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Lower hybrid drift waves (LHDWs) are commonly observed at plasma boundaries in space and

laboratory, often having the strongest measured electric fields within these regions. We use data from

two of the Cluster satellites (C3 and C4) located in Earth’s magnetotail and separated by a distance of the

order of the electron gyroscale. These conditions allow us, for the first time, to make cross-spacecraft

correlations of the LHDWs and to determine the phase velocity and wavelength of the LHDWs. Our results

are in good agreement with the theoretical prediction. We show that the electrostatic potential of LHDWs is

linearly related to fluctuations in the magnetic field magnitude, which allows us to determine the velocity

vector through the relation
R
�Edt � v ¼ ��Bk . The electrostatic potential fluctuations correspond to�10%

of the electron temperature, which suggests that the waves can strongly affect the electron dynamics.
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It is characteristic for many plasma environments in the
Universe to form extended thin boundaries separating re-
gions of different kind of plasmas. Plasma processes at
these boundaries are often of multiscale nature, coupling
small electron scales and large magnetohydrodynamics
scales, and understanding these boundaries is crucial for
many physical phenomena. Such processes are responsible
for transport of energy and plasma across the boundaries,
plasma energization, and generation of plasma waves. The
lower hybrid drift waves (LHDWs) [1,2] are commonly
observed at plasma boundaries [3–8], where they often
account for one of the strongest electric fields and may
result in anomalous diffusion and resistivity [9,10] and
electron acceleration [11]. The LHDWs are electron scale
waves and therefore detailed experimental characterization
of the properties present a challenging task. In the labora-
tory experiments, dimensions of the electric probes can be
of the order of the LHDW wavelength [12]. In contrast, in
space plasmas the spacecraft dimensions are much smaller
than the LHDWwavelength, which enables detailed in situ
measurements of the electromagnetic field and plasma
properties. On the other hand, to make cross correlation
studies of the waves, two spacecraft need to be at electron
scale separation, which is seldom the case.

The LHDWs are excited through the lower hybrid drift
instability (LHDI) [1] which is a cross field current driven
instability with the free energy provided by inhomogene-
ities in the plasma density and magnetic field. The density
gradient length scale, Ln ¼ ð@ lnn=@xÞ�1, necessary to
excite the LHDI can be of the order of several ion gyrora-
dii. Ln is related to the ion diamagnetic drift through
Ln=�i ¼ vth;i=2vDi, where �i ¼ vth;i=�i is the ion gyro-

radius, vth;i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ti=mi

p
is the ion thermal velocity, and

vDi ¼ Ti=eBLn is the ion diamagnetic drift velocity, as-
suming the temperature to be approximately constant. The
nature of the LHDI is twofold, in the presence of a weak

gradient case, vDi < vth;i, it is a kinetic instability where a

drift wave resonates with drifting ions. In the strong gra-
dient case, vDi > vth;i, it is a fluid instability where a drift

wave couples to a lower hybrid wave [1]. The maximum
growth rate occurs in the strong drift regime, with the
following properties [13]:

!r �!LH; � & !LH; k?�e � 1; k � B ¼ 0; (1)

where ! ¼ !r þ i� and k are the complex frequency and
wave number of the mode, �e ¼ vth;e=�e is the electron

gyroradius, and !LH ¼ !pið1þ!pe=�eÞ�1=2 is the lower

hybrid frequency. At these frequencies and wavelengths,
the electrons are strongly magnetized while the ions are
unmagnetized, a fact that lets the ions move across the
magnetic field and interact resonantly with the waves. As
the wave vector gains a parallel component, kk, the elec-

trons can be accelerated along the field lines due to Landau
resonance, which has a strong stabilizing effect [11]. The
LHDI is stabilized by finite plasma � [4,13]. When � � 1,
it is instead a longer wavelength magnetic mode,
k?

ffiffiffiffiffiffiffiffiffiffi
�e�i

p � 1, which becomes dominant [14]. Some of

the fundamental properties of the fastest growing shorter
wavelength mode, k?�e � 1, such as phase velocity and
wavelength have been estimated [3,15], but never mea-
sured directly. In this Letter, we report such measurements
for the first time.
From July to November, 2007, two of the Cluster space-

craft [16], C3 and C4, were down to a separation distance
of as little as 40 km. We present data from August 31,
2007, when Cluster crosses a plasma boundary in Earth’s
magnetotail, at ½�14 � 4 2�RE in geocentric solar mag-
netospheric (GSM) coordinates. This event fulfilled the
following conditions: (1) presence of a clear plasma
boundary with gradients in density and magnetic field as
well as strong electric fields, (2) a high value of the local
electron gyroradius, allowing the two spacecraft to observe
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the same electron scale structure, and (3) the spacecraft
operates in burst mode, allowing the highest possible time
resolution measurement of both the electric and magnetic
field. Figure 1 shows an overview of the event as seen by
C4 (C3 observes the same large scale picture and is not
shown here). At 10:19 UT (universal time) the spacecraft
cross a sharp plasma boundary seen as a sharp decrease in
the magnetic field strength [Fig. 1(a)], corresponding to a
narrow current layer, with a simultaneous change in both
the electron and ion populations [Figs. 1(b) and 1(c)], as
more energetic particles appear, and a sharp increase in the
plasma density and plasma beta [Fig. 1(d)]. At this plasma
boundary, we observed high amplitude electric fields
[Fig. 1(e)]. Spectral analysis show presence of oscillations
in the lower hybrid frequency range in both the electric and
magnetic field [Figs. 1(f) and 1(g)]. The area with high
amplitude electric field consists of several wave packets,

possibly due to the spacecraft passing in and out of the
current sheet. We study one of them in detail.
Because the LHDWs propagate in a current sheet nearly

perpendicular to the ambient magnetic field, we use a
magnetic field aligned coordinate system. The unit vectors
are given by ẑ ¼ B=jBj, ŷ ¼ ẑ� ðn̂� ẑÞ, and x̂ ¼ ŷ � ẑ,
where B is the average magnetic field from the short time
interval during which we observe the individual wave
packets, and n̂ is the current layer normal which we
obtain by performing a minimum variance analysis on
the magnetic field during a longer interval from 10:18:36
to 10:19:28 UT. The results for both C3 and C4 were
practically identical, with the eigenvalue ratio L2=L3 ¼
10. The expected LHDW propagation direction, x̂,
is given by the third direction, perpendicular to both
B and n̂. The resulting configuration of the spacecraft in
this system is shown in Fig. 2(a), which also shows the ion
drift obtained from the Cluster Ion Spectrometry experi-
ment, and the average E� B drift. As the E� B drift is
close to the wave propagation direction, its small n̂ com-
ponent cannot be reliably used to estimate the motion of
the current layer. The separation between C3 and C4 in the
x̂ direction is �9 km, which is smaller than the theoreti-
cally expected wavelength of the LHDW, �LH � 2��e �
55 km. This provides excellent conditions to observe the
same LHDW packet on both C3 and C4.
We use simultaneous observations of the electric field on

C3 and C4 to perform cross correlation measurements of
the LHDWs. Figures 2(b) and 2(c) shows electric field
observations during 10:19:05.50–10:19:05.90 UT. Two
components are shown: the electric field along the propa-
gation direction of the wave, Ex [Fig. 2(b)], and in the
normal direction, Ey [Fig. 2(c)]. As the Electric Field and

Wave instrument aboard Cluster only measures the electric
field in the spacecraft spin plane, we first reconstruct
the nonmeasured component of E assuming E � B ¼ 0
(B is at �60� with respect to the spacecraft spin plane),
and then make the transformation to the field aligned
coordinate system. C3 and C4 observe very similar time
series in the x component, that is the expected propagation
direction of the wave. To obtain the phase velocity of the
waves, we find the time shift that gives the highest corre-
lation between the two time series. This analysis is per-
formed on both components and we find the highest
correlation for Ex (correlation coefficient ¼ 0:74 as op-
posed to 0.53 for Ey) which results in a time shift of �t ¼
6:4 ms [the shifted electric field from C4 is shown in
Figs. 2(b) and 2(c) as a blue dashed line] and a phase
velocity of 1400 ð	300Þ km=s. We see that the phase
velocity of the wave is comparable to the ion drift velocity
as measured by the Cluster Ion Spectrometry experiment.
This is expected from theory because the ions must be in
resonance with the wave in order to drive the wave growth.
By knowing the phase velocity of the wave we can asso-
ciate a length scale with our observations that is shown on

FIG. 1 (color online). Overview of the boundary layer cross-
ing. (a) The magnetic field. (b) The electron energy flux as well
as (c) the ion energy flux. (d) The electron density and plasma
beta. (e) One component of the electric field, both full resolution
(red) and a four second average (black). (f) The electric field
power spectrum and (g) the magnetic field power spectrum. The
lower hybrid frequency is plotted as a black line in (f) and (g).
We study in detail the region at 10:19 UT where the largest
amplitude electric field variations in the lower hybrid frequency
range are observed.
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top of Fig. 2(b). The shaded yellow marking corresponds to
the wavelength of the maximum growing mode according
to theory, which for this time interval is �LH ¼ 55 km. The
observed wavelength is �60 km which is in good agree-
ment with the theoretical prediction.

An important parameter for the LHDI is the gradient
length scale, Ln. We estimate Ln measuring the difference
in the magnetic field between C3 and C4, and assuming
balance of total pressure [Fig. 2(f)]. For the largest part of
the time interval, Ln=�i is below 1, indicating that we are in
between the strong and the weak drift regime and that the
density gradient is sharp enough to sustain the LHDI. If we
assume that the ion velocity is mainly given by the diamag-
netic drift, we get a ratio of Ln=�i ¼ vth;i=2vDi � 0:5

[see Fig. 2(a)], which is consistent with what we see during
the larger part of the time interval in Fig. 2(f). While the
presence of a temperature gradient is possible, it is hard to
make reliable cross-spacecraft estimates of particle data due
to the low time resolution of the particle instruments (4 s)
compared to the wave period.
Using the phase velocity of the wave, v, we can integrate

the wave electric field (which is obtained by high pass
filtering the total electric field at half of the lower hybrid
frequency in order to single out the largest contribution
from the waves) to obtain the electrostatic potential asso-
ciated with the wave: ��E ¼ R

�Edt � v. The resulting

potential, normalized to the electron temperature, is shown
in Figs. 2(d) and 2(e), orange (lighter) line. The potential
varies from �100 to 300 V at its maximum which corre-
sponds to potential fluctuations of �10% of the electron
temperature, suggesting that the electrons could be effec-
tively scattered by the wave. This is in line with laboratory
experiments that estimate the normalized wave potential
fluctuations to be on the order of & 10% [5].
We note in Figs. 2(d) and 2(e) a strong correlation

between ��E? and �Bjj. This can be explained if we

remember that the ions can be considered unmagnetized,
so that the electrons will carry a current through the
�E� B0 drift. This perpendicular current will, according
to Ampère’s law and because kk 
 k?, correspond pre-

dominantly to changes in the magnetic field, �Bk, along the
direction of the ambient magnetic field. This assumption is
supported by a minimum variance analysis, where we also
observe small perpendicular components �Bx and �By,

making it impossible to deduce the propagation direction
from r � �B ¼ 0. Based on these assumptions we can
derive a linear relation between �Bk and the expected

electrostatic potential of the wave ��Bjj :

��Bjj ¼
B0

nee�0

�Bk; (2)

which is shown by a purple (darker) line in Figs. 2(d) and
2(e) with the magnitude of the wave magnetic field shown
on the right-hand scale. ��Bjj and ��E? are in excellent

agreement. The agreement between ��Bjj and ��E? con-

firms two things: first, the reasoning that led to Eq. (2) is
correct, and second, we have indeed a good estimate of
the propagation direction and velocity. Relationship (2)
could be seen as a first order approximation of the elec-
tromagnetic component of the LHDWs. As the density
increases further into the current sheet, so will the
�E� B0 current and the magnetic perturbation, possibly
being one of the reasons why the LHDWs tend to become
more electromagnetic than electrostatic in this region
[17]. A parallel magnetic component has been investi-
gated before in space [3] and is also indicated in com-
puter simulations [14], where one can see that the
maxima and minima of ��Bk and �Bk coincide over the

thickness of the current layer, and also that their relative

FIG. 2 (color online). A lower hybrid drift wave packet. (a) The
spacecraft configuration and particle flows in the field aligned
coordinate system. The electric field in (b) the propagation direc-
tion of the wave and (c) normal direction of the current sheet. Solid
lines show observation by C3 (green, lighter) and C4 (blue, darker),
respectively. The time shifted field of C4 is shown as a dashed line
and results in v ¼ 1400 km=s and � � 60 km. The shaded yellow
area marks k?�e ¼ 1. (d),(e) The electrostatic potential, normal-
ized to the electron temperature, obtained from �E? (orange,
lighter) and �Bjj (purple, darker), as measured by C3 and C4,

respectively. The right-hand scale shows the amplitude of �Bjj.
(f) The gradient length scale normalized to the ion gyroradius.

PRL 109, 055001 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

3 AUGUST 2012

055001-3



amplitude varies. The relation between ��Bk and �Bjj
allows us to determine the wave properties from single
spacecraft measurements. Because the shape of the po-
tential is dependent on the propagation direction, and
the amplitude is dependent on the propagation velocity,
we can deduce the wavelength and the phase velocity
of the wave by finding the propagation direction and
velocity that gives the best match between ��Bk and

��E? , i.e., find v so that
R
�Edt � v ¼ ��Bk . If we apply

this to the case presented in Fig. 2, we find the velocity
v � 1400� ½0:76 � 0:64 � 0:05� km=s (GSM), which is
at an angle of �10� with the propagation direction, �x̂,
which was found by means of minimum variance analy-
sis, suggesting a small local variation of the direction of
the current layer. Using this method, we will be able to
examine the LHDWs in a wider parameter space, further
exploring the wave properties.

In order to illustrate the potential structure of the waves,
we plot in Fig. 3 (top), for each time step, �E?, and the
sign of �Bjj, observed by C3 and C4. This is done for

another wave packet than in Fig. 2, that has a longer
wavelength, � � 90 km, and better illustrates the clear
potential structure of the waves. It can be seen that �E?
forms vortex structures, and that C3 and C4 are alterna-
tively on the same side or on the opposite side of these
structures as they propagate by. There is also a clear
correlation between �Bjj and �E?. In the locations where

�E? converges, �Bk is antiparallel to B0, and where �E?
diverges, �Bk is parallel to B0, which is illustrated in

Fig. 3 (bottom).
In summary, using Cluster data from 2007 when two of

the spacecraft (C3 and C4) were �40 km apart in Earth’s
magnetotail, and as close as �10 km transverse to the
magnetic field, we have made detailed studies of the

LHDWs. Apart from the event presented here, we have
performed similar analysis for 10 other closely located
events on the same day and found similar wave properties,
k�e � 0:5� 1. By estimating the propagation direction of
the wave and matching the time series of the two space-
craft, we are for the first time able to directly measure the
phase velocity of the LHDW, which was on the order of
1400 km=s and comparable to the ion velocity. Using this
velocity we could deduce, for the first time, the wavelength
(� 60 km) which corresponds well with the theoretical
wavelength of the maximum growing mode (�LH ¼
55 km). By estimating the gradient length scale across
the current layer, we could verify that the theoretical ex-
istence conditions for the LHDI were indeed met. We
integrated the electric field and found electrostatic poten-
tial fluctuations which corresponded to about 10% of the
electron temperature, indicating efficient interaction be-
tween electrons and LHDWs.
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FIG. 3 (color online). (Top) Perpendicular wave electric field
and (anti)parallel (� =� ) wave magnetic field for each time
step. Note that this is not the same wave packet that is shown in
Fig. 2 but is part of a wave packet observed during the time
10:19:04.70–10:19:04.90 UT. (Bottom) A schematic image ex-
plaining the repetitive pattern seen in the top image.
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