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[1] Lower hybrid solitary structures have been observed by sounding rockets in the
auroral ionosphere for over a decade and a half. Surprisingly, few laboratory experiments
have attempted to reproduce this interesting phenomena. Recently, Rosenberg and
Gekelman [2001] investigated the interaction between fluctuations near the lower hybrid
resonance and field-aligned density striations using the Large Plasma Device at the
University of California, Los Angeles. The laboratory measurements of electromagnetic
fluctuations localized in a plasma density gradient are new and interesting. This
experiment represents another in a series of laboratory investigations that use predictions
of the cold homogeneous plasma dispersion to interpret observations of lower hybrid
fluctuations interacting with a zero-order plasma density gradient [Bamber et al., 1994,
1995; Rosenberg and Gekelman, 1998]. This experiment is also the first attempt to
directly compare laboratory phase velocity estimates with interferometric electric field
measurements of lower hybrid solitary structures by the AMICIST, TOPAZ III and
PHAZE II sounding rockets [Pinçon et al., 1997; Schuck et al., 1998; Bonnell et al.,
1998]. This paper compares the laboratory and space measurements and concludes that
they represent completely different phenomena. Furthermore, significant discrepancies
between the predictions of the cold homogeneous plasma dispersion relation and the
laboratory observations are presented. We speculate that these discrepancies arise
because plasma density gradients, essential to description of the laboratory experiment,
are neglected in the cold homogeneous plasma dispersion relation. INDEX TERMS: 2487

Ionosphere: Wave propagation (6934); 2471 Ionosphere: Plasma waves and instabilities; 6924 Radio

Science: Interferometry; 7831 Space Plasma Physics: Laboratory studies; KEYWORDS: lower hybrid solitary
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1. Introduction

[2] Laboratory and space experiments are generally com-
plementary. Laboratory experiments excel at studying a
single repeatable realization of a phenomena in extraordi-
nary detail. Spacecraft experiments are limited because the
payloads move through the plasma while making measure-
ments, can only deploy a limited number of probes, and
interact with a localized phenomenon for a limited time-

interval. Consequently, space experiments only measure a
‘‘projection’’ of physical quantities onto their trajectory and
cannot sample the full spatiotemporal history of a single
realization. However, spacecraft experiments compensate
for this deficiency by observing many realizations and then
building a statistical description of a phenomenon. When
consistent statistical pictures emerge, definitive conclusions
about phenomena can be drawn despite the absence of a
complete space-time history of a single realization. Recently,
spacecraft data provided new information about two types
of coherent phenomena. Lower hybrid solitary structures
(LHSS), the subject of this paper, were discovered and
studied in the auroral ionosphere [Labelle et al., 1986;
Arnoldy et al., 1992; Kintner et al., 1992; Vago et al.,
1992]. Space experiments also determined new information
about electron ‘‘phase space holes’’ or ‘‘solitary waves.’’
This phenomenon, first described by [Dupree, 1982],
received minimal attention by laboratory experiments but
is the subject of several statistical studies using spacecraft
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data [Matsumoto et al., 1994; Franz et al., 1998, 2000;
Ergun et al., 1998a, 1998b]. Although, laboratory experi-
ments can methodically investigate a particular parameter
range in a controlled fashion, these experiments may have
difficulty sampling the parameter regime relevant to an
unbounded system in space because laboratory devices have
limited size, require large magnetic fields to confine high-
density plasmas, and produce ion-electron temperature
ratios in a limited regime (usually Ti/Te � 1).
[3] A few experiments have compared laboratory mea-

surements with sounding rocket and satellite observations of
LHSS [Bamber et al., 1994, 1995; Inuzuka et al., 1997;
Rosenberg and Gekelman, 1998, 2001; Takeda and Inuzuka,
2000; Kostrov et al., 2001]. However, most laboratory
experiments have focused on very general properties of
LHSS such as the correlation between enhanced lower
hybrid wave activity and density irregularities [Bamber et
al., 1994, 1995; Rosenberg and Gekelman, 1998] or the
formation of LHSS via wave collapse [Inuzuka et al., 1997;
Takeda and Inuzuka, 2000; Kostrov et al., 2001]. We note
that space observations have largely discounted wave col-
lapse as a mechanism for the formation of LHSS in the
ionosphere [Pécseli et al., 1996, 1997; Kjus et al., 1998;
Høymork et al., 2000, 2001; Schuck et al., 2002]. Rosenberg
and Gekelman [2001], hereafter denoted RG, represents the
first laboratory experiment which performs a detailed com-
parison between phase velocity estimates in density deple-
tions and sounding rocket interferometric measurements of
LHSS. Consequently, RG’s experiment is of particular
interest.
[4] RG investigate the interaction between fluctuations

near lower hybrid resonance and field-aligned density stria-
tions using the Large Plasma Device (LAPD) at the Univer-
sity of California, Los Angeles. The data reveal an interesting
new mode which exhibits an electromagnetic (transverse)
electric field structure perpendicular to the applied magnetic
field B = B0ẑ and is localized in the regions of steepest
gradient of the density striation. RG compare the laboratory
measurements to spacecraft observations of LHSS and con-
clude that ‘‘the laboratory data are consistent with the iono-
spheric observations’’ of LHSS by the AMICIST, TOPAZ III,
and PHAZE II sounding rockets [Pinçon et al., 1997; Schuck
et al., 1998; Bonnell et al., 1998]. Additionally, RG compare
the dispersive properties of this mode to the cold homoge-
neous plasma dispersion relation (CHPDR) and conclude that
this cavity mode corresponds to an electrostatic lower hybrid
wave despite the electromagnetic nature of the perpendicular
electric field structure. Unfortunately, RG’s paper contains
some conceptual errors regarding the space-based measure-
ments and plasma theory. We disagree with RG’s conclusion
that ‘‘the laboratory data are consistent with the ionospheric
observations’’ of LHSS. The evidence presented by RG
indicates that the laboratory measurements and the space
observations represent entirely different phenomena. Addi-
tionally, we disagree with RG’s claim that the laboratory
measurements are consistent with the theoretical predictions
of the cold homogeneous plasma dispersion relation
(CHPDR).
[5] This paper addresses space observations and the

LAPD laboratory measurements and is organized as fol-
lows. Statistical studies of LHSS will be summarized in
section 2. Second, we perform a detailed comparison

between the spacecraft and laboratory interferometric mea-
surements and conclude that the space and laboratory
measurements correspond to entirely different phenomena.
Third, the CHPDR for whistler-lower-hybrid waves is
discussed, particularly the nature of the transition from
electromagnetic to electrostatic waves; we demonstrate that
for the CHPDR this transition occurs for perpendicular
wavelengths near the electron collisionless skin depth
k?de ’ 1. Fourth, we compare the laboratory mode with
the CHPDR and conclude that the laboratory mode is
inconsistent with the properties of whistler-lower-hybrid
waves described by the CHPDR. Furthermore, the labora-
tory mode is not in the electrostatic regime of lower hybrid
waves either by the wavenumber criteria k?de � 1 or by
the more rigorous ratio of the longitudinal to transverse
electric field perpendicular to the applied magnetic field.

2. Properties of Lower Hybrid Solitary
Structures

[6] RG investigate the interaction of lower hybrid waves
with a density striation and compare the results with LHSS
observed in the auroral ionosphere. Within this paper the
term LHSS describes enhanced wave activity localized in
isolated field-aligned cylindrical plasma density striations at
frequencies near the lower hybrid resonance of the ambient
plasma. Since the first observations by Labelle et al. [1986],
this phenomenon has been studied as a possible source of
transversely accelerated ions contributing to the overall ion
outflow from the auroral ionosphere. Statistical analyses of
Freja satellite data demonstrate that the density profiles of
LHSS are Gaussian and probably cylindrically symmetric in
the plane perpendicular to the geomagnetic field [Pécseli et
al., 1996; Kjus et al., 1998; Høymork et al., 2000]. For Freja
orbit 1234, the mean 1/e-width of the cavities perpendicular
to the magnetic field is about 30 m with a spread of ±15 m.
The mean relative depth of the cavities is 2% with obser-
vations rarely exceeding 10%. LHSS at lower altitude have
similar perpendicular scale sizes. However, the TOPAZ III
sounding rocket observed significantly deeper striations
sometimes approaching 80%. These observations were
initially questioned [Ergun et al., 1994, 1995], but the
OEDIPUS C sounding rocket has made similar observations
of density depletions of 50% using two independent Lang-
muir probes: one in ion saturation and the other in electron
saturation [Knudsen et al., 1999]. Similarly, PHAZE II
sounding rocket observed small-scale plasma density varia-
tions of 50% by tracking changes in the local plasma
frequency [McAdams et al., 1998]. The extent of the density
striations along the geomagnetic field has not been charac-
terized, but it is certainly several kilometers [Knudsen et al.,
1999] and probably tens to hundreds of kilometers.
[7] Pinçon et al. [1997], Schuck et al. [1998], and

Bonnell et al. [1998] establish that the wave fronts in the
LHSS rotate about the center of the structure using the local
frequency-wavenumber-spectrum of the electric field fluc-
tuations. In particular, Bonnell et al. [1998] unambiguously
demonstrate that LHSS are composed of right-hand (left-
hand) rotating phase fronts at frequencies above (below) the
ambient lower hybrid resonance where the handedness is
determined with respect to the direction of the geomagnetic
field. At a minimum, Pinçon et al. [1997], Schuck et al.

A01310 SCHUCK ET AL.: INTERPRETING SPACECRAFT AND LABORATORY OBSERVATIONS OF LHSS

2 of 14

A01310



[1998], and Bonnell et al. [1998] all show that the local phase
velocity of spectral components above and below the ambient
lower hybrid resonance are antiparallel. Recently, these
observations have been confirmed by the Cluster II spacecraft
[Tjulin et al., 2003]. Furthermore, Delory [1996] and Delory
et al. [1998] show that the perpendicular electric field in the
VLF wave bursts (LHSS) observed by the Alaska ’93
sounding rocket change from right-hand circularly polarized
to linear polarization to left-hand circularly polarized as the
experiment traverses the cylindrical density striation.
[8] Using the TOPAZ II search coil magnetometer, Vago

et al. [1992] establish that LHSS are essentially an electro-
static phenomenon. Freja observations [Dovner et al., 1994;
Eriksson et al., 1994; Pécseli et al., 1996; Kjus et al., 1998;
Høymork et al., 2000] consistently support this conclusion.
On p. 18,528, Høymork et al. [2000] state that ‘‘Only very
small magnetic fields are observed, and they show little or
no correlation with the variations in electric field;’’ Dovner
et al. [1994] report E/B ^ 8 � 107 m/s, and Kjus et al.
[1998] report E/B ^ 106 m/s. All three works conclude that
these fluctuations are electrostatic. Since E and B are
uncorrelated in these measurements, the value of E/B �
106–108 m/s represents a lower bound for this ratio.
Generally, the raw E/B ratio cannot be used exclusively to
conclude that the fluctuations on the whistler-lower-hybrid
branch are electrostatic particularly when this ratio is less
than the speed of light c � 3 � 108 m/s. However, Eriksson
et al. [1994] presents spectra for LHSS where E/B > 7.5 c at
frequencies above the ambient lower hybrid resonance. This
last observation provides the most convincing quantitative
evidence using the E/B ratio that LHSS are electrostatic.
Although as section 4 demonstrates, the perpendicular scale
length of the phenomena is perhaps a more rigorous
criterion for concluding that fluctuations on the whistler-
lower hybrid dispersion branch are electrostatic.
[9] Table 1 is a comparison of key plasma parameters and

ratios for the laboratory and ionospheric experiments. The
values of key plasma parameter ratios for the Large Plasma
Device (LAPD) experiment generally compare favorably to

the ionospheric parameters. However, the ratio of the
striation diameter to the electron collisionless skin depth
D/de is 1–3 in the laboratory and 0.1–0.4 in the ionospheric
observations. The disparity between the laboratory results
and the ionospheric observations described later in this
paper may depend critically upon this parameter.

3. Comparison Between Sounding Rocket
Observations and the Laboratory Experiment

[10] Pinçon et al. [1997], Schuck et al. [1998], and
Bonnell et al. [1998] estimate the local dispersion relation
of electric field fluctuations within LHSS using local
frequency-wavenumber-spectra formulated on the Morlet
wavelet basis. The wavelet basis relaxes the restriction of
stationarity usually assumed in traditional Fourier analysis.
This formulation is necessary because LHSS waves are
nonstationary in the spacecraft frame although the density
cavities are localized and nearly stationary in the rest frame
of the plasma [Dovner et al., 1994; Lynch et al., 1996;
Knudsen et al., 1998; Høymork et al., 2000]. The local
frequency-wavenumber-spectrum provides an estimate of
the wavenumber kd = k � d̂ and the phase velocity Vp ’
w/kd along the direction of the interferometer axis d̂ � d/d
by constructing a power weighted histogram as a function
of frequency and phase of the wavelet cross-spectrum
measured between two collinear electric field antennas
separated by a distance d.
[11] Figure 1 shows a schematic diagram of the electric

field measurements made by sounding rocket interferome-
ters and the LAPD experiment along trajectories across a
cylindrical density striation. The trajectories for each situa-
tion are denoted by dotted lines and the direction of the phase
velocity determination is denoted by the arrows labeled Vpk
or Vp?. The extent of the density striation is indicated by the
thick circular line. Direct comparison of the sounding rocket
and laboratory electric field interferometric measurements is
complicated by the differences in data gathering techniques
between the two experiments, and fundamental differences

Table 1. Comparison of Key Plasma Parameters and Ratios for the Laboratory and Ionospheric Experimentsa

Key Ratios AMICISTb TOPAZ IIIc PHAZE IId Frejae LAPDf

de, m 102 81 80–140g 230 0.0075
D, m 20 30 30 30 0.01–0.025
f/fLH 1–4 0.3–4 0.6–2 0.5–3 1.3–6
f/fpe 0.01–0.03 0.0014–0.019 0.003–0.02 0.01–0.05 0.01–0.03
fpe/fce 0.4 0.87 0.3–0.6g 0.25 1.2–7
D/rci 5 6 6 20 2–15
D/de 0.2 0.4 0.2–0.4g 0.13 1.3–3
D/L – 0.5–2.6h – 0.03 2–10i

L/rci – 4–9g – 7.1 1–2
lk/l? – – – – 10–100
dn/n % – 10–80 – 2 10–80
aHere f is the wave frequency; fLH, fce, fpe are the lower hybrid resonance, electron cyclotron and electron plasma frequencies

respectively; D is the striation diameter (1/e width); rci is the majority ion ambient Larmor radius; L is the density gradient scale
length; l? and lk are the perpendicular and parallel wavelengths; and de = c/we is the electron collisionless skin depth.

bPinçon et al. [1997].
cSchuck et al. [1998].
dBonnell et al. [1998].
eAverage values from Høymork et al. [2000].
fRosenberg and Gekelman [2001].
gRange due to uncertainty in the absolute plasma density.
hRange due to uncertainty in the relative striation depth.
iThis range is not consistent with Plate 5 on p. 28,875 of RG.
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in electric field structure for the two situations. Particularly,
the laboratory experiment always determines the phase
velocity of the azimuthal electric field in the direction
parallel to the trajectory across the density striation whereas
the sounding rocket experiments perform different phase
velocity estimates which depend on the orientation of the
electric field antenna, the interferometer axis, and the pay-
load velocity vector. The important differences between the
ionospheric and laboratory experiments and observations
will be discussed in detail below.
[12] Figure 1 shows that to lowest order, the AMICIST

[Pinçon et al., 1997] and PHAZE II [Bonnell et al., 1998]
sounding rocket experiments determine the phase velocity
perpendicular to the trajectory, of electric field fluctuations
perpendicular to the trajectory. These observations show
that the phase velocity of the electric field determined along
the interferometer axis changes direction as spacecraft in
this orientation cross LHSS. The relative orientation
between the interferometer and the geomagnetic field com-
bined with the statistical conclusion that LHSS are probably
cylindrical [Pécseli et al., 1996; Høymork et al., 2000,
2001], provides information about the direction the azi-
muthal phase velocity within the cylindrical density struc-
ture. The phase fronts exhibit right-hand or left-hand
rotation (with respect to the geomagnetic field) about the
center of the LHSS. The AMICIST data unambiguously
demonstrate that the reversal in phase velocity is consistent
with right-hand rotating waves above the ambient lower

hybrid resonance [Pinçon et al., 1997]. Unfortunately,
AMICIST did not detect geophysical waves at frequencies
below the ambient lower hybrid resonance. Figure 1 shows
a ‘‘right-handed,’’ with respect to the geomagnetic field B =
B0 ẑ, azimuthal phase velocity indicated by the dashed arc.
This right-hand rotating wave mode exhibits a positive
phase Vp? > 0 velocity along the interferometer axis during
the first half of the event and a negative phase velocity
Vp? < 0 during the second half of the event, i.e., the phase
velocity along the interferometer axis changes direction as
the payload crosses the LHSS. Using a similar analysis with
the PHAZE II data, Bonnell et al. [1998] unambiguously
demonstrate the simultaneous existence of right-hand rotat-
ing waves above the ambient lower hybrid resonance and
left-hand rotating waves below the ambient lower hybrid
resonance.
[13] The AMICIST and PHAZE II observations would

not be convincing if these results corresponded to excep-
tional cases. However, these results are independent of the
trajectory or chord across the LHSS event. For example, if
the AMICIST/PHAZE II (upper) trajectory shown in
Figure 1 occurred along the TOPAZ III (lower) trajectory,
the phase velocity of a right-hand rotating mode would
change in precisely the same manner. The same is true for a
trajectory along the diameter of the striation. This indepen-
dence is substantiated by observations. Pinçon et al. [1997]
examine nine distinct LHSS with eight corresponding to
rotating waves. The ninth does not contradict these results
but is inconclusive due to the ‘‘complexity of its internal
structure (several characteristic scale lengths for a given
frequency band)’’ [Pinçon et al., 1997, p. 17,291]. Bonnell
et al. [1998] examine 22 events which exhibit counter-
rotating modes above and below the ambient lower hybrid
resonance and other events which exhibit only right-hand
rotating modes above the ambient lower hybrid resonance.
There is sufficient statistical evidence to support the obser-
vational conclusions by Pinçon et al. [1997] and Bonnell et
al. [1998], Delory et al. [1998], and Tjulin et al. [2003]
have confirmed these deductions.
[14] Figure 1 shows that to lowest order, the TOPAZ III

sounding rocket experiment [Pinçon et al., 1997; Schuck et
al., 1998] determines the phase velocity parallel to the
trajectory, of electric field fluctuations parallel to the trajec-
tory. These observations show that for a fixed frequency
band, the direction of the phase velocity along the interfer-
ometer axis remains constant as spacecraft with this orien-
tation cross LHSS. Furthermore, the waves at frequencies
above the ambient lower hybrid resonance propagate along
the interferometer antiparallel to the waves at frequencies
below the ambient lower hybrid resonance. This is consist-
ent with the AMICIST and PHAZE II observations. Figure 1
shows that a right-hand rotating wave mode exhibits a
positive phase velocity along the interferometer axis during
the entire TOPAZ III trajectory across the LHSS. Similarly,
a left-hand rotating wave mode exhibits a negative phase
velocity for the same trajectory. If the TOPAZ III (lower)
trajectory shown in Figure 1 occurred along the AMICIST/
PHAZE II (upper) trajectory, the results are equivalent
except the signs of measured phase velocities above and
below the ambient lower hybrid resonance are interchanged.
This degeneracy in the absolute sign of the measured phase
velocity prevents an unambiguous determination of the

Figure 1. A schematic diagram of the electric field
measurement orientations for sounding rocket interferom-
eters and the LAPD experiment along trajectories across a
cylindrical density striation. The trajectories for each
situation are denoted by dotted lines and the direction of
the phase velocity determination is denoted by the arrows
labeled Vpk or Vp?. The extent of the density striation is
indicated by the thick circular line. A ‘‘right-handed’’
azimuthal phase velocity is indicated by the dashed arc and
the geomagnetic field points out of the page.
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absolute direction of rotation for this interferometer orien-
tation. However, one may still correctly conclude from
observational data that a mode is rotating.
[15] Since the sounding rockets with the same interfer-

ometer orientation consistently observe the same behavior
in the phase velocity, the results are statistically independent
of how experiments intersect a density striation. Although
the linear theory of LHSS proposed by Seyler [1994],
Schuck et al. [1998], and Schuck [1999] provides an
explanation for the observed behavior, this theory is not
necessary to conclude that the phase fronts of the electric
field fluctuations are rotating within the LHSS; this conclu-
sion was reached solely on the observational data.
[16] When the laboratory electric field measurements are

considered within the context of the sounding rocket inter-
ferometric measurements, the difference between the phase
velocity estimates is apparent. The laboratory experiment
determines the phase velocity parallel to a trajectory of the
azimuthal electric field Eq. This estimate is derived from
the careful spatial analysis of the direction and phase of the
electric field within the laboratory striation. Ex and Ey are
measured at each point in the xy-plane and the radial Er and
azimuthal Eq components are computed with respect to
center of the cylindrical geometry. The electric ‘‘fields in
the laboratory are almost entirely tangential’’ to the cylin-
drical density striation and the magnitude is largest within
the gradient of the plasma density. Therefore the ‘‘field is
primarily azimuthal’’ and the radial electric field is small
Er 
 0 [RG, p. 28,880]. At each point in the xy-plane the
phase y of the azimuthal electric field is computed. Plate 9
on p. 28,882 and Figure 7 on p. 28,883 of RG show that y
‘‘does not vary much azimuthally,’’ except near the paddle
support (see below). However, y ‘‘does vary significantly
along the radial cut’’ [RG, p. 28,880]. The local wave-
number and phase velocity can be estimated from k = ry
and Vp = w/k, respectively.
[17] For the laboratory results reported, the phase velocity

is always determined from the gradient in the phase parallel
to the trajectory. RG consider two trajectories through the
striation: one along an azimuthal path and another along a
diameter. The azimuthal path establishes that the phase of Eq
does not change significantly around the density striation at
this radius because this trajectory avoids the distinct azi-
muthal asymmetry introduced by the paddle support at (x, y) =
(0.25, 0.5–1) cm (see Plate 9 in RG). This path is not
relevant for the interpretation of sounding rocket data
because the sounding rockets do not orbit LHSS; even
segments of this path have little relevance to the sounding
rocket measurements because the gradient of phase is zero
in the azimuthal direction and thus the phase velocity along
this trajectory is ill-defined in the laboratory. The path along
the diameter is somewhat pertinent to the interpretation of
sounding rocket data. For this radial path the laboratory
experiment determines the phase velocity, parallel to the
trajectory Vpk, of electric field fluctuations E? = Eqq̂
perpendicular to the trajectory. Figure 7 of RG shows that
the radial gradient in the phase y of Eq changes sign along
the diameter of the striation leading to the conclusion
that the phase velocity changes sign along this trajectory.
Since the AMICIST and PHAZE II sounding rockets
observe a qualitatively similar behavior for the phase
velocity within LHSS, RG conclude that ‘‘the laboratory

data are consistent with the ionospheric observations’’ [RG,
p. 28,882]. However, Figure 1 shows that the two sounding
rocket interferometer orientations used to determined the
phase velocity of LHSS waves are quite different from this
laboratory estimate. The orientations and observations of the
laboratory and sounding rocket experiments are summarized
in Table 2. Any qualitative correspondence between the
space and laboratory measurements is irrelevant, since no
combination of electric field component and phase velocity
direction from the sounding rocket experiment is represented
in the published laboratory data.
[18] RG also comment on other trajectories across the

laboratory density striation:

By traversing the striation over several different chords we

have found that the direction of the measured phase velocity

is heavily dependent on the path taken. Along some paths

these phase shifts appear as phase velocities which are

constant across the striation; along other paths the phase

velocity appears to change sign across the striation. Pinçon

et al. [1997] and Bonnell et al. [1998] show that the electric

field phase velocity reverses across the striation. In the work

of Schuck et al. [1998] the phase velocity remains constant.

In other words, the laboratory data are consistent with the

ionospheric observations, but to completely understand the

phase shifts, it may be necessary to plot the three-

dimensional phase fronts. [RG, pp. 28,880–28,882]

[19] These measurements along unspecified chords are
more difficult to interpret and directly compare with the
ionospheric observations because the laboratory density
striation exhibits a significant azimuthal asymmetry at the
top of the density striation near (x, y) = (0.25, 0.5–1.5) cm
(see Plate 1 in RG). RG state on p. 28,879 that this
asymmetry ‘‘is caused by the support for the paddle used
to create the striation.’’ The laboratory data also exhibits an
asymmetry in the amplitude and direction of the electric
field in Plates 2, 4, and 8 and, in particular, the phase of the
electric field in Plate 9 near (x, y) = (0.25, 0.5–1) cm. The
paddle support also produces these asymmetries because

The density dependence of the waves warps the axial phase fronts.
. . . A phase shift measurement in a plane perpendicular to the
background magnetic field then will measure shifts proportional to
the effect of the plasma inhomogeneity. [RG, p. 28,880]

[20] Consequently, an asymmetry in the density profile
will produce a corresponding asymmetry in the electric field
quantities. These asymmetries cause the path dependence in
the direction of the phase velocity for the laboratory
experiment. Indeed, when the phase velocity is determined
parallel to a straight trajectory, a cylindrically symmetric

Table 2. Orientation of the Electric Field and Phase Velocity

Measured in the Laboratory and Ionospheric Experimentsa

Experiment

E-Field
Measured
k/? to
Trajectory

Phase Velocity
Determined

k/? to
Trajectory

Properties
of the Phase
Velocity

LAPD ? k changes sign along diameter
AMICIST/PHAZE II ? ? changes sign
TOPAZ III k k constant

aThe electric field and phase velocity are characterized according to their
direction relative to trajectory/path across the cylindrical density striation.
See also Figure 1.
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phase profile y = y(r) always exhibits at least one reversal
in the direction of this phase velocity. Thus for a cylindri-
cally symmetric phase profile, there are no paths that do not
exhibit a reversal in the direction of this phase velocity, nor
any path dependence as described in the laboratory obser-
vations. Obviously, the phase velocity determined from data
along a chord passing directly through the asymmetries
generated by the support for the paddle will exhibit different
properties than measurements along a chord avoiding them.
This asymmetry is the main cause for the path dependence
in the direction of the phase velocity determined from
laboratory data along different chords; some chords exhibit
a reversal in the direction of the phase velocity and others
do not. This path dependence is not manifest in the iono-
spheric data. If the asymmetries in field and phase distri-
butions observed in the laboratory directly reflected the
electric field structure of LHSS, then the path dependence
for the direction of phase velocity described by RG would
also be observed in space data. Instead, the direction of the
phase velocity in LHSS exhibits well-ordered patterns
determined solely by the orientation of the interferometer
rather than the particular path. In addition, Freja multiprobe
measurements of LHSS convincingly demonstrate that the
associated density profile is surprisingly Gaussian and
symmetric along the satellite trajectory [Høymork et al.,
2000, 2001]. These data are consistent with a cylindrically
or (worst case) elliptically symmetric Gaussian density
profile in the plane perpendicular to the geomagnetic field.
Thus the path dependence caused by asymmetries in the
laboratory density profile is not relevant to, nor exhibited
by, the ionospheric observations of LHSS.
[21] Regardless of the difficulties in directly comparing

the laboratory and space observations and despite the lack
of direct correspondence between the laboratory and sound-
ing rocket phase velocity estimates, one might still hypoth-
esize that the general electric field structure of the mode
observed in the laboratory experiment is equivalent to
LHSS in space. A direct comparison between the LHSS
observations and the laboratory measurements is biased
against the laboratory data because the laboratory analysis
exhibits asymmetries which lead to a path dependent phase
velocity that is not observed in the LHSS in space.
However, this hypothesis can be tested by considering what
each of the interferometer orientations (AMICIST and
PHASE-II or TOPAZ-III) would observe while crossing
an electric field model for an idealized laboratory striation
without the azimuthal asymmetries discounted above. Here,
the general behavior of the laboratory mode is the focus of
investigation rather than the particular details of the irrel-
evant asymmetries introduced by the paddle support. Since
these laboratory asymmetries are deleterious to a fair
comparison between the laboratory and ionospheric obser-
vations, the laboratory data must be modeled using the
dominant, azimuthally symmetric modal structure. As sug-
gested by RG on p. 28,882 and exhibited by Figure 7 and
Plate 9 in RG, the phase of the dominant azimuthal electric
field Eq in the laboratory striation can be described (to
lowest order) by the azimuthally symmetric distribution y =
y(r) peaked at the center of the striation shown in the upper
panel of Figure 2.
[22] The radial phase velocity of Eq changes sign along

the diameter of the laboratory striation. However, a phase

velocity measurement by either of the two space inter-
ferometer orientations is poorly defined along this trajec-
tory. For the AMICIST orientation, the phase shift is
insignificant because kq 
 0. For the TOPAZ III orien-
tation the electric field measurement is insignificant
because Er 
 0. Furthermore, such a radial crossing is
unlikely in space. Consequently, we consider what the
spacecraft interferometers would detect along a chord
across the laboratory striation.
[23] The lower panel of Figure 2 shows a schematic

representation of the two different spacecraft interferom-
eter orientations on trajectories through the electric field
structure of the laboratory striation. The direction of the
gradient in the phase y of the azimuthal electric field Eq
is indicated by dashed arrows, the trajectories of the
interferometers are shown as dotted lines along chords
of the striation, and the electric field antennas of the
interferometers are shown as thick lines and are labeled 1
and 2. The trajectory on the left-hand side of the figure
corresponds to the AMICIST and PHAZE II measure-
ments where the interferometer axis is perpendicular to
the payload velocity whereas the trajectory on the right-
hand side corresponds to the TOPAZ II measurements,

Figure 2. (top) The idealized spatial dependence of the
phase y of the azimuthal electric field Eq in the laboratory
density striation. (bottom) A schematic representation for
the trajectories of the two different electric field inter-
ferometers through the laboratory density striation. The
direction of the gradient in the phase kr = @ry(r) of the
azimuthal electric field Eq is shown as dashed arrows,
the trajectories of the interferometers are shown as dotted
lines along chords of the striation, and the collinear electric
field antennas of the interferometers, labeled 1 and 2, are
shown as thick lines.
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where the interferometer axis is parallel to the payload
velocity.
[24] For the AMICIST and PHAZE II flight configuration

(left side), antenna 2 is always closer to the center of the
striation than antenna 1. Thus y2 > y1 always and the
direction of phase velocity does not change while crossing
the striation for this antenna orientation. This is opposite
to the behavior exhibited by the LHSS data from the
AMICIST and PHAZE II sounding rockets. For the
TOPAZ III flight configuration (right side), antenna 2 is
initially closer to the center of the striation than antenna 1,
and so the phase of the electric field measured by antenna 2
is larger than that measured by antenna 1 (y2 > y1). After
crossing the striation, antenna 1 is closer to the center of the
striation than antenna 2, and so the phase of the electric field
measured by antenna 1 is greater than that measured by
antenna 2 (y2 < y1). Thus the projection of the phase
velocity along the interferometer axis changes direction
while crossing the striation for this antenna orientation.
Again, this is opposite to the behavior exhibited by
the LHSS data from the TOPAZ III sounding rocket.
Consequently, the hypothesis that the electric field structure
is the same in LHSS and in laboratory experiment is
false. The evidence indicates that the space and laboratory
measurements represent entirely different phenomena.
[25] Another point of comparison between the laboratory

experiment and the ionospheric observations is the distri-
bution of the electric field power along trajectories across
the density striations in the laboratory and ionosphere.
Satellites and sounding rockets often observe single and/
or double-humped distributions of electric field power in the
temporal domain as the spacecraft cross LHSS. Indeed, RG
point out that a

recent analysis of Freja data Kjus et al. [1998] discusses the basic
statistical characteristics of lower hybrid waves and associated
density depletions. In the observational part of their paper they state
that in ‘‘approximately 10% of all the cases’’ the wave energy has a
double humped appearance as the satellite flew through the
striation. On the basis of the data they accumulated Kjus et al.
[1998, p. 26,644] speculate that ‘‘most of the cavities are actually
associated by a ring distribution of wave energy. . . and the
observations without any bifurcation are merely a consequence of
the satellite glancing the cavity along a trajectory, avoiding the
central wave energy depletion.’’ In our experiments the wave energy
is localized on the density gradient and a fly [sic] through the cavity
would lead to a double hump in wave energy as well [RG,
p. 28,883].

[26] However, the ionospheric observations of single and
double-humped power distributions provide additional
details about this phenomenon. Plate 1 in the work of
Pinçon et al. [1997] shows the simultaneous observation
of single and double-humped distributions of wave energy
at 12 kHz and 6 kHz on a trajectory through a single LHSS
event from the AMICIST experiment. The frequency-wave-
number spectral analysis of the data shown in Plate 2 of
Pinçon et al. [1997] reveals that these two power distribu-
tions are associated with different scale lengths: 45 m and
16.7 m, respectively. The scale length l = 2pd/�y is
determined from the phase shift �y, measured along the
length d of interferometer axis.
[27] The characteristics of the wave modes in the

AMICIST LHSS event are summarized in Table 3. These
results indicate that there are two different wave modes

comprising this LHSS and the scale length and frequency of
each mode is different. The scale lengths of the modes
detected in the space experiment are dependent on frequency
and not exclusively determined by the cavity diameter. In
contrast, the perpendicular wavenumber of the laboratory
mode is set by the diameter of the density striation, and this
scaling is independent of frequency [RG, p. 28,882]. Con-
sequently, RG’s observation of a double-humped distribu-
tion of power along a trajectory across the density striation
is not sufficient grounds for associating the laboratory
measurements with LHSS. We note that an interferometric
analysis of a numerical simulation based on an electrostatic
nonlinear fluid model reproduced this LHSS event with
remarkable accuracy; including the frequencies, wavenum-
bers, and the asymmetry in the frequency-wavenumber-
spectrum due to the payload orientation (see Plates 2, 3,
and 4 in the work of Pinçon et al. [1997]).

4. Cold Homogeneous Plasma Dispersion
Relation (CHPDR) and Whistler-Lower-Hybrid
Waves

[28] Frequently, the cold homogeneous plasma dispersion
relation (CHPDR) is useful for the interpretation of space
and laboratory data. The CHPDR provides a theoretical
framework for mode identification based on the predicted
relationship between frequency w and wavevector k and the
observed field polarizations and ratios as functions of w and
k. Nevertheless, when significant inhomogeneities exist in
the plasma this interpretation must proceed cautiously,
because inhomogeneities can change the nature and propa-
gation characteristics of the homogeneous plasma modes
and introduce new modes of propagation which have no
correspondence to the homogeneous plasma theory.
[29] RG investigate the characteristics of waves near

the lower hybrid frequency propagating in a sharp plasma
density depletion. They compare the laboratory data with
dispersion curves computed from the theoretical CHPDR.
We note that equations (1)–(3) appearing in RG do not
correspond to the CHPDR but rather conform to the
‘‘Altar-Appleton-Hartree’’ dispersion relation (AAHDR)
(termed the ‘‘Appleton-Hartree’’ dispersion relation in
RG). [Appleton, 1928, 1932; Hartree, 1931; Gillmor,
1982]. (Gillmor [1982] discusses E. V. Appleton’s col-
laboration with Wilhelm Altar. The appendix of Gillmor
[1982] presents Altar’s 1926 draft manuscript which
derives the AHHDR.) The AAHDR neglects ion dynam-
ics and describes cold-plasma electromagnetic electron
modes. This approximate dispersion relation does not
describe electrostatic lower hybrid waves because the
AAHDR neglects the ion inertial response perpendicular
to the applied magnetic field B0 which is essential to the
lower hybrid mode. (The literature occasionally suggests
that the AAHDR retains ion dynamics. We speculate that

Table 3. Wave Mode Characteristics of a Single LHSS Event

From the AMICIST Experiment [Pinçon et al., 1997]

Frequency, kHz Scale, m Temporal Distribution

12 45 single-humped
6 16.7 double-humped
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this confusion is either due to the historical terminology
‘‘magneto-ionic theory’’ associated with the AAHDR or
the ambiguous statements by Krall and Trivelpiece [1973]
and others.) Despite RG’s error in presentation, the
correct CHPDR is used in their numerical computation
of the dispersion curves. RG conclude the cavity mode in
the laboratory experiment is a lower hybrid wave based
on the ‘‘very good agreement between theoretical and
measured values’’ of wavenumber [RG, p. 28,880]. Con-
sequently, some discussion of the CHPDR is necessary
because this theoretical dispersion relation is an essential
element of RG’s mode identification analysis.
[30] The CHPDR provides an accurate two-fluid descrip-

tion of lower hybrid waves propagating in a zero temper-
ature, uniform plasma comprised of ions and electrons. The
predictions of the CHPDR are often remarkably accurate
even when the plasma is not cold or uniform. Following Stix
[1992, pp. 7–9], the vector wave equation for the CHPDR
is

S � h2 cos2 q �i D h2 cos q sin q
iD S � h2 0

h2 sin q cos q 0 P � h2 sin2 q

0
@

1
A Ex

Ey

Ez

0
@

1
A ¼ 0; ð1aÞ

where

S ¼ 1

2
Rþ Lð Þ; ð1bÞ

D ¼ 1

2
R� Lð Þ; ð1cÞ

R ¼ 1� w2
e

w w� �eð Þ �
w2
i

w wþ �ið Þ ; ð1dÞ

L ¼ 1� w2
e

w wþ �eð Þ �
w2
i

w w� �ið Þ ; ð1eÞ

P ¼ 1� w2
e þ w2

i

w2
: ð1f Þ

A nontrivial solution exists if and only if the determinant of
the 3 � 3 matrix is zero which leads to the dispersion
relation

k2?=k
2
z ¼ tan2 q ¼ � P h2 � Rð Þ h2 � Lð Þ

S h2 � RLð Þ h2 � Pð Þ : ð2Þ

[31] Above, h = kc/w is the refractive index, q is the angle
between the wave-vector k and the magnetic field B0 = B0̂z,
wj

2 = e2n/(�0mj), �j = eB0/mj, and mj with ( j = i, e) are the
species plasma frequency, cyclotron frequency, and mass,
respectively, n is the plasma density, w is the wave frequency,
c is the speed of light, e is the elemental unit of charge, and
�0 is the permittivity of free space. The AAHDR can be
obtained from equations (1)–(2) by neglecting the ion

motion (�i ! 0, wi ! 0) in the Stix parameters R, L, and
P described by equations (1a)–(1f ).

4.1. ‘‘Electrostatic’’ and ‘‘Electromagnetic’’
Approximations

[32] Figure 3 shows the relationship between kz and k?
determined from the exact CHPDR for whistler-lower-
hybrid waves in an Argon plasma with a background
magnetic field of 1650 G corresponding to the laboratory

Figure 3. Relationship between kz and k? determined from
the CHPDR for conditions corresponding to the laboratory
experiment for n0 = 5� 1011 cm�3 (a) and n0 = 2� 1011 cm�3

(b) at the frequencies f = 90 MHz (upper solid lines) and f =
30 MHz (lower solid lines). The dashed lines denote the
electrostatic dispersion relation (equation (4b)) or resonance
cone. The approximate range of validity for the electrostatic
limit is indicated by the shaded region determined from
equation (4a). (k? >

ffiffiffi
2

p
de
�1, kz > di

�1) . The light dashed line
corresponds to the wavenumbers of the Gendrin mode where
the perpendicular group velocity is zero on the whistler-
lower-hybrid dispersion curve.
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experiment. Figure 3a corresponds to the plasma density
external to the striations n0 = 5 � 1011 cm�3 and Figure 3b
corresponds to the plasma density at the minimum of the
striations n0 = 2 � 1011 cm�3 (striation 1 is somewhat
deeper n0 � 1 � 1011 cm�3). The upper and lower solid
lines correspond to the two frequencies, f = 90 MHz and f =
30 MHz, respectively. The group velocity is normal to the
curves of the CHPDR for constant frequency and points
towards higher frequencies [Poeverlein, 1948]. The light
dashed line corresponds to the wavenumbers of the Gendrin
mode where the perpendicular group velocity is zero on the
whistler-lower-hybrid dispersion curve [Gendrin, 1961;
Sturrock, 1962].
[33] Approximating equation (1) with w � we, �i � w

and expanding R and L to order w/�e to account for the
electron polarization drift, an accurate description of
the cold homogeneous whistler-lower-hybrid dispersion
relation is

w2 

�2

e w
4
i 1þ k2 d2i
� �

1þ k2 d2e þ k2z d
2
i

� �
w4
e � k2? d2e w2

e �
2
e þ 1þ k2 d2i

� �
2þ k2? d2e
� �

w2
i �

2
UH

; ð3Þ

where �UH
2 = we

2 + �e
2 is the upper hybrid resonance and dj =

c/wj is the species collisionless skin depth.
[34] As RG note, the dispersion curves shown in Figure 3

describe both ‘‘electrostatic’’ lower hybrid waves and ‘‘elec-
tromagnetic’’ whistler waves. The ‘‘electrostatic’’ approxi-
mation corresponds to the limit h ! 1 (vp = w/jkj � c) in
(1) or equivalently

k? de �
ffiffiffi
2

p
; kz di � 1; and kz=k? � 1 ð4aÞ

in equation (3). These limits lead to the usual textbook
electrostatic lower hybrid dispersion relation

w 
 wi �effiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2
e þ �2

e

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2z R=k2?

q
; ð4bÞ

where R = mi/me � 1 is the ion to electron mass ratio. The
electrostatic resonance cone, determined from equation (4b)
at a fixed frequency, is indicated by the thick dashed
lines in Figure 3. The electrostatic dispersion relation
(equation (4b)) or resonance cone is a formal asymptotic
approximation to the exact CHPDR. The exact dispersion
relation asymptotes to the electrostatic resonance cone
within approximate range of validity for the electrostatic
limit in equation (4a) and denoted by the shaded region in
Figure 3. The group velocity of electrostatic lower hybrid
waves on the resonance cone is

vg �
@w
@k


 we�e

ffiffiffiffiffi
R

p
kz=k

3
?ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

w2
e þ �2

e

� �
1þ k2z R=k2?
� �q k? ẑ� kz ?̂

� �
: ð4cÞ

[35] The phase velocity vp of electrostatic lower hybrid
waves is orthogonal to the group velocity vg. The perpen-
dicular phase velocity vp? and perpendicular group velocity
vg? are antiparallel (k? � vg? < 0). Consequently, lower
hybrid waves are termed ‘‘backward propagating’’ in the
plane perpendicular to the magnetic field. This ‘‘backward’’
relationship between the phase and group velocity is

observed in both laboratory [Stenzel and Gekelman, 1975;
Bellan and Porkolab, 1975; Bamber et al., 1994, 1995] and
space experiments [Santolı́k and Gurnett, 2002].
[36] Oblique ‘‘electromagnetic’’ whistler waves are

recovered from equation (3) by making the approximations

k de � we=�UH and kz di � 1; ð5aÞ

which leads to the dispersion relation

w 
 �e k kz d2e : ð5bÞ

The group velocity of oblique whistler waves is

vg 

�e

k
k? kz ?̂ þ k2 þ k2z

� �
ẑ


 �
d2e : ð5cÞ

The perpendicular phase velocity vp? and perpendicular
group velocity vg? are parallel (k? � vg? > 0). Conse-
quently, whistler waves are termed ‘‘forward propagating’’
perpendicular to the magnetic field.

4.2. Gendrin Mode

[37] Since electrostatic lower hybrid waves are ‘‘back-
ward’’ waves with k? � vg? < 0 (antiparallel) and electro-
magnetic whistler waves are ‘‘forward’’ propagating waves
with k? � vg? > 0 (parallel), the group velocity in the
perpendicular direction must pass through zero (k? � @w/@
k? = 0) for some critical value denoted k?c � k?jvg?=0

,
where kz(k?c) is a minimum for a fixed frequency. Setting
the perpendicular group velocity of the full dispersion
relation (3) equal to zero (vg? = 0) with kz di � 1 and
me/mi � 1 produces

k2?c d
2
e 


we

�UH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2z d

2
e

q
� k2z d

2
e : ð6aÞ

For kz de � 1 the critical wavenumber is on the order of the
inverse electron skin depth

k?c 

1

de

we

�UH

: ð6bÞ

This becomes k?c 
 de
�1 in the high density limit we � �e.

[38] RG note on p. 28,873 that the critical wavenumber
can be interpreted as the dividing line between whistler
(k? < k?c) and lower hybrid waves (k? > k?c). A more
accurate computation of the critical wavenumber is indicated
by the light dashed line in Figure 3. This line is nearly
vertical at a value given by equation (6b) over a broad
spectrum of parallel wavenumbers kz and corresponding
frequencies. Waves corresponding to k? = k?c are some-
times called the ‘‘Gendrin modes’’ [Gendrin, 1961]. For
me/mi � 1 and di

�1 � kz � de
�1 the parallel (and total) group

velocity of the Gendrin modes is also constant for a broad
spectrum of parallel wavenumbers kz and corresponding
frequencies

vgk k?c; kzð Þ 
 cwe

�e

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ �e=weð Þ2�2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ �e=weð Þ2

qr
: ð7Þ

This becomes vgk(k?c, kz) 
 c�e/(2we) in the high density
limit (we � �e) [Gendrin, 1961; Sturrock, 1962]. A wave-
packet comprised of Gendrin modes will propagate in a
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homogeneous anisotropic plasma without distortion as a
linear ‘‘soliton.’’
[39] Based on the approximations in equations (4a) and

(5b) which result in the ‘‘electrostatic’’ lower hybrid wave
and the ‘‘electromagnetic’’ whistler wave, the inverse elec-
tron skin depth k? � de

�1 approximately delineates the
transition point between electromagnetic and electrostatic
phenomena. That is not to say that waves with k? < de

�1 are
fully electromagnetic and k? > de

�1 are fully electrostatic
but only to say that for k? < de

�1 the electromagnetic fields
dominate the physics and for k? > de

�1 the electrostatic
fields dominate the physics. Discriminating between elec-
tromagnetic k?de� 1 and electrostatic 1� k?de phenomena
using the electron skin depth is not unique to lower hybrid
waves. Dispersive Alfvén waves become electrostatic when
k?de � 1 [Stasiewicz et al., 2000]. Gendrin modes, which
propagate without dispersion, correspond to perpendicular
wavenumbers on the order of the inverse electron skin depth
k?c � de

�1. For the experimental conditions investigated by
RG, the electrostatic approximation corresponds to k? �
1.2–1.9 cm�1 and the critical perpendicular wavenumber
corresponds to about k?c � 0.6–1.1 cm�1 or equivalently
k?c de � 0.7–0.8. The measured wavenumbers of the
laboratory mode k? � 0.5–1.6 cm�1 are not consistent
with the electrostatic limit k? � de

�1 of lower hybrid waves
and are closer to the Gendrin mode of the homogeneous
plasma. However, while the wavenumbers of the cavity
mode in the laboratory might appear consistent with the
Gendrin mode, the next section demonstrates that the field
properties of the laboratory mode are profoundly inconsis-
tent with the predictions of the CHPDR and the electrostatic
approximation in equation (4b).

5. CHPDR and Mode Identification in the
Laboratory

[40] A major theme of RG’s paper is that the dispersion
relation of the laboratory mode is described by ‘‘electro-
static theory,’’ which assumes a longitudinal electric field,
but that the observed electric fields are essentially transverse
(electromagnetic). RG compare their laboratory measure-
ments with the fully electromagnetic CHPDR for normal
modes of a cold homogeneous plasma not the resonance
cone derived from electrostatic theory. The laboratory mode
is identified as an electrostatic lower hybrid wave based on
the ‘‘very good agreement between the theoretical and
measured values’’ of wavenumber [RG, p. 28,880]. Com-
paring the wavenumbers predicted by the CHPDR and
measured in the laboratory experiment is only one way on
quantifying agreement (or disagreement) between theory
and observation. The theory of a cold homogeneous plasma
(equation (1)) also predicts the relative size of the electric
field components and corresponding longitudinal and trans-
verse electric field vectors. Comparing the ratio of longitu-
dinal (electrostatic) and transverse (electromagnetic) fields
predicted by the CHPDR and measured in the laboratory
experiment provides another means of quantifying agree-
ment (or disagreement) between theory and observation.

5.1. Longitudinal and Transverse Electric Fields

[41] The term ‘‘electrostatic’’ seems to be a point of
general confusion and contention in space physics. The

electrostatic approximation ‘‘lies simply in the replacement
of the vector electric field by the potential gradient E =
�ry’’ [Stix, 1992, p. 54]. The electrostatic field associated
with a wave is longitudinal or along the direction of k, e.g.,
EL = �ry. The electromagnetic field associated with a
wave is transverse or perpendicular to the direction of k,
e.g., ET = �@tA where A is the vector potential in the
Coulomb gauge (r � A = 0). Throughout this discussion the
terms longitudinal and transverse will be used to describe
the orientation of E respect to k, and the terms perpendic-
ular and parallel will be used to describe the orientation of E
with respect to the background applied magnetic field B0 =
B0 ẑ.
[42] Generally, the electric field of a plasma wave exhib-

its both electrostatic and electromagnetic fields. However,
when either the longitudinal or transverse field dominates,
the wave may be characterized as electrostatic or electro-
magnetic respectively in deference to the lowest order
approximation that describes the essential dynamics of the
mode. From this rigorous perspective, the electromagnetic
or electrostatic nature of the fluctuations may be character-
ized solely on the basis of the electric fields without any
reference to the relative or absolute size of the associated
magnetic fluctuations. This characterization is important for
quantifying the results of the UCLA/LAPD laboratory
experiment because: (1) RG focus exclusively on the
behavior of the electric field fluctuations in the laboratory
experiment (2) ‘‘The electric field measurements presented
are not absolutely calibrated. The anisotropic susceptibility
of the plasma prevents dipole probes with a tip-to-tip
separation larger than a Debye length from being calibrated
[Stenzel and Fredricks, 1975]’’ [RG, p. 28,874]. This
second point eliminates the ratio of the wave electric or
magnetic field energy divided by the total wave energy as
an effectual technique for characterizing the electrostatic or
electromagnetic nature of the fluctuations in the laboratory
experiment.
[43] The electrostatic approximation is analogous to the

familiar quasineutral approximation in plasma physics. The
quasineutral approximation assumes that the densities of
the ions and electrons are equal everywhere to lowest order
(ni = ne). This does not mean that the electric field is zero.
However, this assumption does mean that the Poisson
equation cannot be used to determine the electric field.
Once the electric field is determined byr � J = 0, the charge
separation can be estimated from Poisson’s equation. Sim-
ilarly, the electrostatic approximation assumes that
E = �ry + O (ET/EL). This approximation presumes that
the electric field is predominantly longitudinal and curl free
to lowest order. This does not imply that the magnetic
fluctuation associated with the electrostatic wave is zero.
However, this does imply that Faraday’s law @tB = �r � E
cannot be used to determine the magnetic fluctuation B.
Once the current of the electrostatic wave is determined, the
associated magnetic fluctuation may be estimated from
Ampere’s law r � B 
 m0(J + �0 @tEL) where J = JL + JT
is an implicit function of EL withr � JT = 0 andr� JL = 0.
(Note that the constraint r � ( J + �0 @tEL) = 0 does not imply
that J + �0 @  t E L = 0, i.e., JT 6¼ 0 with the J L + � 0 @  t E L = 0
(longitudinal components canceling).) Subsequently, r � E
may then be estimated from Faraday’s law r � E = �@tB.
The magnetic field associated with an ‘‘electrostatic’’ wave
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may be generally estimated from Ampere’s law [Stix, 1992,
p. 78]. However, experimentally the noise levels and sen-
sitivity of the detector determine whether the magnetic
fields associated with ‘‘electrostatic’’ waves are observable.
[44] The longitudinal and transverse components of the

electric field E = EL + ET for a wave with k = (kx, 0, kz) are

EL ¼ 1

k2
k2x Ex þ kx kz Ez; 0; k

2
z Ez þ kx kz Ex

� �
; ð8aÞ

ET ¼ 1

k2
k2z Ex � kx kz Ez; k

2 Ey; k
2
x Ez � kx kz Ex

� �
: ð8bÞ

[45] The electric field components are determined from
equation (1a) for frequencies and wavenumbers which
satisfy equation (2). The ratio EL/ET is a measure of the
electrostatic or electromagnetic character of a wave. For
large values of this ratio, the wave is essentially electrostatic
and for small values, the wave is essentially electromagnetic.
Regardless of the zeroth order characterization of the
fluctuations, the magnitude of the magnetic fluctuation B
anywhere on the whistler-lower hybrid dispersion surface of
the CHPDR is simply B = k ET/w.
[46] Figure 4 shows the ratio of the longitudinal to

transverse electric field computed from the CHPDR for
conditions corresponding to the laboratory experiment.
Figure 4a corresponds to the plasma density external to
the striation n0 = 5 � 1011 cm�3 and Figure 4b corresponds
to the plasma density at the minimum of the striation n0 =
2 � 1011 cm�3. Since a magnetized plasma is anisotropic,
the ratio is computed for the electric field perpendicular to
and parallel to the applied magnetic field B0 = B0̂z. The
upper and lower solid lines correspond to the perpendicular
ratio jEL?/ET?j for the two frequencies f = 30 MHz and
f = 90 MHz, respectively. The dashed lines correspond to
the parallel ratio jELz/ETzj which is essentially the same for
both frequencies on this scale.
[47] There is a clear difference between the behavior of

the parallel jELz/ETzj and perpendicular jEL?/ET?j ratios.
The parallel ratio behaves as

ELz=ETzj j 
 1þ k2 d2e : ð9Þ

This ratio becomes electrostatic for k? � k ^ de
�1 with

kz/k? � 1, and the inflection point in Figure 4 occurs at k?
� k = de

�1. In contrast, the perpendicular ratio jEL?/ET?j
remains large down to very small wavenumbers, and the
electric field perpendicular to the magnetic field is
essentially longitudinal (electrostatic) despite the important
electromagnetic corrections to the parallel dynamics and the
overall dispersion relation. The whistler-lower-hybrid dis-
persion relation is ‘‘electromagnetic’’ for k? ] de

�1 because
the electron current along the magnetic field is significant;
the parallel component of the vector potential Az is no
longer negligible in comparison with the scalar potential
@tAz � @zy. Thus for wavenumbers k? ] de

�1 the parallel
vector potential is essential to the wave dynamics and the
dispersion relation. However, the perpendicular vector
potential A? is negligible unless k? � de

�1.
[48] Sections 4.1, 4.2, and 5.1 demonstrate that the

electron skin depth de is the characteristic scale length at

which electromagnetic whistlers transition to electrostatic
lower hybrid waves using three different but related criteria:
(1) The ‘‘electromagnetic’’ whistler dispersion relation is
valid for k? � de

�1 and the ‘‘electrostatic’’ lower hybrid
dispersion relation is valid for k? � de

�1. (2) These two
modes are separated by the Gendrin mode which occurs at
k? = k?c � de

�1. (3) The ratios jELz/ETzj and jEL?/ET?j are
both large for k? > de

�1. However, the ratio jELz/ETzj is order
one for k? < de

�1. Since the CHPDR does not model the
propagation of waves in a density gradient, the above
calculations must be considered estimates for the laboratory
plasma which is extremely inhomogeneous with sharp

Figure 4. Ratio of the longitudinal to transverse electric
field computed from the CHPDR for conditions correspond-
ing to the laboratory experiment with n0 = 5 � 1011 cm�3

(a) and n0 = 2 � 1011 cm�3 (b) for lower hybrid waves with
f = 30 MHz (upper solid lines) and f = 90 MHz (lower solid
lines). The solid lines correspond to the ratio jEL?/ET?j and
the dashed lines correspond to the ratio jELz/ETzj. The latter
ratio appears the same for both frequencies on this scale.
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density gradients. Nonetheless, for the whistler-lower-
hybrid dispersion relation we generally expect electrostatic
behavior for wavenumbers k? � de

�1.

5.2. Comparison With the Laboratory Experiment

[49] The theoretical results presented above generally
disagree with RG’s interpretation of the laboratory data.
On p. 28,882, RG state that ‘‘though lower hybrid waves’
dispersion can be well described by electrostatic theory,
wave magnetic fields play an important role in the physics
of these waves.’’ However, we have demonstrated that
electrostatic theory implies, by definition, that the trans-
verse electric field and associated magnetic field contribute
minimally to the dynamics of electrostatic waves; these
electromagnetic fields are mere corrections to the electro-
static dispersion relation in the appropriate limit in equa-
tion (4a). RG also claim that the ‘‘measured k-spectra for
the laboratory experiments show that the laboratory data
satisfy any reasonable requirements about what constitutes
an electrostatic wave.’’ However, the laboratory data does
not satisfy the usual criteria used to establish that a wave is
electrostatic. Plate 2, on p. 28,869 of RG, shows that the
perpendicular electric field in the laboratory experiment is
essentially transverse (nonzero curl) with ET? � EL?
whereas an electrostatic wave exhibits an electric field
which is essentially longitudinal with EL? � ET?. Fur-
thermore, the measured k-spectra in the laboratory are
generally not consistent with the electrostatic regime nor
do they agree with the electrostatic dispersion relation
denoted by the dashed lines in Figure 3. The electrostatic
dispersion relation differs significantly from the CHPDR
near k? � 1 cm�1, both in the wavenumbers and in the
magnitude and direction of the group velocity. Fluctuations
with k? � 1 cm�1 can hardly be deemed consistent with
the electrostatic dispersion relation (the resonance cone).
The wavenumbers exhibited by the three density striations
investigated by RG are summarized in Table 4. Only
striation 3 exhibits wavenumbers which are even margin-
ally in the electrostatic regime k? = 4 cm�1 ^

ffiffiffi
2

p
de�1 �

2 cm�1 for the homogeneous plasma. We emphasize that
there may be some differences in the boundaries of the
electrostatic regime due to the extreme plasma inhomoge-
neities investigated in the laboratory experiment. Never-
theless, we expect that the the fluctuations to exhibit
electrostatic properties when k?de � 1.
[50] Figure 4 demonstrates that the CHPDR predicts that

the perpendicular electric field for the whistler-lower-hybrid
mode is essentially ‘‘electrostatic’’ with jEL?/ET?j �20–
2000 for wavenumbers k? = 1–4 cm�1 and plasma con-
ditions corresponding to the laboratory experiment. How-
ever, the perpendicular electric field in the laboratory is both
locally (E ? k) and globally (

H
E � dl 6¼ 0) transverse or

electromagnetic with a ratio jEL?/ET?j � 10�1. Indeed, RG
state in the discussion (on p. 28,879) of Plate 2 that for the
laboratory mode the ‘‘the field pattern is not electrostatic,
i.e., r � E 6¼ 0, A 6¼ 0; a closed path integral of the electric
field is not zero.’’ The theoretical predictions of the CHPDR
and the laboratory measurements conservatively differ by
2–4 orders of magnitude on this point.
[51] The laboratory results are not well described by the

CHPDR nor are the wavenumbers consistent with the
electrostatic dispersion relation (the resonance cone).
The evidence strongly suggests that the laboratory mode
cannot be described by homogeneous plasma theory. This is
not surprising since the mode appears to be localized in a
plasma density gradient, and the physics of a plasma density
gradient is not described by homogeneous plasma theory.
This is one point where the space observations and labora-
tory measurements appear to be in agreement. The theories
most consistent with LHSS phase velocity estimates are
based on inhomogeneous plasma theory; the Hall current in
a density gradient produced by the E�B0 response of the
electrons and the inertial response of the ions [Seyler, 1994;
Schuck et al., 1998; Schuck, 1999; Schuck and Bonnell,
2003]. Indeed, Schuck and Bonnell [2003] point out that
ray-tracing descriptions of LHSS based on the CHPDR
consistently fail to describe the frequencies and phase
velocity estimates of LHSS waves [Pinçon et al., 1997;
Schuck et al., 1998; Bonnell et al., 1998; Pécseli et al.,
1996, 1997; Kjus et al., 1998; Høymork et al., 2000, 2001].
The theories of LHSS do not describe the quasi-electro-
magnetic regime k? de ] 1 of the laboratory measurements
[Seyler, 1994; Schuck et al., 1998; Schuck, 1999; Schuck
and Bonnell, 2003]. However, these theories were derived
for the electrostatic regime k? de � 1 corresponding to the
scale lengths observed in space, and in the appropriate
regime these theories appear to provide an adequate
description of LHSS wave fields [Pinçon et al., 1997;
Schuck et al., 1998; Bonnell et al., 1998; Tjulin et al., 2003].
[52] There is another significant but less profound dis-

crepancy between the CHPDR and the laboratory measure-
ments. In Figure 5 on p. 28,879, RG compare the CHPDR
and the measured kz and k? distributions in striation 2 and
claim ‘‘very good agreement between the theoretical and
measured values’’ [RG, p. 28,880]. In our opinion, the
agreement does not appear to be very good. Given the
measured kz-spectrum, the CHPDR (which is double valued
at kz = 0.027 cm�1) would predict a bimodal k?-spectrum,
with both small and large wavenumbers represented at
roughly 0.2 and 2.2 cm�1, respectively. Instead the
observed k?-spectrum is basically unimodal with peak
power at k? = 1.2 cm�1; this is inconsistent with the
measured kz-spectrum and the CHPDR. A referee of this
paper notes that a small error in the kz-spectrumwould lead to
a k?-spectrum with a single maximum centered at the
minimum of the kz(k?) dispersion relation. While this sup-
position might bring the laboratory measurements into agree-
ment with the CHPDR, the resulting k-spectrum now appears
to correspond to a Gendrin mode and not an electrostatic
lower hybrid wave with wavenumbers near the resonance
cone denoted by the dashed lines in Figure 3. We point out
that that regardless of the apparent agreement or disagree-
ment between the CHPDR and the k-spectrum measured in
the laboratory, the predicted and measured electric field

Table 4. Perpendicular Wavenumber Estimates From the Three

Density Striations Investigated by RGa

Striation k?, cm
�1 From RG

1 0.5–1.6 Figure 7
2 1.2 Figure 5
3 4 Figure 6

aOnly striation 3 exhibits wavenumbers which are in the electrostatic
regime k? >

ffiffiffi
2

p
de
�1 � 2cm�1 for the homogeneous plasma.
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patterns disagree profoundly. (The comparison between
the CHPDR and the measured k-spectrum is further
complicated by the variation in the density profile along
y = 0 cm from shot to shot. Plates 1 and 4 of RG
indicate that the background plasma density varies by
20% between measurements for the same striation. The
estimate of 20% presumes that the label on the right-hand
side of the bottom panel in Figure 4 should read
(�1011 cm�3) and not (�1012 cm�3).)

6. Summary and Conclusion

[53] RG observe enhanced electric fields localized in
gradients of plasma density depletions at frequencies near
the lower hybrid resonance. The electric field points
along lines of constant density and is both locally and
globally electromagnetic (transverse) regardless of the
striation shape. The perpendicular wavenumber of the
laboratory modes is set by the diameter of the density
striation, and this scaling is independent of frequency and
striation size. RG’s observations of electromagnetic fluc-
tuations localized in a density gradient are new, extremely
interesting, and possible relevant to some other iono-
spheric observations. However, the apparent correspon-
dence between the laboratory data and ionospheric phase
velocity estimates of LHSS [Pinçon et al., 1997; Schuck
et al., 1998; Bonnell et al., 1998] is irrelevant as the
laboratory and ionospheric experiments perform inherently
different measurements involving different combinations
of electric field components and interferometric phase
velocity estimations relative to the trajectory. Furthermore,
the phase velocity derived from an idealized laboratory
phase distribution is inconsistent with the ionospheric
measurements; the results are opposite to that observed
in space. The evidence presented by RG suggests that the
laboratory and ionospheric data correspond to entirely
different phenomena. Additionally, we disagree with
RG’s claim that the laboratory measurement agree with
the theoretical predictions of the cold homogeneous
plasma dispersion relation (CHPDR). The perpendicular
electric field in RG’s observations is mainly transverse
whereas the CHPDR predicts that it should be essentially
longitudinal for the frequencies and wavenumbers mea-
sured in the laboratory. In conclusion, RG’s laboratory
measurements are not relevant to ionospheric observations
of LHSS in the work of Pinçon et al. [1997], Schuck et al.
[1998], and Bonnell et al. [1998]. Nor are the data
relevant to more recent magnetospheric measurements of
LHSS which confirm of these ionospheric observations
[Tjulin et al., 2003]. However, we generally agree that
laboratory experiments provide an important complement
to spacecraft observations and feel that future collaborative
work between the space and laboratory community would
be profitable.
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