GEOPHYSICAL RESEARCH LETTERS, VOL. 39, 102102, doi:10.1029/2011GL050264, 2012

Electron acceleration in a geomagnetic Field Line Resonance

P. A. Damiano' and J. R. Johnson'

Received 28 November 2011; accepted 19 December 2011; published 25 January 2012.

[1] A hybrid MHD kinetic-electron model in dipolar coor-
dinates is used to simulate the upward current region of a
geomagnetic Field Line Resonance (FLR) system for a real-
istic ambient electron temperature of a keV. It is found that
mirror force effects result in potential drops sufficient to
accelerate electrons to energies in excess of a keV in support
of field aligned currents on the order of 0.5 pA/m”. The
wave energy dissipated in this acceleration would com-
pletely damp an undriven FLR with an equatorial width of
0.5 Rg within two resonance cycles. Citation: Damiano, P. A.,
and J. R. Johnson (2012), Electron acceleration in a geomagnetic Field
Line Resonance, Geophys. Res. Lett., 39, 102102, doi:10.1029/
2011GL050264.

1. Introduction

[2] Field Line Resonances have been linked to the for-
mation of some auroral arcs [e.g., Lotko et al., 1998; Samson
et al., 2003] where arcs resulting from electron acceleration
within these waves are seen to modulate with the same mHz
frequency as the magnetic perturbations associated with the
resonance [e.g., Samson et al., 2003]. Electrons must be
accelerated through a potential drop of a keV in order to
power these auroral emissions [e.g., Lotko et al., 1998],
which, when considering the size of the auroral acceleration
region, necessitates parallel electric fields on the order of a
mV/m. The mechanisms by which sufficient potential drops
are generated within global scale waves are not completely
understood. Several possibilities have been proposed
including, nonlinear electron inertial effects [Wright et al.,
2003], the effects of stationary nonlinear inertial Alfvén
waves [Knudsen, 1996], anomalous resistivity [Lotko et al.,
1998] and mirror force effects [Rankin et al., 1999;
Nakamura, 2000]. All these studies, however, neglect the
self-consistent evolution of the electron distribution function
with the wave, and so over the last decade, approaches using
self-consistent models incorporating electron kinetic effects
(including the mirror force) have been developed [e.g., Watt
et al., 2004, 2006; Damiano et al., 2007; Swift, 2007].
Damiano et al. [2007] and Damiano and Wright [2008]
considered the upward current region (corresponding to the
downward propagation of magnetospheric electrons) of a
toroidal FLR system using a 2-D hybrid MHD-kinetic
electron model in dipolar coordinates (henceforth referred to
as the hybrid model) respectively considering the cases of
variable resonance width with constant temperature and vice
verse. The significant increase in the dissipation of wave
energy (associated with the electron acceleration) with the
narrowing of the resonance width was illustrated along with
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the increase in £ when the ambient electron temperature
was increased from 5 to 200 eV. Rankin et al. [2007] studied
a multiperiod resonance system using a 1-D uniform plasma
model with a Vlasov description for the electrons [Watt
et al., 2004] and illustrated that nonlinear electron trapping
over several periods was a more efficient sink of wave energy
than electron Landau damping. In this present study, we
extend the work of Damiano and Wright [2008] and for the
first time consider an FLR system with a realistic magneto-
spheric electron temperature of a keV [e.g., Baumjohann
et al., 1989; Temerin and Carison, 1998] in order to
determine the extent of magnetic mirror force effects on £
generation, electron energization and wave dissipation.

[3] The rest of the paper is broken up into four sections.
Section 2 summarizes the hybrid model used. Section 3
presents the simulation results while section 4 gives our
conclusions.

2. Hybrid Model

[4] The simulations were performed with the hybrid
model discussed by Damiano et al. [2007] where the dipolar
model geometry is illustrated in Figure la and explicitly
includes the field aligned direction (x;) and the direction
across L shells (x;). Our system is independent of the azi-
muthal coordinate so that 0/0x; = 0. Corresponding to a
toroidal FLR, our model combines the linearized cold
plasma MHD equations for the azimuthal perturbations of
velocity (u3) and magnetic field (b3) given respectively by

6u3 _ Bo 0
HoPoor = s (6_x1 (hsbz)) (1)
oby  —1 (@ d
E - h1h2 (6x1 (thz) 6x2 (hlEl)) (2)

and the guiding center equations for the electron dynamics

dV1 1 630
el = —eEy — i, — 3
" dt €51 Han hy Ox; ( )
dx
hy 7; = 4)
where v; is the parallel electron velocity, x; = cosO/r?,

X2 = sin0lr, x3 = ¢, hy = /(1 + 3cos°0)%, hy = 1%/
(sinf(1 + 3cos?0)""?), hy = rsind and p,, = m,v?/(2B) is the
magnetic moment. The solutions of the coupled equations
(1) and (2) with £, = —u3B, and £, = 0 will be referred
to as the MHD model.

[5] Closure between MHD and electrons is via the parallel
electric field which is calculated from a variant of the gen-
eralized Ohm’s law including electron inertial, electron
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Figure 1. (a) Simulation domain where x; is positive
increasing out of the page. The circles of radius 1 and 2 Rg
respectively denote the surface of the Earth and “iono-
spheric” boundary. The angle 6 is subtended from the z axis.
From Damiano and Wright [2008]. (b) Initial azimuthal
velocity perturbation (u3 ) as a function of x; at the equator.
(c) us, as a function of field line length (measured from
southern ionospheric boundary) at x, = 0.1 (i.e. L = 10).

pressure and mirror force contributions. A predictor-
corrector algorithm is used whereby quasi-neutrality is
enforced via the solution of an auxiliary Poisson’s equation
incorporating the parallel electron current moment and the
perpendicular current from the MHD at the corrector step
(see Damiano et al. [2007] for complete derivation and
description).

[6] For the present simulation, the equatorial perpendicu-
lar width of the grid was set to 0.6 Ry and the field aligned
boundaries are set at an altitude of 1 Rz (above the surface of
the Earth) in order to capture the approximate height of the
B/n peak where the peak of electron energization in the
upward current region occurs [Wright et al., 2002, Damiano
and Wright, 2008]. The corresponding perpendicular width
of the grid at the field aligned (or “ionospheric”’) boundaries
is approximately 100 km.

[7] Perfectly reflecting boundary conditions are assumed
at the ionospheres (13 = j, = 0(hyj;)/0x, = 0(h3b3)/0x; = 0).
At the perpendicular boundaries (along the lines of constant
X2) a node in parallel current is assumed which implies
nodes in £, and anti-nodes in b3, j, and u; (respectively
6(h3b3)/6x2 = 6(h1h3]2)/8x2 = 6/6)(32(}11}13113/30) = 0)

[8] Whereas the fluid equations are solved at the fixed
simulation grid points, the electrons are initialized every-
where in the simulation domain such that the density is
everywhere constant (n, = n; = 1 cm™> which yields an
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electron inertial length, A, = 5 km). The choice of starting
with an empty loss cone simplifies the particle boundary
conditions, but does not alter the long term evolution of the
system [Damiano and Wright, 2008]. Electrons accelerated
into the loss cone over the course of the simulation precipi-
tate from the simulation domain when they reach the field-
aligned simulation boundaries, which balances the implied
polarization drift of the ions (represented within the cold
plasma MHD description) azimuthally out of the computa-
tional domain over the course of the simulation. Standard
Particle-In-Cell (PIC) techniques are used to interpolate
fields to particle positions and construct the distribution
function moments [Damiano et al., 2007].

[9] FLRs may form as a result of the mode conversion
from fast compressional modes. In this study, however, we
neglect the mode conversion process and concentrate on
understanding how electrons respond in the upward current
phase of the global scale Alfvén mode. Therefore, consistent
with the point in the phase when all the energy is stored in
the ion polarization drift, the simulations are initialized only
using a perturbation of the azimuthal velocity illustrated
in Figures 1b and lc where the field-aligned profile in
Figure lc is the approximate fundamental Alfvén wave
eigenmode solution along an L = 10 magnetic field line
(consistent with that used by Damiano and Wright [2008]).
The modified half-Gaussian profile in the perpendicular
direction (Figure 1b) results in the formation of the upward
field aligned current region associated with auroral arc for-
mation. The constant amplitude to the left of the Gaussian
tail, centers the resulting current profile (Figure 3) within
the simulation domain. The resulting resonance has a
period, T, = 270 s. The lack of an initial magnetic field
perturbation implies no initial parallel currents (which is
consistent with the empty loss cone distribution imposed on
the electrons) and the magnetic field and electrons evolve
consistently as the simulation progresses.

3. Simulations

[10] Figure 2 displays 2-D plots of the parallel current
density computed from the electrons (j; = jj = j.) as a
function of x; and x, in the northern hemisphere of the
computational grid for both the MHD and hybrid models
at t=0.2 T,4. In each figure, the left and right hand sides are
the equator and northern ionospheric boundary respectively
and j; rises with the convergence of the magnetic field
topology as the ionosphere is approached. Consistent with
the previous studies [Damiano et al., 2007; Damiano and
Wright, 2008] the hybrid model displays a coupling of
global energy to small perpendicular scale lengths (which
fluctuate on the order of seconds) and a broadening of the
current profile.

[11] The time evolution of j; at the ionospheric boundary
is given in Figures 3a and 3b while the corresponding dis-
tribution function evolution in the region of the current
maximum (vertical dashed lines in Figure 3a) is displayed
in Figures 3c—3e. The ring distribution evolves from the
Maxwellian as accelerated electrons undergo mirroring. In
Figures 3a and 3b, j; grows with time (along with the ring
distribution radius), but eventually broadens and saturates
(where the characteristics of the saturation and broadening
are consistent for doubled particle number and grid resolu-
tion). This broadening is due to the dispersion of wave
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Figure 2. 2-D plots of the northern hemisphere parallel electron current density for both the (left) MHD and (right) hybrid
models at # = 0.2 T4. The left and right sides of each figure are the equator and northern ionospheric boundary respectively.
The vertical lines in each figure indicate the noted distance from the equator. The choice of dipolar coordinates eliminates the
physical convergence evident in Figure la, but the effect of the converging topology on parallel current is evident with

increasing x;.

energy across field lines. The presence of £, predominantly
due to mirror force effects here, implies a perpendicular
Poynting flux (S, = —Eb3) that propagates wave energy
across field lines (P. A. Damiano and J. Johnson, Mirror
force induced wave dispersion in Alfvén waves, submitted
to Physical Review Letters, 2011). The broadening increases
with the depletion of current carriers in the original profile
since E; (and hence §,) must grow to accelerate more
strongly trapped electrons and the dispersion of wave
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Figure 3. (a, b) Parallel current density, j;, at the northern
ionospheric boundary at indicated times. Solid black line
shows the MHD result. (c—e) Temporal distribution function
evolution in region of max j; (vertical dashed lines in
Figure 3a). The distribution function is constructed using
electrons with positions between these dashed lines and within
the first two grid cells above the ionospheric boundary.

energy limits the current growth in the original profile
resulting in the noted saturation.

[12] The temporal evolution of the energy of the distribu-
tion functions illustrated in Figure 3 is plotted in Figure 4a
where the energy of the accelerated population reaches
almost 2 keV by 1/4 T,. In contrast, setting 7, = 200 eV
resulted in a maximum energy of about 800 eV by the same
time, illustrating the mirror force effects on the magnitude of
the particle energization. Another interesting feature is the
periodic structuring which is associated with an interaction
between the wave and electron bounce motion. The different
phases of this interaction on adjacent field lines (due to
variations in current amplitude and field line length) is most
likely responsible for the small scale fragmentation evident
in Figure 2. The details of this interaction are being inves-
tigated for a follow-up publication.
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Figure 4. (a) Energy of the accelerated electron population
in the region of the current maximum (vertical dashed lines
in Figure 3a) as a function of time. (b) Sum of ion kinetic
and magnetic energies.
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Figure 5. Parallel current density profile along x, = 0.1025
plotted against profile of potential along the same field line
at indicated times. A® was computed by integrating £ from
the equator to individual grid points along the field line.

[13] As evident in both observations [e.g., Wygant et al.,
2000; Chaston et al., 2002, 2005] and theoretical investi-
gations [e.g., Wright et al., 2003; Lysak and Song, 2003;
Damiano et al., 2007] the dissipation of wave energy by
electron acceleration can be significant. The magnitude of
this dissipation for an FLR system (which is hard to establish
from observations alone) can be quantified by summing the
ion kinetic and magnetic field energies for both the MHD
and hybrid simulations (Figure 4b). This sum is conserved in
the MHD case but in the hybrid case, the ion kinetic energy
is being partitioned between the magnetic field and electron
energization resulting in the 20% drop relative to the MHD
result. Based on Damiano et al. [2007], this dissipation is
expected to increase to over 30% by 1/2 T, as compared to
5% for the same width and 7, = 5 eV in this previous study
(since more energy must be expended to overcome mirror
force effects with increased T,). Therefore, for realistic 7,
an undriven standing mode would completely damp in less
than two Alfvén cycles as regions of downward j;, associ-
ated with ionospheric electron acceleration, would likewise
draw energy from the wave. This dissipation also increases
nonlinearly with the reduction in resonance width [Damiano
et al., 2007].

[14] Figure 5 plots j; (at x, = 0.1025) as a function of
potential drop along the field line from the equator to the
northern ionospheric boundary where the linear profile
results from the choice of a constant density and implies that
A®/B, is constant along the field line at a specific time. As
time progresses, the A® that the electrons fall through
increases up to 1/4 T, since the depletion of accessible
current carriers requires a progressively larger A® to sus-
tain the saturated current density. The value of Ej, in the
auroral acceleration regions, consistent with these potential
drops, is on the order of several tenths of mV/m.

[15] The Ad at a specific time agrees very well with the
peak of the electron energization (red band in Figure 4a).
This agreement is consistent with the quasistatic nature of
the FLR system, where energy conservation in the frame
of reference of the electrons implies AP = m,(° + vﬁ)/2
and also illustrates that accelerated electrons are primarily
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sourced from the distribution bulk, where initial thermal
energy is minimized.

4. Conclusions

[16] For the first time, the upward current region of a
toroidal FLR system has been studied using a 2-D hybrid
MHD-kinetic electron model in dipolar coordinates for a
realistic ambient electron distribution temperature of order
1 keV. It is found that mirror force effects lead to potential
drops large enough to accelerate bulk electrons to observed
energies in excess of a keV. The energy dissipated in this
acceleration would almost completely damp the resonance
within 1-2 periods and thus an FLR system must be strongly
driven in order to persist for much longer timescales. Addi-
tionally, and consistent with previous studies using the same
code, global scale wave energy couples to small perpendic-
ular scale lengths and undergoes mirror force induced dis-
persion perpendicular to the ambient magnetic field lines
(Damiano and Johnson, submitted manuscript, 2011).

[17] Although the work presented here is discussed in
terms of geomagnetic Field Line Resonance, it is also rele-
vant to global wave structures that form on open field lines
in the earth’s magnetosphere and, with the choice of
appropriate parameters, the code could also be applied to
large scale Alfvenic current systems in other planetary
magnetospheres. For example, Hess et al. [2010, 2011]
discussed electron acceleration by Alfvén waves (modeled
with the code of Swift [2007]) in the Io flux tube (as well as
flux tubes associated with other Jovian and Saturnian
moons) that results in the bright UV auroral footprints evi-
dent at Jupiter. In these works, in some analogy with points
addressed here, it is illustrated that the filamentation of
global scale Alfvenic structures is needed to allow for the
sufficient (and almost total) dissipation of Poynting flux
energy in electron acceleration to account for power gener-
ation consistent with that observed in the UV footprints.
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