position versus parallel velocities of background

electrons are plotted in the left panel of each plot in Figure 6,
while the wave speed (thin line) and the parallel electric
field (bold line) are on the right. In this run, a slower wave
velocity causes cold background electrons to resonant with
the wave and gain energy as it propagates downward. At
regions between 2.7 and 1.6 RE, the parallel wavelength is
slightly shortened and the parallel electric field still remains
at a substantial enough magnitude to accelerate electrons
trapped within the wave. The highest parallel velocity of
electrons reaches 14  103 km s�1, twice the local Alfvén
speed.
[34] The perpendicular electric and magnetic fields along

with energy and pitch angle spectrograms of background
electrons at an altitude of 4476 km are presented in
Figures 7a–7d. The altitude selected here is to best present
our result although it is slightly higher than the apogee of
the FAST satellite. With slightly changes in the density
profile, the acceleration region can be shifted higher or
lower in altitudes.

[35] Although the peaks of the perpendicular electric and
magnetic fields in Figure 7a–7b are approximately twice the
magnitude of the observed fields shown in Figure 1a–1b,
they are comparable to other observations in the dayside
auroral region [e.g., Andersson et al., 2002]. A few electrons
at the highest energy level travel in front of the wave, while
most accelerated electrons move together with the wave
generating a burst signature as seen in Figure 7c. These
electrons are present within narrow pitch angles (�40� to
40�) in the downward direction and wide energy ranges from
�10 to 250 eV. Four snapshots of distribution functions of
background electrons at 4476 km are shown in Figures 7e–
7h. In Figure 7e, an original cold electron distribution
function is presented prior to the wave reaching the altitude
of 4476 km. Accelerated electron distributions, with the
wave passing through this region, are shown in Figures 7f–
7h. The spectrograms (Figures 7c–7d) obtained from the
simulation are comparable to the observed burst signatures
in Figures 1c–1d.
[36] When we reversed the phase of the initial density

perturbation (i.e., reversing the phase of the parallel electric
field), the resonant electrons were found to be in the upward
direction rather than the downward direction as shown in
Figure 6. No substantial electron acceleration was observed
due to this change in the initial perturbation.

5. Discussions and Conclusion

[37] In this study, a linear 1-D gyrofluid code is adopted
to determine propagation characteristics of dispersive
Alfvén waves in an inhomogeneous M-I coupling region.
This model includes the electron inertial, electron pressure
gradient, and finite ion gyroradius effects. Although the

Figure 5. Initial condition of the gyrofluid code for generating an electron burst signature. The format is
the same as that shown in Figure 2.
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perpendicular wave number is an input parameter of the
gyrofluid code, we can validate k? by comparing simulated
perpendicular electric fields with in situ observations. In
order to obtain the comparable observed perpendicular
electric fields of hundreds of mV m�1, k? should be on the
order of 1 km�1 at the ionospheric boundary. Although the
test particle approach is not a self-consistent study, it does
allow for a close examination of electron distributions under
the influence of dispersive Alfvén waves.
[38] By using a 1-D gyrofluid code with a test particle

method, we have successfully reproduced not only the
energy and pitch-angle dispersion but also field-aligned
electron bursts observed by the FAST satellite in the
dayside auroral region. The time span of the dispersion
signature from our simulation, approximately 0.5 s, is
comparable to that of the observation. The time disper-
sion is generated by precipitating magnetosheath electrons
due to a propagating Alfvén wave where the electron
inertia is the dominant effect at the acceleration region.
The time dispersion signature of the plasma sheet elec-
trons has also been modeled by Kletzing and Hu [2001]
due to the variation in the Alfvén speed. Our results show
that higher-energy electrons arrive to a fixed location
(about FAST apogee) earlier than lower-energy ones.

Additionally, electrons with the highest energy level first
appear at small pitch angles, evolving to larger pitch
angles with time. We are able to explain the pitch angle
structure of the dispersion due to the inclusion of the
mirror force. Thompson and Lysak [1996] were the first
to include a dipole magnetic field in their electron
acceleration study. Chaston et al. [2000] and Andersson
et al. [2002] have also demonstrated similar pitch angle
dispersions in their studies.
[39] Field-aligned electron bursts with energies of tens to

hundreds eV are the most commonly observed signatures in
the dayside auroral region. Clark and Seyler [1999] showed
that cold electrons can be energized to a few hundreds times
the electron thermal energy by a nonlinear wave evolution.
Chaston et al. [2000] have shown that the propagating
inertial Alfvén wave is able to generate field-aligned elec-
trons with a broad energy spread reaching a maximum
energy of �600 eV. The energy obtained from their test
particles is higher than that of the observation. Moreover,
O+ ions were not taken into account in their model. In this
paper, we have demonstrated that field-aligned superthermal
electrons can be generated by a linear dispersive Alfvén
wave in an O+ dominant flux tube but do not exclude other
mechanisms.

Figure 6. Four snapshots of parallel velocities of cold electrons (left) and parallel electric fields and
Alfvén speeds (right) along the flux tubes at times (a) 1.0, (b) 2.0, (c) 2.5, and (d) 2.9 s.
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[40] From this study, we learn that the phase speed of
the Alfvén wave plays a critical role in generating suitable
conditions for the formation of the cold electron burst
signature. The Alfvén speed is closely related with the
local mass density. Precise density measurements are
essential in understanding Alfvén wave properties and
electron acceleration.
[41] Particle resonance requires the phase speed of the

Alfvén wave to be comparable to the electron thermal
speed. In order to produce cold electron trapping, the mass
density was increased (i.e., increasing O+ density) to reduce
the Alfvén speed to �4 times lower than that used in the
dispersive case. Furthermore, a region of gradually ramping
Alfvén speed in the acceleration region maintains acceler-
ated electrons trapped within the wave to low altitudes.
Here, the comparison between the ideal Alfvén speed
(dotted line), the Alfvén speed with inertial correction
(dashed line), Alfvén speed with electron inertial and
pressure corrections (long dashed line), and the phase speed
of the Alfvén wave derived from equation (9) (solid line)
is shown in Figure 8 based on the same density profile
(Figure 5a). For the electron burst case the acceleration
region is located between the peak of the Alfvén speed
(�2.7 RE) and the drop-off of the wave speed (1.6 RE). In
this region the parallel wavelength and the wave speed
slightly decrease with decreasing altitudes, while the paral-
lel electric field continues to be maintained at a magnitude
substantial enough (�0.2 mV m�1) to accelerate back-
ground cold electrons. The phase speed of the Alfvén wave
is highly dependent on the density and the composition of
the plasma. Although the total densities are similar for both
dispersion and burst cases, O+ (H+) densities are increased

(decreased) below 3 RE in the burst case (section 4.2).
Previous studies [Kletzing, 1994; Kletzing and Hu, 2001;
Chaston et al., 2000, 2002a, 2002b] only considered the
inertial effect near the acceleration region. Chaston et al.
[2003] showed that the kinetic effect acts to increase the
wave speed opposite of the electron inertial effect. Although

Figure 7. (a) Perpendicular electric and (b) magnetic fields and (c) energy-time and (d) (d) angular-time
spectrograms of background electrons at 4476 km altitude. Distribution functions of magnetosheath
electrons at times (e) 1.00, (f ) 2.94, (g) 2.95, and (h) 2.99 s. See color version of this figure at back of this
issue.

Figure 8. Comparison of three Alfvén velocities, where the
dotted, dashed, long-dashed, and solid lines represent the
MHDAlfvén speed, inertial Alfvén speed, Alfvén speed with
electron inertial and pressure corrections, and the phase speed
of the Alfvén wave from the gyrofluid code, respectively,
based on the same density profile shown in Figure 5a.
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electron inertia is the primary effect at low altitudes, the full
gyrokinetic effect plays a role in altering the shape of the
phase speed profile and maintaining electron acceleration to
low altitudes. From our investigation, we learn that it is
important to include O+ ions to study the acceleration
process of cold electrons. O+ densities have been included
in previous studies [e.g., Kletzing and Hu, 2001; Thompson
and Lysak, 1996; Chaston et al., 2003]; however, the scale
height of O+ ions used in this paper is greater than that used
in previous nightside auroral studies. The greater O+ scale
height in the dayside/cusp region may be the reason why the
superthermal electron bursts are more commonly observed
in the dayside
[42] The particle signature shows that few electrons are

accelerated by the wave potential with sufficient energy to
travel in front of the wave. These electrons reach a parallel
speed of a factor of two times of the Alfvén speed as
reported by Kletzing [1994]. The majority of the electrons
are trapped within the wave and gain energy in the field-
aligned direction by the parallel electric field. In order for
the test particle results to be meaningful the energy flux
in the accelerated electron distributions must be less than
or equal to the wave Poynting flux. For the electron burst
case, the Poynting flux at 4476 km altitude is approximately
14.3 erg s�1 cm�2, where perpendicular electric and mag-
netic field perturbations are �400 mV m�1 and �45 nT,
respectively. An integrated energy flux of accelerated elec-
trons is estimated to be 2.88 erg s�1 cm�2 or �20% of the
Alfvén wave Poynting flux.
[43] The simulation presented in this paper is initialized

by a single pulse perturbation generating an electron burst
signature with a time period of �0.1 s. The continuous
electron bursts from observations may be due to multiple
pulse perturbations (temporal effect), the satellite passing
through different flux tubes (spatial effect), or a combina-
tion of the two.
[44] Observations of electric fields within Alfvén waves

from satellite and rocket data indicate that the fields are of
multiple scales and are rarely periodic. Electric field ampli-
tudes at smaller scales may be greater than those at larger
scales possibly due to the inertial correction, which may
cause spikes in phase space and disturb the trapped electron
orbits. In this paper, we simply present resonant electrons
due to a coherent waveform. Wave trapping by more
realistic disturbances is a topic for future studies.
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Figure 1. FAST observations of the dayside auroral region on 17 July 1997. (a) Perpendicular electric
fields. (b) Perpendicular magnetic fields. (c) Electron energy-time spectrogram. (d) Electron angular time
spectrogram, where 0� (180�) indicates the direction parallel (antiparallel) to the local magnetic field.
Four snapshots of the electron distribution functions are displayed in Figures 1e–1h during times when
the energy-time dispersion signature was observed. The vertical and horizontal axes are parallel and
perpendicular velocity with respect to the local magnetic field, where negative velocity is the direction
toward the ionosphere. The color represents electron energy fluxes according to the color bar on the right.
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Figure 4. (a) Energy-time and (b) angular-time spectrograms of magnetosheath electrons at 3668 km
altitude, where 0� (180�) indicates the direction parallel (antiparallel) to the local magnetic field.
Distribution functions of magnetosheath electrons at (c) 2.11, (d) 2.17, (e) 2.23, and (f ) 2.30 s.

Figure 7. (a) Perpendicular electric and (b) magnetic fields and (c) energy-time and (d) (d) angular-time
spectrograms of background electrons at 4476 km altitude. Distribution functions of magnetosheath
electrons at times (e) 1.00, (f ) 2.94, (g) 2.95, and (h) 2.99 s.
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