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Spaced measurements and progress in understanding
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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. 2@00 American Institute of Physics.
[S1070-664X%00091205-9

I. INTRODUCTION portant feature of planetary magnetospheres and may explain
. the well-known phenomenon of broadband electrostatic
Despite nearly three decades of plasma wave electn(I;1 . . . :
field measurements in space, much of the interpretation of oise. The last plasma wave phenomenon investigated is
pace, P alled broadband ELFextra low frequencyelectric fields,

. e .C
situ measurements focuses on infinite plane waves With oo = et oot and it is the phenomenon about which

wavelengths large compared to the receiving antenna. Thes\?\(/ae know the least. It has no spectral features, although it

lasma wave modes are primarily electromagnetic modes,_. . . . . .
P P y Y exists in the range of ionospheric cyclotron frequencies, and

The issues of electrostatic modes W't.h Wav.ele_ngt.hs COMPay g very closely associated with transverse ion acceleration.
rable to antenna lengths, modes which exist in inhomoge;

; ) In this paper we demonstrate the use of the coherency ob-
neous plasmas, and nonlinear structures which cannot be d pap y

. e . - “servabl rmine the BB-ELF wavelength.
scribed by infinite plane waves have received less attenﬂorge able to dete e the avelengt

One way of examining these issues is to use spaced anten-
nae, which can investigate wavelengths, propagation direc!!' LOWER HYBRID SOLITARY STRUCTURES
tions, and propagation speeds, and use the entire wave form Lower hybrid solitary structured.HSS) are isolated re-
instead of just the power spectrum, which intrinsically ne-gions of lower hybrid waves localized in field-aligned cylin-
glects half of the information in a Fourier transform— drical plasma density depletions. The radius of the density
namely, the phase spectrum. During the past decade, spaceépletion is typically larger than the thermal” @yroradius
electric field measurements in the form of plasma waveand smaller than the electromagnetic skin degth,.. The
interferometers have been included on several soundingLHSS are always observed embedded in a ubiquitous back-
rocket experiments as well as the Polar and FABdst Au-  ground of auroral hiss produced by “inverted-V” arc elec-
roral Snapshotsatellites. In this brief overview we examine tron precipitation. The auroral hiss consists of waves propa-
three areas in which plasma wave interferometers have begyating on the whistler lower hybrid-magnetosonic branch of
crucial for our understanding. the cold plasma dispersion surface over a frequency band of
The first phenomenon has several names, but we wilh few to several hundred kHz. The auroral hiss emission is
call them lower hybrid solitary structures. These long-livedquasielectrostatic near the lower hybrid resonancg
structures are organized around cylindrical density cavities= o, /\/1+ wezlﬂez, and the power is severely attenuatedt
and are solitary only in space. They are excited externallyoff) below the lower hybrid resonance.
and the resonant modes have cylindrical symmetry near the Observations of LHSS by seven sounding rockéfs
lower hybrid frequency. In the steady state they are lineaand at least two satellitts *°encompass an altitude range of
structures, but we do not know how they were originally 300—14 000 km. The vast number of events recorded indi-
formed. The second phenomenon we will refer to as electrogate that this phenomenon is a common occurrence in the
phase-space holes. These are vortices in velocity space wilightside auroral ionosphere. At lower altitudes, sounding
spatial sizes the order of a Debye length. They move at gockets have observed LHSS coincident with transversely
fraction of the electron thermal speed and are found in mulaccelerated ion%.4%'2Consequently, LHSS may contribute
tiple regions of the magnetosphere and perhaps outside the the total outflow of heavy ions from the auroral iono-
magnetosphere. Their recent discovery by so many spacephere, although the principal source appears to be BB-ELF
craft suggests that electron phase-space holes may be an imaves, discussed in Sec. IV. The most dramatic result of the
sounding rocket observations is the observation that LHSS

*Paper DI2 3 Bull. Am. Phys. Sod4, 87 (1999. consist of electrostatic wave modes which rotate about the
finvited speaker. geomagnetic fields in a right-handed sense above the ambi-
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ent lower hybrid resonandéHR) and in a left-handed sense
below the LHR. The sounding rocket experiments are 20.00
equipped with an electric field interferometer comprised of
two spatially separated electric field antennae, henceforth la-
beled “1” and “2.” LHSS appear as transient bursts in the
sounding rocket data because the structures are spatially lo-
calized in the plasma rest frame. Consequently, the data are
analyzed using wavelet spectral methods, which are aptly
suited for transient phenomena.

Figure 1 is the logarithmic color scale representation of
the wavelet estimated local frequency wave number spec-
trum or P/(f,Ky), where f is the frequency, K
=A¢/(27d) in m™ ! is the projection of the wave vector
onto the interferometer axis, artlis the distance between
the interferometer centefs!! The abscissa is inverse scale
lengthK 1, from —0.175 to 0.175 m?, which corresponds to
the phase shift ofA ¢ from — 7 to 7 of the wavelet cross
spectrum of the two antennae. The ordinate is a logarithmic
frequency scale four octaves wide from 1.25 to 20.0 kHz.
The vertical dashed white line separates positive and nega-
tive values ofK;,. The horizontal dashed white line indi-
cates the value of the ambient LHR. The local frequency
wave number spectrum is a power-weighted histogram of the
phase shift between the two antennae. The color scale repre-
sents the amount of power at a particular scale length and
frequency. The local frequency wave number spectrum can
be loosely interpreted as the local dispersion relation for the
LHSS.

The top panel is the spectrum corresponding to 20 ms
centered on the LHSS. The spectrum is roughly symmetrical
about zero wave numbét,,=0. The LHSS was composed
of two wave packets with antiparallel phase velocities in
each of two frequency bands: one below the ambient LHR at
1.8 kHz and one above the ambient LHR at 4 kHz. At 1.8
kHz the two packets have the characteristic scale lengths of
1/K,=*+50 m, and at 4 kHz the two packets have charac-
teristic scale lengths of K/ ,= =25 m. The sign of the char-
acteristic scale length indicates the direction of the phase
velocity across the 1-2 interferometggositive for 1—2
and negative for 2:1). The middle and bottom panels of
Fig. 1 are the spectra obtained from the first and second half
of the LHSS data, respectively. Figure 1 demonstrates unam-

biguously thaft the parallel and antiparallel F.’has‘? VeIOCItyFIG. 1. (Color) Logarithmic color scale representation of the local fre-
components in each frequency badd not exist simulta- guency wave number spectrum for the LHSS. Frequency is on a logarithmic
neouslyduring the LHSS. However, the negative phase vescale, and inverse lengty,, is on a linear scale. The vertical dashed white
locities at 1.8 kHz exist simultaneously with the positive line separates positive and negative valueKef. (Top) spectrum corre-
phase velocities at 4 kHz, and the positive phase velocities gP°nding to 20 ms centered on the LH®8iddle, bottom spectra obtained
. . . . .from the first and second half of the data, respectively. From Boenell,

1.8 kHz exist simultaneously with the negative phase veloCiges 11. Used by permission of the American Physical Society.
ties at 4 kHz. Using the direction of the geomagnetic field
with respect to the interferometer axis, this analysis demon-
strates that the LHSS is unequivocally composed of rightThe Hall current carried by the electrons is obviously not in
hand rotating waves above the LHR and left-hand rotatinghe direction of the electric fieldhence the interaction is
waves below the LHR? manifestly vectorigl In a homogeneous plasma the Hall cur-

The rotation of wave modes in a cylindrical density pro-rent is divergence free and does not contribute to the propa-
file is a result of the geometry. Lower hybrid waves localizedgation characteristics of lower hybrid waves. However, when
within a cylindrical density profile are nondegenerate due tdhe electronEXB drift is parallel to a density gradient, the
the vector nature of the Hall current which governs the in-Hall current is not divergence free, significantly modifying
teraction. At frequencies near the LHR, ions respond in thehe propagation characteristics of lower hybrid waves.
direction of the electric field, whereas electrdaXB drift. For a finite-range cylindrical density depletion, radajs
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FIG. 2. The functiony?(w) for r<a (dotted-dashed lineand k? () for E 0.00
r>a (dotted ling for A=—0.35, a=2.5;, mik,/me=1.57, m=1, and | i
wg=w . Right-handed modes hawe>0, and left-handed modes have & _oasl

w<0. From Schuclet al, Ref. 10, copyright by the American Geophysical 0.400 0.410 0.420 0.430 0.440

Union. Used by permission of the American Geophysical Union. Relative Time [s]

FIG. 3. 40 ms of Polar electric field measurements.

and depthén/ny=A, the wave modes are described by ro-
tating states of the formpcR(r)e'(M?**2=«V  Figure 2
shows the local dispersion relations for the radial wave vechetosphere, wave electric field detectors respond to coherent
tors k?(w) for r>a (dotted liné and y*(w) for r<a (dot-  electrostatic structurés:* Similar structures have been ob-
dashed ling for the m=1 azimuthal eigenstates. Right- served in many different regions of the magnetosphere, in-
handed waves have>0 and left-handed waves have cluding the magnetotaff?* the bow shock®>?® the solar
<0. When the radial wave vector is greater than zero, thavind,?’ and the auroral acceleration regi$h! Thus, the
mode propagates, and when the radial wave vector is lesructures are observed in a wide range of plasma environ-
than zero, the mode is below cutoff and evanesces. The digaents covering3<1 to S~1.
persion relation outside the finite-range density profile is the ~ Figure 3 presents 40 ms of electric field wave form data
homogeneous lower hybrid dispersion relation: propagatingrom a time period when the spacecraft was in the high alti-
for frequencies above the LHR and evanescent for frequertude (= 41000 km cusp. The top panel contains the wave
cies below. Right-handed and left-handed lower hybridform from the Eu antenna, which was perpendiculaBtat
waves are degenerate in the homogeneous plasma outside thés time. The second and third panels contain the wave
finite-range density depletion. However, within the densityforms from the E+ and Ev- antennae, which were about
depletion, the behavior is quite different. Left-handed waves30° fromB. The Ev+ and Ev- antennae are collinear and
above the LHR evanesce within the density depletion, bucomprise a plasma wave interferometer. In Fig. 3 the most
propagate below the LHR. Right-handed waves above thebvious wave features are the coherent structures. Notice
LHR can propagate within the density depletion and evathat the signatures of the structures are bipolar in the parallel
nesce below the LHR. Clearly the density depletion breakslirection and unipolar in the perpendicular direction.
the degeneracy between right- and left-handed waves. Left- An interpretation consistent with the observations is that
handed waves above the LHR are reflected from the densitine structures are unipolar electrostatic potentials propagat-
depletion. Left-handed waves below the LHR are trapped iring parallel toB. The opposite polarities of the structures in
the density profile and are bound states under the electréhe Ev+ and Ev- antennae are simply the result of the op-
static approximation. Right-handed waves above the LHRposite polarity of the antennae. Using a cross-correlation
can propagate inside the density profile. Consequently, analysis on the interferometer data, we have determined that
sounding rocket passing through the density depletion shoulthe structures correspond to positive potential pulses propa-
observe right-handed waves above the LHR and left-handegating alongB at velocities the order ofalthough often less
waves below the LHR. This is precisely what is observed bythan the electron thermal velocity. Typical parallel scale
the sounding rocket experiments. sizes for the structures are the order of the Debye length,
which is about 24 m in this region of spac€.t&20 eV and
ne~2 cm °). Furthermore, the larger amplitude structures
tend to have larger scale sizes than the smaller amplitude
structures, contrary to theoretical predictions for solitons.

In this section we discuss observations of electron phase- There are two additional features illustrated in Fig. 3 that
space holes by the Polar plasma wave instrurfféfihe orbit ~ should be noted. First, the magnitude®f is significantly
of the Polar spacecraft has a 90° inclination, a perigee o$maller than the magnitude & . This is the standard case
5100 km, and an apogee of about 51000 km. During higlwhen the Polar spacecraft is in the cusp, wHegef .. For
altitude (25 000 to 45 000 kimpasses through the polar mag- the data in Fig. 3f..=3 kHz andf .=12.7 kHz. The fact

IIl. ELECTRON PHASE-SPACE HOLES IN THE
MAGNETOSPHERE
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POLAB cohere‘nt Structlures Here we see that faf)./w,>1, the EH are roughly spheri-
cal. As Q./w, gets smaller, the EH become more oblate
with L, >L,. This result is significant, as it is the only study
(experimental, theoretical, or via simulatioraf the scaling

of EH oblateness with plasma parameters. A simple scaling
argumert’ predicts E, /E;=L,/L, =(1+w};/Q%) 12
which is plotted as a solid line in Fig. 4. The trend in the
Polar data is also consistent with other observations. In the
auroral acceleration region where <%)./w,<15,
E,~E;;%* in the geomagnetic tail wher@,/w,~0.2, E,
~0.2 Finally, two-dimensional particle simulations with

Q./wp=5 show that EH eventually evolve to a state with
Q/w, (~N/p.) EL ~ EH .40

1.5

(/B

FIG. 4. ((E_/E)®)Y%xL/L, vs Q¢lw,. For these observationZ

=Te, S0 Q¢/wp=Ng/ps. From Franzet al, Ref. 39, copyright by the
American Geophysical Union. Used by permission of the American GeolV. BROADBAND EXTRA LOW FREQUENCY

physical Union. ELECTRIC FIELDS AND TRANSVERSE ION
ACCELERATION

Broadband extra low frequendBB-ELF) electric fields

that E, <E; suggests that structures are oblate vith>L;  have been established as the wave measurements most often
(L, is the scale size parallel 88, andL, is the scale size associated with the most significant transverse ion accelera-
perpendicular t@). We will discuss this point in more detail tion (TIA) up to an altitude of at least 1700 km within the
below. The second feature in Fig. 3 is that the polarities ofauroral ionospher&: Because these fields are central to the
the perpendicular signatures are all the same. This featurave-particle interactions producing TIA and, by extension,
suggests that the structures are somewhat spatially ordereddentral to the ionosphere’s contribution to magnetospheric
the perpendicular direction. The nature of this ordering is nomass, an understanding of the BB-ELF wave mode, its

yet understood. source of free energy, and how it produces TIA is required to
One phenomenon consistent with the observations is thenderstand the earth’s magnetosphere and its weather.
electron phase-space hdfewhich is simply a depletion in The generally accepted definition of BB-ELF is fluctu-

the electron distribution function that is localized in both ating electric fields which appear random in the time domain
position space and velocity space. Particle trapping is reand have a monotonically decreasing power spectrum from
quired for such a structure, and therefore linear theory is novell below the Or cyclotron frequency30-35 Hz to well
adequate to describe the electron holes. Electron phase-spaa@ove the H- cyclotron frequency500-600 Hz, that is, a
holes, hereafter denoted by EH, were first observed in earlfew Hz to a few kHz. At the lowest frequencies, typically
simulations of electron beams in plasniaghey were sub- below the O cyclotron frequency, a magnetic component
sequently observed in the laboratdfygnd it was determined frequently accompanies the electric fiefdsand the mag-
that the larger amplitude structures tended to have largametic component amplitude typically decreases faster with
scale sizes, just as we observe in space. EH have also beaquency than the electric field amplitude. The broadband
shown to be the fluctuation in a plasma that maximizes th@mplitudes are typically several mV/m to a few tens of
entropy, given a fixed mass, momentum, and enétgy. mV/m. No one has reported any structure in the power spec-
Currently, there are only one-dimensional analyticaltrum at any of the cyclotron frequencies.
models of EH®*” While the Polar observations are consis- Sounding rocket experimefiteave substantiated the re-
tent with those modef& the observations also clearly indi- sult of Andreet al** and have suggested some of the de-
cate that the EH are not one dimensional. However, the ratitailed properties of BB-ELF fields and their relation to TIA.
of the measured peak electric fields, /E,, may be used to The SCIFER(Sounding of the Cleft lon Fountain Experi-
estimate L,/L,, since we expectE, /E;xcosal,/ mental Rocketsounding rockéf** demonstrated that BB-
L, F(R,/L,). TheL,/L, factor follows from the electrostatic ELF was observed simultaneously with TIA contained in
nature of the phenomenon, and the adactor is simply the regions of ionospheric cavities. In another experin{éml-
result of only measuring one component®f. R, is the  CIST: Auroral Microphysics lon Conic Investigation In
perpendicular distance between the center of the EH and thepace and Timeg"**° Bonnell used a plasma wave interfer-
spacecraft, an8(R, /L) depends upon the functional form ometer to examine a relatively narrow regi@® km) of TIA
of the electrostatic potential pulse. For each EH that is deand BB-ELF waves located in the most poleward nightside
tected, neithetr nor R, is known, so we consider them to be aurora before crossing into the polar cap. This work revealed
random variables. Therefore, we expe®tE, /E|)?)¥2  that the BB-ELF waves in the frequency range of 200 Hz to
oLy /L . 3 kHz had an upward phase velocity of 30—50 km/s, consis-
We have analyzed over 1000 EH in a wide range oftent with the thermal electron drift in field-aligned currents
plasma environments with 0.84)./w,<4. For the Polar (FAC), and had finite values ok, with typical E, to E,
observationsT¢=Te, S0Q¢/w,~Ny/pe. A plot of the es-  ratios of 3-5. However, the implied FAC were stable in a
timated((E, /E;)?)%2 versus()./w, is presented in Fig. 4. homogeneous environment to the growth of electrostatic ion
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cyclotron and ion acoustic wavé%.In an effort to find a Power Spectrum and Coherence 380-540 seconds
plausible normal mode which could explain these observa-
tions, Bonnell turned to electric field shear theories and labo-
ratory experimenf§~*°which make the electrostatic hydro-
gen cyclotron mode unstable for the implied FAC.

The wavelength of BB-ELF electric fields is required to
interpret this phenomenon. We will examine the coherencyE ]
in the cross spectrum of the plasma wave interferometer dati= 0.010 7
to infer wavelength. The condition that the coherency is§ 1
large or close to one can be produced by a random distribu «
tion of independent wave vectors whose wavelengths ares
large compared to the interferometer length. When the co-” 1
herency is small compared to one, the wavelength is ©o000l ~ = " ‘

—_
(=)

0.020

T
o
o]

N
Cl 1
~ 0.015

/m)
T

o

o

T
°
NS
VLF S1 X S2 Coherence y%(w)

0.005 1

T
o
M)

— i 0.0
bounded by a few times the interferometer length. A plasma 0 5 10 15 20
wave interferometer consists of two spatially separated Frequency [kHz]
sensors—in this case, electric field sensors. The two sensol Power Spectrum and Coherence 380-540 seconds
make two measurements in the time domain that we will call , ,
s, ands,. If the Fourier transforms of; ands, areS; and 0.020° Lo
S,, the cross spectrum becomes ) ] Lo a“%
<S S’é‘> % 0.015 N §
cfﬁ =y, @ 5 ] Y
(SH(SP) & oo10-
where( ) implies an ensemble average. The coherency spec@ ro48
trum (v?) is the magnitude of the frequency-dependent Crossa o oo | >
spectrum, and the phase spectrans the phase of the cross ‘5 1 FoR7
spectrum. By Schwartz’s inequality, the coherency must al- ] =
ways be less than or equal to one. Coherency values near or ~ 0.000 . . ‘ 0.0

can be produced by a random wave field whose wavelength 0.0 0.5 1.0 1.5 .0
are all long compared to the interferometer sensor spacing, Frequency [kHz]
so that for all realizationd,,(S;S5) =0. On the other hand, FiG. 5. The power spectrurtsolid line, left-hand scajeand coherency
the coherency will be small thw(sls’z‘) is finite, imply- spectrum(dashed line, right-hand scalef broadband ELF electric fields
ing that the wavelengths are the order of the interferometefPserved simultaneously with transverse ion acceleration.
length or smaller. This may be more apparent by seeing that
each realization in the ensemble average produces a random
number in the complex plane which, when averaged tothe H+ gyrofrequency typical of ion Bernstein mod®sThe
gether, produces a small magnitude number. This implies aoherency spectrurfdashed lingis large above 5 kHz4?
general relation in random, isotropic wave fields: long wave=0.6), where the auroral hiss has a significant electromag-
lengths produce large coherency and short wavelengths proetic and long wavelength component. At and below the
duce small coherency. lower hybrid frequency, at 3 kHz the coherency becomes
The PHAZE 2(Physics of Auroral Zone Electronpay-  much smaller, corresponding to the short wavelengths at the
load was launched into an active auroral display with transtower hybrid resonance. In the lower panel the coherency
verse ion acceleration and BB-ELF electric field. The pay-and power spectra can be divided into two regimes. Above
load included an interferometer whose spin axis was aligned00 Hz the spectral power is smaller and the coherency var-
with the geomagnetic field and whose antenna extended peies from 0.25 to 0.40. Below 400 Hz the power spectrum
pendicular to the geomagnetic field. We can now examine @ncreases rapidly with decreasing frequency, but the coher-
coherency function estimated by creating a single cross speency decreases from about 0.40 at 400 Hz to 0.15 at 25-50
trum from the PHAZE 2 data from 380 to 540 s, a periodHz, which includes the @ gyrofrequency. From a more
when the BB-ELF had easily measured amplitudes andletailed model of the coherency, we infer a range of possible
which was accompanied by TIA. Each FRTast Fourier —wavelengths ranging from 30 to 10 m. For the-@yrofre-
transform) in the ensemble average is composed of 160@uency at about 35 Hz, the 10 m wavelength implies a phase
points corresponding to 801 frequency bins with a frequencyelocity of 350 m/s compared to the rocket velocity of about
resolution of 25 Hz. The cross spectrum ensemble average is2 km/s. These are extremely short wavelengths and slow
composed of 7889 realizations of 1600 data points. Thehase velocities by space physics standards. The wave-
PHAZE 2 cross spectrum up to 20 kHz and up to 2 kHz islengths are the order of the ion gyroradius, and the phase
shown in Fig. 5, along with the power spectrum for the samevelocities are smaller than the ion acoustic velocity at the
time interval. The upper panel of Fig. 5 shows a typicalO+ gyrofrequency.
auroral hiss power spectru(aolid line) with a peak near the The very short wavelengths present in BB-ELF electric
lower hybrid frequency at about 3 kHz and with structure atfields have several implications not previously considered.
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First, the wavelength is much less than the electron skirthis hypothesis, but hopefully, laboratory experiments will
depth of about 1 km, so these electric fields are clearly elecexplore this path. The source of free energy for BB-ELF
trostatic. Given the implied electrostatic nature of theseelectric fields remains unknown. Although generally found
waves, it is not clear how to interpret the associated magneti active auroral regions, they do not correlate with precipi-
spectrum frequently associated with BB-ELF electrictating electrons or large amplitude, higher frequency electric
fields* Second, the wavelengths are shorter than most safields. There is some correlation with field-aligned currents
ellite antenna lengths, implying that the wave electric fieldsas measured by magnetomet&r®-*?suggesting that paral-
have been underestimated, perhaps by as much as an ordeie@felectron drift is the source of free energy. This hypothesis
magnitude. Third, the phase velocities at the- @yrofre-  is consistent with the SCIFER results that BB-ELF electric
quency are much less than rocket and satellite velocitiedjelds were closely correlated with regions of lower electron
implying the existence of Doppler broadening. Hence, posdensity where electrons must drift faster to carry the same
sible features in the rest frame, including nulls at the ioncurrent. Measurement of parallel electron drift or parallel
cyclotron frequencies, would not be observable. plasma drift in regions of TIA and BB-ELF electric fields
Given these measurements, there are few normal modd®s never been accomplished with sufficient resolution to
available to choose from to explain the waves. For a homodetect field-aligned currents or significant shears and should
geneous environment, there are only the ion acoustic or od3e a high priority for future experiments.
lique ion acoustic modegssometimes called the fast ion
acoustic modg the slow ion acoustic mode, the electrostaticyy,. CONCLUSIONS
ion cyclotron modes, and inertial Alfmewaves. The ion
acoustic modes should not exist unless>T&, which is not . : S :
efitted during the past decade from two significant instru-

the case. The ion cyclotron mode at the- Hyyrofrequency tal ad The first ad i the devel ¢ of
has spectral features ordered by the gyrofrequency, whicflental advances. Ihe first advance IS the development o
lasma wave receivers with spatially separated electric field

should be observable from sounding rockets despite the Do;?— i led ol interf ‘ dth q
pler broadening, and they are not. At the-@yrofrequency, antennae called plasma wave Interlerometers, and the secon

the phase velocity should be several times the ion therma&fdvanﬁet's the_use C;f h|gh<ter bandW|dtfh telem(fatr)ll systems or
velocity, and we estimate a phase velocity less than the io Napshot recevers 1o capture wave lorms of piasma wave

thermal velocity. Thus the homogeneous oblique ion acous2 2t The first development h"’?s led to the undgrstanding of
tic and electrostatic ion cyclotron modes can be eliminated.vvavelength' propagation direction, and propagation speed of
henomena whose existence has been known for decades,

The slow ion acoustic mode, characterized by nearI)P

perpendicular propagation and short wavelengths, has be@r‘i’t for which there has been no adequate physical explana-
investigated by Seyler and Wahlticand Wahlundet al 5 tion. The second development has revealed the structure of

as a source of BB-ELF waves. This mode agrees with thgonlinear phenomena, such as electron phase-space holes,

wavelength measurements represented herein and does ich may have ngar—universa! significa.nc.e in space plas-
require that Te-Ti, but does require T€Ti. Further, it ad- mas. For example, it may explain the majority of broadband

mits a measurable magnetic field in its dispersion reIation?IECtrOSta“C nois€; which has eluded explanation for more
than two decades.

However, the slow ion acoustic mode implies that there The th | ted h le of th
should be no parallel electric fields associated with BB-ELF, € three exampies presented here are a sampie ot the
progress made possible when multipoint measurements are

which does not agree with either AMICIST or PHAZE 2 bined with full ¢ dat it the dat .

measurements. Another candidate for BB-ELF electric field$©™MPNed With Tull wave form data, even It In€ dala are in

is inertial Alfven waves. Stasiewioet al > have investigated snapshot form. With the promise of several planned new
experiments using multiple spacecraft instead of just mul-

this mode, including finite ion gyroradius corrections. They | hould ¢ simil . d
predict nearly perpendicular propagation and wavelengths dfp'e sensors, we should expect similar progress in under-

30 to 7000 m. Only the very shortest wavelengths agree witﬁtandlng space plasmas.
our investigation, and the prediction of no significant parallel
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