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Spaced measurements and progress in understanding
space plasma waves *
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~Received 9 November 1999; accepted 4 January 2000!

Measuring plasma wave properties with spatially separated antennae observes wavelength,
propagation speed, and direction as well as frequency. This approach has been pivotal to progress
in understanding three phenomena in space plasmas. The first is lower hybrid solitary waves, which
are waves with cylindrical symmetry propagating inside a density cavity. The second is electron
phase-space holes, which are propagating vortices in phase space. The third is called broadband ELF
~extra low frequency! electric fields and is an important but poorly understood wave process
essential to transverse ion acceleration. ©2000 American Institute of Physics.
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I. INTRODUCTION

Despite nearly three decades of plasma wave elec
field measurements in space, much of the interpretation oin
situ measurements focuses on infinite plane waves w
wavelengths large compared to the receiving antenna. T
plasma wave modes are primarily electromagnetic mod
The issues of electrostatic modes with wavelengths com
rable to antenna lengths, modes which exist in inhomo
neous plasmas, and nonlinear structures which cannot be
scribed by infinite plane waves have received less attent
One way of examining these issues is to use spaced an
nae, which can investigate wavelengths, propagation di
tions, and propagation speeds, and use the entire wave
instead of just the power spectrum, which intrinsically n
glects half of the information in a Fourier transform—
namely, the phase spectrum. During the past decade, sp
electric field measurements in the form of plasma wa
interferometers1 have been included on several soundi
rocket experiments as well as the Polar and FAST~Fast Au-
roral Snapshot! satellites. In this brief overview we examin
three areas in which plasma wave interferometers have b
crucial for our understanding.

The first phenomenon has several names, but we
call them lower hybrid solitary structures. These long-liv
structures are organized around cylindrical density cavi
and are solitary only in space. They are excited externa
and the resonant modes have cylindrical symmetry near
lower hybrid frequency. In the steady state they are lin
structures, but we do not know how they were origina
formed. The second phenomenon we will refer to as elec
phase-space holes. These are vortices in velocity space
spatial sizes the order of a Debye length. They move a
fraction of the electron thermal speed and are found in m
tiple regions of the magnetosphere and perhaps outside
magnetosphere. Their recent discovery by so many sp
craft suggests that electron phase-space holes may be a

*Paper DI2 3 Bull. Am. Phys. Soc.44, 87 ~1999!.
†Invited speaker.
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portant feature of planetary magnetospheres and may exp
the well-known phenomenon of broadband electrosta
noise. The last plasma wave phenomenon investigate
called broadband ELF~extra low frequency! electric fields,
or BB-ELF for short, and it is the phenomenon about whi
we know the least. It has no spectral features, althoug
exists in the range of ionospheric cyclotron frequencies,
it is very closely associated with transverse ion accelerat
In this paper we demonstrate the use of the coherency
servable to determine the BB-ELF wavelength.

II. LOWER HYBRID SOLITARY STRUCTURES

Lower hybrid solitary structures~LHSS! are isolated re-
gions of lower hybrid waves localized in field-aligned cylin
drical plasma density depletions. The radius of the den
depletion is typically larger than the thermal O1 gyroradius
and smaller than the electromagnetic skin depthc/vpe . The
LHSS are always observed embedded in a ubiquitous b
ground of auroral hiss produced by ‘‘inverted-V’’ arc ele
tron precipitation. The auroral hiss consists of waves pro
gating on the whistler lower hybrid-magnetosonic branch
the cold plasma dispersion surface over a frequency ban
a few to several hundred kHz. The auroral hiss emissio
quasielectrostatic near the lower hybrid resonancevR

5v i /A11ve
2/Ve

2, and the power is severely attenuated~cut
off! below the lower hybrid resonance.

Observations of LHSS by seven sounding rockets2–12

and at least two satellites13–19encompass an altitude range
300–14 000 km. The vast number of events recorded in
cate that this phenomenon is a common occurrence in
nightside auroral ionosphere. At lower altitudes, sound
rockets have observed LHSS coincident with transvers
accelerated ions.3–6,9,12Consequently, LHSS may contribut
to the total outflow of heavy ions from the auroral ion
sphere, although the principal source appears to be BB-E
waves, discussed in Sec. IV. The most dramatic result of
sounding rocket observations is the observation that LH
consist of electrostatic wave modes which rotate about
geomagnetic fields in a right-handed sense above the a
5 © 2000 American Institute of Physics
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2136 Phys. Plasmas, Vol. 7, No. 5, May 2000 Kintner, Schuck, and Franz
ent lower hybrid resonance~LHR! and in a left-handed sens
below the LHR. The sounding rocket experiments a
equipped with an electric field interferometer comprised
two spatially separated electric field antennae, henceforth
beled ‘‘1’’ and ‘‘2.’’ LHSS appear as transient bursts in th
sounding rocket data because the structures are spatiall
calized in the plasma rest frame. Consequently, the data
analyzed using wavelet spectral methods, which are a
suited for transient phenomena.

Figure 1 is the logarithmic color scale representation
the wavelet estimated local frequency wave number sp
trum or Pl( f ,K12), where f is the frequency, K12

5Df/(2pd) in m21 is the projection of the wave vecto
onto the interferometer axis, andd is the distance betwee
the interferometer centers.9–11 The abscissa is inverse sca
lengthK12 from 20.175 to 0.175 m21, which corresponds to
the phase shift ofDf from 2p to p of the wavelet cross
spectrum of the two antennae. The ordinate is a logarith
frequency scale four octaves wide from 1.25 to 20.0 kH
The vertical dashed white line separates positive and n
tive values ofK12. The horizontal dashed white line ind
cates the value of the ambient LHR. The local frequen
wave number spectrum is a power-weighted histogram of
phase shift between the two antennae. The color scale re
sents the amount of power at a particular scale length
frequency. The local frequency wave number spectrum
be loosely interpreted as the local dispersion relation for
LHSS.

The top panel is the spectrum corresponding to 20
centered on the LHSS. The spectrum is roughly symmetr
about zero wave numberK1250. The LHSS was compose
of two wave packets with antiparallel phase velocities
each of two frequency bands: one below the ambient LHR
1.8 kHz and one above the ambient LHR at 4 kHz. At 1
kHz the two packets have the characteristic scale length
1/K125650 m, and at 4 kHz the two packets have char
teristic scale lengths of 1/K125625 m. The sign of the char
acteristic scale length indicates the direction of the ph
velocity across the 1–2 interferometer~positive for 1→2
and negative for 2→1). The middle and bottom panels o
Fig. 1 are the spectra obtained from the first and second
of the LHSS data, respectively. Figure 1 demonstrates un
biguously that the parallel and antiparallel phase veloc
components in each frequency banddo not exist simulta-
neouslyduring the LHSS. However, the negative phase
locities at 1.8 kHz exist simultaneously with the positi
phase velocities at 4 kHz, and the positive phase velocitie
1.8 kHz exist simultaneously with the negative phase velo
ties at 4 kHz. Using the direction of the geomagnetic fie
with respect to the interferometer axis, this analysis dem
strates that the LHSS is unequivocally composed of rig
hand rotating waves above the LHR and left-hand rotat
waves below the LHR.11

The rotation of wave modes in a cylindrical density pr
file is a result of the geometry. Lower hybrid waves localiz
within a cylindrical density profile are nondegenerate due
the vector nature of the Hall current which governs the
teraction. At frequencies near the LHR, ions respond in
direction of the electric field, whereas electronsEÃB drift.
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The Hall current carried by the electrons is obviously not
the direction of the electric field~hence the interaction is
manifestly vectorial!. In a homogeneous plasma the Hall cu
rent is divergence free and does not contribute to the pro
gation characteristics of lower hybrid waves. However, wh
the electronEÃB drift is parallel to a density gradient, th
Hall current is not divergence free, significantly modifyin
the propagation characteristics of lower hybrid waves.

For a finite-range cylindrical density depletion, radiusa,

FIG. 1. ~Color! Logarithmic color scale representation of the local fr
quency wave number spectrum for the LHSS. Frequency is on a logarith
scale, and inverse lengthK12 is on a linear scale. The vertical dashed wh
line separates positive and negative values ofK12 . ~Top! spectrum corre-
sponding to 20 ms centered on the LHSS.~Middle, bottom! spectra obtained
from the first and second half of the data, respectively. From Bonnellet al.,
Ref. 11. Used by permission of the American Physical Society.
 license or copyright; see http://pop.aip.org/pop/copyright.jsp



o

ec

t-

th
le
d
th
tin
e
ri
e
ity
ve
bu
th

va
ak
e
s

tr
H
,

ou
d
b

s

ig
g-

rent
-
in-

ron-

ata
lti-

ve

ave
t
d
ost
tice

allel

hat
gat-
in
p-
ion
that
pa-

le
gth,

es
ude

at

e

e
al
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and depthdn/n0[D, the wave modes are described by r
tating states of the formw}R̂m(r )ei (mu1kzz2vt). Figure 2
shows the local dispersion relations for the radial wave v
tors k'

2 (v) for r .a ~dotted line! andg2(v) for r ,a ~dot-
dashed line! for the m51 azimuthal eigenstates. Righ
handed waves havev.0 and left-handed waves havev
,0. When the radial wave vector is greater than zero,
mode propagates, and when the radial wave vector is
than zero, the mode is below cutoff and evanesces. The
persion relation outside the finite-range density profile is
homogeneous lower hybrid dispersion relation: propaga
for frequencies above the LHR and evanescent for frequ
cies below. Right-handed and left-handed lower hyb
waves are degenerate in the homogeneous plasma outsid
finite-range density depletion. However, within the dens
depletion, the behavior is quite different. Left-handed wa
above the LHR evanesce within the density depletion,
propagate below the LHR. Right-handed waves above
LHR can propagate within the density depletion and e
nesce below the LHR. Clearly the density depletion bre
the degeneracy between right- and left-handed waves. L
handed waves above the LHR are reflected from the den
depletion. Left-handed waves below the LHR are trapped
the density profile and are bound states under the elec
static approximation. Right-handed waves above the L
can propagate inside the density profile. Consequently
sounding rocket passing through the density depletion sh
observe right-handed waves above the LHR and left-han
waves below the LHR. This is precisely what is observed
the sounding rocket experiments.

III. ELECTRON PHASE-SPACE HOLES IN THE
MAGNETOSPHERE

In this section we discuss observations of electron pha
space holes by the Polar plasma wave instrument.20 The orbit
of the Polar spacecraft has a 90° inclination, a perigee
5100 km, and an apogee of about 51 000 km. During h
altitude~25 000 to 45 000 km! passes through the polar ma

FIG. 2. The functiong2(v) for r ,a ~dotted-dashed line! and k'
2 (v) for

r .a ~dotted line! for D520.35, a52.5rs , mikz /me51.5p, m51, and
vR5vLH . Right-handed modes havev.0, and left-handed modes hav
v,0. From Schucket al., Ref. 10, copyright by the American Geophysic
Union. Used by permission of the American Geophysical Union.
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netosphere, wave electric field detectors respond to cohe
electrostatic structures.21,22 Similar structures have been ob
served in many different regions of the magnetosphere,
cluding the magnetotail,23,24 the bow shock,25,26 the solar
wind,27 and the auroral acceleration region.28–31 Thus, the
structures are observed in a wide range of plasma envi
ments coveringb!1 to b'1.

Figure 3 presents 40 ms of electric field wave form d
from a time period when the spacecraft was in the high a
tude (' 41 000 km! cusp. The top panel contains the wa
form from the Eu antenna, which was perpendicular toB at
this time. The second and third panels contain the w
forms from the Ev1 and Ev2 antennae, which were abou
30° from B. The Ev1 and Ev2 antennae are collinear an
comprise a plasma wave interferometer. In Fig. 3 the m
obvious wave features are the coherent structures. No
that the signatures of the structures are bipolar in the par
direction and unipolar in the perpendicular direction.

An interpretation consistent with the observations is t
the structures are unipolar electrostatic potentials propa
ing parallel toB. The opposite polarities of the structures
the Ev1 and Ev2 antennae are simply the result of the o
posite polarity of the antennae. Using a cross-correlat
analysis on the interferometer data, we have determined
the structures correspond to positive potential pulses pro
gating alongB at velocities the order of~although often less
than! the electron thermal velocity. Typical parallel sca
sizes for the structures are the order of the Debye len
which is about 24 m in this region of space (Te'20 eV and
ne'2 cm23). Furthermore, the larger amplitude structur
tend to have larger scale sizes than the smaller amplit
structures, contrary to theoretical predictions for solitons.

There are two additional features illustrated in Fig. 3 th
should be noted. First, the magnitude ofE' is significantly
smaller than the magnitude ofEi . This is the standard cas
when the Polar spacecraft is in the cusp, wheref ce, f pe . For
the data in Fig. 3,f ce53 kHz andf pe512.7 kHz. The fact

FIG. 3. 40 ms of Polar electric field measurements.
 license or copyright; see http://pop.aip.org/pop/copyright.jsp



il
o

tu
ed
no

th

th
r
n
p
ar

rg
be
th

a
is-
i-
at

t

de
e

o

.

-
te
y

ling

e
the

h
th

often
era-
e
he
n,

eric
its
to

u-
ain
rom

ly
nt

ith
nd
of
ec-

-
e-
.

i-
-
in

n
r-

ide
led
to

sis-
ts

a
ion

eo
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that E',Ei suggests that structures are oblate withL'.L i

(L i is the scale size parallel toB, andL' is the scale size
perpendicular toB). We will discuss this point in more deta
below. The second feature in Fig. 3 is that the polarities
the perpendicular signatures are all the same. This fea
suggests that the structures are somewhat spatially order
the perpendicular direction. The nature of this ordering is
yet understood.

One phenomenon consistent with the observations is
electron phase-space hole,32 which is simply a depletion in
the electron distribution function that is localized in bo
position space and velocity space. Particle trapping is
quired for such a structure, and therefore linear theory is
adequate to describe the electron holes. Electron phase-s
holes, hereafter denoted by EH, were first observed in e
simulations of electron beams in plasmas.33 They were sub-
sequently observed in the laboratory,34 and it was determined
that the larger amplitude structures tended to have la
scale sizes, just as we observe in space. EH have also
shown to be the fluctuation in a plasma that maximizes
entropy, given a fixed mass, momentum, and energy.35

Currently, there are only one-dimensional analytic
models of EH.36,37 While the Polar observations are cons
tent with those models,38 the observations also clearly ind
cate that the EH are not one dimensional. However, the r
of the measured peak electric fields,E' /Ei , may be used to
estimate L i /L' , since we expect E' /Ei}cosa Li /
L'F(R' /L'). TheL i /L' factor follows from the electrostatic
nature of the phenomenon, and the cosa factor is simply the
result of only measuring one component ofE�. R' is the
perpendicular distance between the center of the EH and
spacecraft, andF(R' /L') depends upon the functional form
of the electrostatic potential pulse. For each EH that is
tected, neithera nor R' is known, so we consider them to b
random variables. Therefore, we expect^(E' /Ei)2&1/2

}L i /L' .
We have analyzed over 1000 EH in a wide range

plasma environments with 0.04<Ve /vp<4. For the Polar
observations,Tei.Te' soVe /vp'ld /re . A plot of the es-
timated^(E' /Ei)2&1/2 versusVe /vp is presented in Fig. 4

FIG. 4. ^(E' /Ei)2&1/2}L i /L' vs Ve /vp . For these observationsTei

.Te' , so Ve /vp'ld /re . From Franzet al., Ref. 39, copyright by the
American Geophysical Union. Used by permission of the American G
physical Union.
Downloaded 11 Jun 2010 to 128.255.33.77. Redistribution subject to AIP
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Here we see that forVe /vp.1, the EH are roughly spheri
cal. As Ve /vp gets smaller, the EH become more obla
with L'.L i . This result is significant, as it is the only stud
~experimental, theoretical, or via simulations! of the scaling
of EH oblateness with plasma parameters. A simple sca
argument39 predicts E' /Ei5L i /L'5(11vp

2/Ve
2)21/2,

which is plotted as a solid line in Fig. 4. The trend in th
Polar data is also consistent with other observations. In
auroral acceleration region where 5,Ve /vp,15,
E''Ei ;31 in the geomagnetic tail whereVe /vp'0.2, E'

'0.23 Finally, two-dimensional particle simulations wit
Ve /vp55 show that EH eventually evolve to a state wi
E''Ei .40

IV. BROADBAND EXTRA LOW FREQUENCY
ELECTRIC FIELDS AND TRANSVERSE ION
ACCELERATION

Broadband extra low frequency~BB-ELF! electric fields
have been established as the wave measurements most
associated with the most significant transverse ion accel
tion ~TIA ! up to an altitude of at least 1700 km within th
auroral ionosphere.41 Because these fields are central to t
wave-particle interactions producing TIA and, by extensio
central to the ionosphere’s contribution to magnetosph
mass, an understanding of the BB-ELF wave mode,
source of free energy, and how it produces TIA is required
understand the earth’s magnetosphere and its weather.

The generally accepted definition of BB-ELF is fluct
ating electric fields which appear random in the time dom
and have a monotonically decreasing power spectrum f
well below the O1 cyclotron frequency~30–35 Hz! to well
above the H1 cyclotron frequency~500–600 Hz!; that is, a
few Hz to a few kHz. At the lowest frequencies, typical
below the O1 cyclotron frequency, a magnetic compone
frequently accompanies the electric fields,41 and the mag-
netic component amplitude typically decreases faster w
frequency than the electric field amplitude. The broadba
amplitudes are typically several mV/m to a few tens
mV/m. No one has reported any structure in the power sp
trum at any of the cyclotron frequencies.

Sounding rocket experiments6 have substantiated the re
sult of André et al.41 and have suggested some of the d
tailed properties of BB-ELF fields and their relation to TIA
The SCIFER~Sounding of the Cleft Ion Fountain Exper
mental Rocket! sounding rocket42,43 demonstrated that BB
ELF was observed simultaneously with TIA contained
regions of ionospheric cavities. In another experiment~AMI-
CIST: Auroral Microphysics Ion Conic Investigation I
Space and Time!,44,45 Bonnell used a plasma wave interfe
ometer to examine a relatively narrow region~20 km! of TIA
and BB-ELF waves located in the most poleward nights
aurora before crossing into the polar cap. This work revea
that the BB-ELF waves in the frequency range of 200 Hz
3 kHz had an upward phase velocity of 30–50 km/s, con
tent with the thermal electron drift in field-aligned curren
~FAC!, and had finite values ofki with typical E' to Ei

ratios of 3–5. However, the implied FAC were stable in
homogeneous environment to the growth of electrostatic

-

 license or copyright; see http://pop.aip.org/pop/copyright.jsp



va
bo
-

to
nc
da

i
ib
a
c

m
te
s
a

e
os
s
a

r o
gt
in
,

et
th
d
to
s

ve
p

ns
y

ne
p
e
pe
od
an

0
nc
e
h
i

m
a

a

ag-
the
es
the

ncy
ve

var-
m
er-

–50

ible

ase
ut
low
ave-
ase
the

ric
ed.
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cyclotron and ion acoustic waves.46 In an effort to find a
plausible normal mode which could explain these obser
tions, Bonnell turned to electric field shear theories and la
ratory experiments47–49 which make the electrostatic hydro
gen cyclotron mode unstable for the implied FAC.

The wavelength of BB-ELF electric fields is required
interpret this phenomenon. We will examine the cohere
in the cross spectrum of the plasma wave interferometer
to infer wavelength. The condition that the coherency
large or close to one can be produced by a random distr
tion of independent wave vectors whose wavelengths
large compared to the interferometer length. When the
herency is small compared to one, the wavelength
bounded by a few times the interferometer length. A plas
wave interferometer consists of two spatially separa
sensors—in this case, electric field sensors. The two sen
make two measurements in the time domain that we will c
s1 ands2 . If the Fourier transforms ofs1 ands2 areS1 and
S2 , the cross spectrum becomes

C125
^S1S2* &

A^S1
2&^S2

2&
5g2eiu, ~1!

where^ & implies an ensemble average. The coherency sp
trum (g2) is the magnitude of the frequency-dependent cr
spectrum, and the phase spectrumu is the phase of the cros
spectrum. By Schwartz’s inequality, the coherency must
ways be less than or equal to one. Coherency values nea
can be produced by a random wave field whose wavelen
are all long compared to the interferometer sensor spac
so that for all realizations,I M(S1S2* )50. On the other hand
the coherency will be small whenI M(S1S2* ) is finite, imply-
ing that the wavelengths are the order of the interferom
length or smaller. This may be more apparent by seeing
each realization in the ensemble average produces a ran
number in the complex plane which, when averaged
gether, produces a small magnitude number. This implie
general relation in random, isotropic wave fields: long wa
lengths produce large coherency and short wavelengths
duce small coherency.

The PHAZE 2~Physics of Auroral Zone Electrons! pay-
load was launched into an active auroral display with tra
verse ion acceleration and BB-ELF electric field. The pa
load included an interferometer whose spin axis was alig
with the geomagnetic field and whose antenna extended
pendicular to the geomagnetic field. We can now examin
coherency function estimated by creating a single cross s
trum from the PHAZE 2 data from 380 to 540 s, a peri
when the BB-ELF had easily measured amplitudes
which was accompanied by TIA. Each FFT~fast Fourier
transform! in the ensemble average is composed of 16
points corresponding to 801 frequency bins with a freque
resolution of 25 Hz. The cross spectrum ensemble averag
composed of 7889 realizations of 1600 data points. T
PHAZE 2 cross spectrum up to 20 kHz and up to 2 kHz
shown in Fig. 5, along with the power spectrum for the sa
time interval. The upper panel of Fig. 5 shows a typic
auroral hiss power spectrum~solid line! with a peak near the
lower hybrid frequency at about 3 kHz and with structure
Downloaded 11 Jun 2010 to 128.255.33.77. Redistribution subject to AIP
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the H1 gyrofrequency typical of ion Bernstein modes.50 The
coherency spectrum~dashed line! is large above 5 kHz (g2

>0.6), where the auroral hiss has a significant electrom
netic and long wavelength component. At and below
lower hybrid frequency, at 3 kHz the coherency becom
much smaller, corresponding to the short wavelengths at
lower hybrid resonance. In the lower panel the cohere
and power spectra can be divided into two regimes. Abo
400 Hz the spectral power is smaller and the coherency
ies from 0.25 to 0.40. Below 400 Hz the power spectru
increases rapidly with decreasing frequency, but the coh
ency decreases from about 0.40 at 400 Hz to 0.15 at 25
Hz, which includes the O1 gyrofrequency. From a more
detailed model of the coherency, we infer a range of poss
wavelengths ranging from 30 to 10 m. For the O1 gyrofre-
quency at about 35 Hz, the 10 m wavelength implies a ph
velocity of 350 m/s compared to the rocket velocity of abo
1.2 km/s. These are extremely short wavelengths and s
phase velocities by space physics standards. The w
lengths are the order of the ion gyroradius, and the ph
velocities are smaller than the ion acoustic velocity at
O1 gyrofrequency.

The very short wavelengths present in BB-ELF elect
fields have several implications not previously consider

FIG. 5. The power spectrum~solid line, left-hand scale! and coherency
spectrum~dashed line, right-hand scale! of broadband ELF electric fields
observed simultaneously with transverse ion acceleration.
 license or copyright; see http://pop.aip.org/pop/copyright.jsp
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First, the wavelength is much less than the electron s
depth of about 1 km, so these electric fields are clearly e
trostatic. Given the implied electrostatic nature of the
waves, it is not clear how to interpret the associated magn
spectrum frequently associated with BB-ELF elect
fields.41 Second, the wavelengths are shorter than most
ellite antenna lengths, implying that the wave electric fie
have been underestimated, perhaps by as much as an or
magnitude. Third, the phase velocities at the O1 gyrofre-
quency are much less than rocket and satellite velocit
implying the existence of Doppler broadening. Hence, p
sible features in the rest frame, including nulls at the
cyclotron frequencies, would not be observable.

Given these measurements, there are few normal mo
available to choose from to explain the waves. For a hom
geneous environment, there are only the ion acoustic or
lique ion acoustic modes~sometimes called the fast io
acoustic mode!, the slow ion acoustic mode, the electrosta
ion cyclotron modes, and inertial Alfve´n waves. The ion
acoustic modes should not exist unless Te@Ti, which is not
the case. The ion cyclotron mode at the H1 gyrofrequency
has spectral features ordered by the gyrofrequency, w
should be observable from sounding rockets despite the D
pler broadening, and they are not. At the O1 gyrofrequency,
the phase velocity should be several times the ion ther
velocity, and we estimate a phase velocity less than the
thermal velocity. Thus the homogeneous oblique ion aco
tic and electrostatic ion cyclotron modes can be eliminat

The slow ion acoustic mode, characterized by nea
perpendicular propagation and short wavelengths, has b
investigated by Seyler and Wahlund51 and Wahlundet al.52

as a source of BB-ELF waves. This mode agrees with
wavelength measurements represented herein and doe
require that Te@Ti, but does require Te!Ti. Further, it ad-
mits a measurable magnetic field in its dispersion relati
However, the slow ion acoustic mode implies that the
should be no parallel electric fields associated with BB-EL
which does not agree with either AMICIST or PHAZE
measurements. Another candidate for BB-ELF electric fie
is inertial Alfvén waves. Stasiewiczet al.53 have investigated
this mode, including finite ion gyroradius corrections. Th
predict nearly perpendicular propagation and wavelength
30 to 7000 m. Only the very shortest wavelengths agree w
our investigation, and the prediction of no significant para
electric fields disagrees with AMICIST and PHAZE 2 me
surements.

Several inhomogeneous modes have been examine
the frequency range of BB-ELF waves. Bonnell45 has sug-
gested that the velocity shear-assisted modes, somet
called the inhomogeneous energy-density-driven~IEDD!
instability,47,49,54–57are responsible for the BB-ELF electr
fields observed by AMICIST. The advantage of this mode
that the ordering of spectral features by the gyrofrequen
is ‘‘smeared out,’’ leaving a broadband spectrum, as
served, if adequate transverse velocity shear is present.
other promising hypothesis has been developed by Gav
chakaet al.,58,59suggesting that ion acoustic modes can ex
for all Te/Ti ratios if there is shear in the parallel plasm
drift. Unfortunately, we do not yet have the capability to te
Downloaded 11 Jun 2010 to 128.255.33.77. Redistribution subject to AIP
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this hypothesis, but hopefully, laboratory experiments w
explore this path. The source of free energy for BB-E
electric fields remains unknown. Although generally fou
in active auroral regions, they do not correlate with preci
tating electrons or large amplitude, higher frequency elec
fields. There is some correlation with field-aligned curre
as measured by magnetometers,41,60–62suggesting that paral
lel electron drift is the source of free energy. This hypothe
is consistent with the SCIFER results that BB-ELF elect
fields were closely correlated with regions of lower electr
density where electrons must drift faster to carry the sa
current. Measurement of parallel electron drift or paral
plasma drift in regions of TIA and BB-ELF electric field
has never been accomplished with sufficient resolution
detect field-aligned currents or significant shears and sho
be a high priority for future experiments.

V. CONCLUSIONS

Our understanding of waves in space plasmas has
efitted during the past decade from two significant inst
mental advances. The first advance is the developmen
plasma wave receivers with spatially separated electric fi
antennae called plasma wave interferometers, and the se
advance is the use of higher bandwidth telemetry system
snapshot receivers to capture wave forms of plasma w
data. The first development has led to the understandin
wavelength, propagation direction, and propagation spee
phenomena whose existence has been known for deca
but for which there has been no adequate physical expla
tion. The second development has revealed the structur
nonlinear phenomena, such as electron phase-space h
which may have near-universal significance in space p
mas. For example, it may explain the majority of broadba
electrostatic noise,63 which has eluded explanation for mor
than two decades.

The three examples presented here are a sample o
progress made possible when multipoint measurements
combined with full wave form data, even if the data are
snapshot form. With the promise of several planned n
experiments using multiple spacecraft instead of just m
tiple sensors, we should expect similar progress in und
standing space plasmas.
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