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FAST satellite observations of large-amplitude solitary structures
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Abstract. We report observations of “fast solitary waves” that are
ubiquitous in downward current regions of the mid-altitude auroral
zone. The single-period structures have large amplitudes (up to 2.5
V/m), travel much faster than the ion acoustic speed, carry substan-
tial potentials (up to ~100 Volts), and are associated with strong
modulations of energetic electron fluxes. The amplitude and speed
of the structures distinguishes them from ion-acoustic solitary
waves or weak double layers. The electromagnetic signature
appears to be that of an positive charge (electron hole) traveling
antj-earthward. We present evidence that the structures are in or
near regions of magnetic-field-aligned electric fields and propose
that these nonlinear structures play a key role in supporting parallel
electric fields in the downward current region of the auroral zone.

Introduction

Auroral zone research has concentrated on the upward current
region where electrons responsible for visible aurora are energized
by quasi-static, magnetic-field-aligned electric fields [Mozer et al.,
1977]. Although up-going and counter streaming energetic elec-
trons have been observed [Sharp et al., 1980; Klumpar and Heik-
kila, 1982], it has been widely believed that auroral currents closed
with thermal electron currents originating from the ionosphere.
Recent observations by the Fast Auroral Snapshot (FAST) satellite
[Carlson et al.,1998a], however, show that the downward current is
often supported by energetic electrons which also appear to be
accelerated by quasi-static, parallel electric fields.

Electrostatic shocks in the downward current region are shown
to diverge [Ergun et al., 1998a; Carison et al., 1998a}, implying
potential structures similar to those in the upward current region,
but with opposite polarity. Anti-earthward electron fluxes have
energies that are consistent with the implied parallel potential of the
diverging electrostatic shocks. Ions in this region are trapped by the
magnetic mirror force and the downward electric field which
enhances ion heating [Gorney et al., 1985]. Escaping ions have
energies comparable to those of up-going electrons.

One of the most important questions in auroral physics is how
quasi-static, parallel electric fields are maintained in a collisionless
plasma. In the upward current region, the magnetic mirror force and
a dearth of charge carriers could account for some, but not all, of the
resistance. The hot (~1 keV), plasma sheet source electrons are

1Space Sciences Laboratory, University of California, Berkeley, CA
21 s Alamos National Laboratory, Los Alamos, NM

3University of California, Los Angeles, CA

4Goddard Space Flight Center, Greenbelt, MD

5University of Minnesota, Minneapolis, MN

SLockheed Martin, Palo Alto, CA

TUniversity of New Hampshire, Durham

Copyright 1998 by the American Geophysical Union.

Paper number 98GL00636.
0094-8534/98/98GL.-00636$05.00

energized by about a factor of ten. The downward current region is
quite different. Electrons are accelerated by as much as 10% times
their thermal energy, there is no resistive mitror force, and the cold,
dense, ionospheric plasma provides an ample supply of charge car-
riers. Resistivity must come from collective behavior of the plasma.

In this article, we report observations from the FAST satellite of
large-amplitude electromagnetic structures which we shall call
“fast solitary waves”. These structures travel at speeds far greater
than the ion acoustic speed and have amplitudes as high as 2.5 V/m
which distinguishes them from previous observations of ion-acous-
tic solitary waves or weak double layers [Temerin et al., 1982]. We
show that they are observed in or near regions where parallel elec-
tric fields accelerate electrons and are associated with strong modu-
lations in both up-going and down-going electron fluxes. We
propose that these nonlinear structures play a pivotal role in sup-
porting parallel electric fields in the downward current region.

Large-amplitude solitary waves appear in power-frequency-time
spectrograms as brief, but intense emissions of broadband, quasi-
electrostatic noise. Day side auroral zone observations of broad-
band electrostatic noise made by the Viking satellite were inter-
preted as electron acoustic solitons [Pottelette et al., 1990;
Dubouloz et al., 1991]. The solitary structures we present have been
observed at all local times that FAST has covered. Time domain
structures observed in the auroral zone by the Polar satellite {Mozer
et al., 1997] and in the plasma sheet boundary layer {Matsumoto et
al., 1994; Omura et al., 1994] are very similar.

Observations

The observations are from the FAST satellite electric and mag-
netic field instrument [Ergun et al., 1998b] and ion and electron
electrostatic analyzers [Carison et al., 1998b]. Figure 1 displays a
small portion of a late-evening auroral crossing in the Northern
hemisphere. These high-resolution data cover ~25 s.

The entire region had up-going, energetic, field-aligned electron
fluxes (Figure 1e,f, 180° indicates up-going) and perpendicular ion
fluxes indicative of ion heating (Figures 1g,h). There were weak,
down-going, field-aligned electron fluxes as well (Figure 1f, at 0°
and 360°). Two bursts of broadband VLF emissions (Figures lc,d)
occurred at ~14:26:11 UT and ~14:26:19 UT. During these two
periods, ion energies increased (Figure 1g), ion pitch angles
became very close to perpendicular (Figure 1h), and the current to
the Langmuir probe decreased indicating a possible density
decrease (Figure 1a). There were several visible diverging electro-
static shocks (Figure 1b).

The enhanced VLF emissions appeared in both the perpendicu-
lar and parallel electric field. The parallel electric field (Figure 1c)
had enhanced broadband noise above 1 kHz. The perpendicular
electric field (Figure 1d) had similar enhanced broadband noise but
also had lower-frequency (~200 Hz - ~1 kHz) emissions that exhib-
ited depletions in power or “bite-outs” at the H+ cyclotron harmon-
ics (see, Ergun et al., 1998a, Figure 4). There was also a weak
perpendicular magnetic component (not displayed).
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Figure 1. (a) Langmuir probe current reﬂectin§ the plasma density.
A 2 nA current roughly corresponds to 1 cm™ density. Fast varia-
tions may be capacitively induced current from waves. (b) Perpen-
dicular electric fieid in the spin plane and nearly along the
spacecraft velocity. (c-d) Parallel and perpendicular electric field
power spectral density. (e-f) Electron energy flux versus energy and
time and versus pitch angle and time. (g-h) Ion energy flux.

Figure 2 displays 0.5 s of data covering the first period of
enhanced VLF emissions in Figure 1. From the top are electron
energy spectra, plasma density, the vector electric field (D.C. to 16
kHz), and an A.C. magnetic field signal. The electric field signal
was dominated by a series of large-amplitude, spiky structures
rather than random noise. Similar structures have also been
observed by the Polar satellite [Mozer et al., 1997]. A close look
shows that the structures were spatially coherent and had a period
or duration of ~50 s to ~200 ps. The parallel electric field was
bipolar, always in the same sense, first anti-earthward then earth-
ward (Figures 2c and 2cc). The perpendicular electric field signal
was unipolar as was the perpendicular magnetic field signal (Figure
2d-f and 2dd-ff). The data were consistent with AE ¢ AB = 0.

The parallel and perpendicular electric fields derived from the
spin plane booms (Figures 2c, d, cc, and dd) were often saturated.
The >~1 kHz saturation level was ~300 mV/m. The axial electric
field signal (Figures 2e and ee) saturation level was ~2500 mV/m.
Taking saturation into account, the amplitudes of the parallel and
perpendicular electric field signals were comparable and IAEV/IABI
was ~100 c.

Electric field signals recorded at 0.5 ps resolution from a differ-
ent orbit are displayed in Figure 3. A small-amplitude event was
chosen to remove any question of saturation. The waveforms were
smooth on microsecond time scales and displayed little power
above ~20 kHz. A map of E| versus E; shows that the signal grew
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in the anti-earthward direction, rotated through perpendicular, and
decayed as it was pointing earthward. This pattern is typical.

Fast solitary waves are often associated with strong modulations
in both up-going and down-going electron fluxes (Figure 4). The
typical 100 ps duration is much shorter than the electron integration
time (1.6 ms), so a fine time resolution correlation between the
structures and the election modulations cannot be seen.

The speed of the structures was calculated for over 1000 events
during an orbit in which the electron energies were somewhat
higher (~1 keV). The results are given in Figure 5 which displays a
histogram of the time delays between two dipoles physically sepa-
rated by 12 m along B. The analysis shows a clear majority of the
structures were moving anti-earthward at a significant fraction of
the beam speed. Events that have been individually analyzed verify
that the speed of the structures was comparable to, but usually less
than, the energetic electron speed.

Discussion and Conclusions

Fast solitary waves have been observed predominantly in
regions of up-going, energetic (>25 eV) electrons. The reverse cor-

FAST ORBIT 1959

E
@ - 500 i ]
g °““me ©
| S 3
= S00F V 5
- R A @
it -
1000 o
5% : “ m N | *m': (O]
‘g"-"m H
0.1
8 '
hg 2 ®
@ .01 &
1ns n4 1.8 11.6 1.7 1.8
Time {UT) Seconds trom 1997-02-18/14:26:11
FAST ORBIT 1959 """~
@ = S00F Earthward b
I3 o @
W = 500k Anti-earthward A
& = 500 E
‘g % Ok A A oY | _, (dd)
€ w0 .
% o 1000
§ 0 bt ll v i~ (ee)
§ E il Al L
= -1000
8 0.1
r E o (M
@ -0
11382 11384 11386 11388 11300 11,302

Time (UT) Seconds from 1997-02-18/14:26:11

Figure 2. (a) Electron flux as a function of energy. (b) Langmuir
probe current reflecting the plasma density. (c) The near-parallel
electric field. (d-e) The perpendicular electric field in the spin plane
(mostly North) and along the spin axis (mostly East). (f) The mag-
netic field signature from the 21 search coil. (cc-ff) Expanded
views of (c-f).
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Figure 3. A fast solitary wave at 0.5 {is resolution. The right plot is

Ey versus E, of the first structure. The speed of this structure was
~2000 km/s anti-earthward.

relation is not the same. In a non-rigorous study of 20 orbits that had
up-going electrons, the majority of the orbits had fast solitary wave
emissions, but regions of fast solitary waves covered roughly 5%-
10% of the time when energetic electrons were present. They
tended to be at the boundaries of downward current regions.

The electromagnetic signature of a fast solitary wave is that of a
positive charge or electron hole moving by the spacecraft at a sig-
nificant fraction of the speed of the up-going, energetic electrons. A
close examination (Figure 3) shows that AE begins and ends sud-
denly indicating a small total charge, so the positive core may be
surrounded by a negative halo. A speed of 5000 km/s and a duration
of 100 ps implies a structure size of ~0.5 km parallel to B. The sig-
nature of E| versus Ejy (Figure 3) indicates that the perpendicular
size should be roughly the same. A spherical structure that has ~0.5
km diameter requires a perturbed electron density of roughly - 0.6
em to produce a 1 V/m field. The above structure would carry a
potential of ~100 V which is consistent with the observations of
strong modulations of ~100 eV electron fluxes and the observation
of weaker down-going electron fluxes. The parallel profile of these
structures is similar to analytically predicted one-dimensional
“electron phase space holes”, also observed in laboratory plasmas
[Schamel, 1982 and references therein].

A moving charge has IAEVIABI = c*vg, (v, is the speed of the
charge). The perpendicular electric and magnetic field signatures (1
V/m, 0.05 nT) are consistent with a speed of 5000 km/s. AB
appears to be the Lorentz field of a moving charge.

Fast solitary waves were almost always accompanied by a
decrease in Langmuir probe current (indicating a possible density
decrease) and an increase in ion pitch angle, often to 90°. Ions in the
downward current region can be trapped by the magnetic mirror
force and the downward electric field. Such ions should have pitch
angles extending to near 90° whereas escaped ions should have
smaller pitch angles. We interpret the increase in ion pitch angles
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Figure 4. Strong modulations in up-going electron fluxes (bottom
panels) are observed during a period of fast solitary waves (top).
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Figure 5. A histogram of the measured parallel delay between sig-
nals from dipoles separated by 12 m. There were 1196 solitary
wave events greater that 50 mV/m in a 10 s period during orbit
1843, The average/median delay indicates a speed of ~4500 km/s
anti-Earthward. The delay was calculated by correlating signal
pairs (sampled at ~30 {s) over two spin periods to eliminate sys-
tematic errors. Random errors were typically ~2 ps. These speeds
have been verified by individual event analysis with 0.5 ys resolu-
tion data.

and decrease in density as evidence that fast solitary waves were in
or near the electron acceleration region.

Fast solitary waves are often observed in groups with the same
perpendicular polarity. In Figure 2d, for example, one sees a group
in which the perpendicular electric field (which is nearly along the
spacecraft velocity) is negative (11.50 s to 11.56 s, see arrow) then
a group of positive signatures (11.56 s to 11.63 s, see arrow). The
unipolar, perpendicular electric field (AE ) of the solitary waves
add to the existing D.C. electric field; AE is positive if the D.C.
field is positive and negative if the D.C. field is negative. The time-
averaged electric field forms a structure like that of a diverging elec-
trostatic shock, and a coincident increase in the electron energy is
observed (Figure 2a, 11.56 s). A large group of fast solitary waves
appear to statistically enhance an electrostatic shock. The above
observation, coupled with observations of 90° pitch angle ions and
the density depletions, strongly suggest that fast solitary waves play
arole in supporting the downward parallel electric field.

Figure 6 summarizes the model that we propose. An external
source (for example, a current or voltage driven from the magneto-
sphere) provides energy for electron acceleration. In the accelera-
tion region, the solitary structures, which consist of positive charge
clouds (electron holes) traveling anti-earthward, develop by draw-
ing energy from the accelerating, up-going electrons, plateau the
distribution, and accelerate some electrons earthward. In doing so,

Fast Solitary
Structures

E along space-
craft velocity.

Ion pitch
angles.

Magnetic
Field \\ '
o

1

B A/

Figure 6. A model of the downward current region potential. Elec-
tron holes (positive charges) form in the acceleration region. They
support a diverging electrostatic shock and a parallel electric field.
To the right are diagrams of the expected electric field signals and
the ion conic pitch angles above (top trace), in the middle, and in the
lower (bottom trace) regions of the potential structure. The energy
is carried by Poynting flux propagating along the magnetic field
from the magnetosphere.
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the fast solitary waves provide resistivity. It is not known, at this
time, if the solitary waves are within the region of parallel electric

field (for example, carry a smaii dipole moment supporting the
electric field), or if they result from the sudden acceleration of elec-

. : iees
trons. Since large group of fast solitary waves are seen to statisti-

cally enhance a diverging electrostatic shock, the evidence
somewhat supports the hypothesis that fast soiitary waves are
within the region of parallel electric field. The structures may self-
consistently provide the needed resistivity, help support a parallel
electric field, and realize the transition of the electrostatic shock
into lower field strengths.

In summary, the following are observed properties of fast soli-
tary waves. (1) Fast solitarv waves are ubiguitous in the downward

Jtast sonialy w8 Qe RURGRLROUS I NS QOWH

current region that was surveyed by FAST. They are most often
seen in regions of energetic, up-going electron beams. (2) Strong
electron modulations are associated with these structures. (3) Ion
pitch angles increase toward 90° during intense emissions. (4) Soli-
tary waves are often observed in large-scale regions of depleted
density. (5) IAE! is typically >50 mV/m, occasionally reaching 2.5

Th, alw the ol
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beam direction then opposite and the perpendicular signal is unipo-
lar. (6) The E;; spectra have enhanced, broad band power at 1 kHz -
10 kHz. The E spectra have similar enhanced, broad band power
and absorption at the ion cyclotron harmonics. Structure at H+
cyclotron harmonics indicates that ions play a role, which may be
understood by considering that resistivity requires momentum
exchange. (7) AB is unipolar, perpendicular, and such that IAEVIAB)
~ 100 c and AE ¢ AB = 0. (8) The typical duration is ~50 ps to
~200 ps, with a range of ~20 Ws to ~500 s (the ion cyclotron
period). (9) The velocity of the structures is typically between 500
km/s and 5000 km/s anti-earthward, a significant fraction of the
energetic electron velocity. (10) The' structures are occasionally
organized near the H+ cyclotron or lower hybrid frequency. (11)
Large groups of the solitary structures with the same polarity may
enhance a diverging electrostatic shock associated with electron
acceleration.

We have inferred the following properties: (1) Fast solitary
waves are in or near the region where a parallel electric field is
accelerating electrons. (2) The electromagnetic signature is that of a
positive charge (or electron hole) moving anti-earthward. (3) The
vertical extent of the structures is hundreds of meters. The behavior
of E, and Ej indicates the horizontal scale size roughly the same.
(4) The inferred potentials can be up to hundreds of Volts. (5) The
ratio IAEVIABI is consistent with c2/vsu.

We propose that fast solitary waves may be pivotal in supporting
large-scale parallel electric fields in the downward current region of
the aurora.

Acknowledgments. The authors thank the entire FAST team of scien-
tists, engineers, and technicians. This research was conducted under
NASA grant NAGS-3596.

ERGUN ET AL.: FAST SATELLITE OBSERVATIONS OF SOLITARY STRUCTURES

References

Carlson C. W, et al., Up-going, energetic electrons accelerated by parallel
electric fields as carriers of auroral current, in press, Geophys. Res. Lett.,
1998a.

Carlson C. W., et al
Lar

Ison C. W, et al., Design ng plk
ments, in Monog. Meas. Techn. Space Plasma, edited by R,
1998b.

Dubouloz, N., R. Pottelette, and M. Malingre, Generation of broadband
electrostatic noise by electron acoustic solitons, Geophys. Res. Lett., 18,

188 1001
133, 1¥Y1.

Ergun et al., FAST satellite observations of electric field structures in the

R, I 2tt 100Ra
auroral zonc,mp:‘ess Geophys. Res. Lett., 1998a.

l:.rgun R. E, et al., The FAST satellite electric and magnenc field instru-
ment, submitted Space Sci. Rev., 1998b.

Gorney, D. J,, Y. T. Chiu, and D. R. Croley, jr., Trapping of ion conics by
downward parallel electric fields, J. Geophys. Res., 90, 4205, 1985.

Klumpar, D. M. and W. J. Heikkila, Electrons in the ionospheric source
cone: evidence for runaway electrons as carriers of downward Birkeland
currents, Geophys. Res. Lett., 9, 873, 1982.

Matsumoto, H., H., et al., Electrostatic solitary waves (ESW) in the magne-
totail: BEN wave forms observed by GEOTAIL, Geophys. Res. Lett., 21,
2915, 1994,

Mozer, F S., et al., Observations of paired electrostatic shocks in the polar
magnetosphere, Phys. Rev. Lett., 38,292, 1977.

Mozer, F. S., R. Ergun, M. Temerin, C. Cattell, J. Dombeck, and J. Wygant,
New features of time domain electric-field structures in the auroral
acceleration region, Phys. Rev. Lett., 79,1281, 1997.

Omura, Y., H. Kojima, and H. Matsumoto, Computer simulation of electro-
static solitary waves: a nonlinear model of broadband electrostatic noise,
Geophys. Res. Lett., 21,2923, 1994.

Pottelette, R. et al., High-frequency waves in the cusp/cleft regions, J. Geo-
phys. Res., 95, 5957, 1990.

Schamel, H., Kinetic theory of phase space vortices and double layers,
Physica Scripta, T2/1, 228, 1982.

Sharp, R. D., E. G. Shelley, R. G. Johnson, and A. G. Ghielmetti, Counter-
streaming electron beams at altitudes of ~1 Re over the auroral zone, J.
Geophys. Res., 85,92, 1980.

Temerin, M., K. Cerny, W. Lotko, and E. S. Mozer, Observations of double
layers and solitary waves in the auroral plasma, Phys. Rev. Lett., 48,
1175, 1982.

Desien a

L i
and applications of imagh

C. Carlson, C. Chaston, G. Delory, R. Ergun, J. McFadden, F. Mozer,
L. Muschietti, W. Peria, 1. Roth, M. Temerin, Space Sciences Laboratory,
Univetsity of California, Berkeley, CA 94720. (e-mail: cwc; cec; gdelory;
ree; mcfadden; laurent; peria; ilan; temerin @ssl.berkeley.edu)

R. Elphic, Los Alamos National Laboratory, D438, Los Alamos, NM
87545. (e-mail: relphic@lanl.gov)

R. Strangeway, IGPP, University of California, Los Angeles, CA
90095. (e-mail: strange@igpp.ucla.edu)

R. Pfaff, NASA Goddard Space Flight Center, Code 696, Greenbelt,
MD 20771. (e-mail: rob.pfaff@gsfc.nasa.gov)

C. Cattell, Tate Laboratory of Physics, University of Minnesota,
Minneapolis, MN 55455. (e-mail: cattell@belka.spa.umn.edu)

D. Kiumpar, W. Peterson, E. Shelley, Lockheed Palo Alto Research
Lab., Palo Alto, CA 94304. (e-mail: klump@agena.space.lookheed.com)

L. Kistler, E. Moebius, Morse Hall, University of New Hampshire,
Durham, NH 03824, (e-mail: moebius; kistler@rotor.sr.unh.edu}

(Received October 31, 1997; accepted January 13, 1998.)



