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[1] We present an analysis of the electric and magnetic
wave spectra on kinetic scales during several crossings of a
reconnecting current sheet. The spectra were measured from
1 Hz or less up to 4096 Hz by the EFW, FGM and STAFF
instruments onboard the Cluster spacecraft between 3 and 4
UT on 11 October 2001. During the event plasma flows of
order of the local Alfvén speed reversed from tailward to
earthward, suggesting that a reconnection site moved over
the spacecraft. We ordered the observed electric and
magnetic field wave spectrum by the position within the
current sheet using the magnitude of the magnetic field B.
We found that the electric and magnetic wave power
decreased considerably at all frequencies towards the center
of the current sheet (B � 0 nT). The electric energy density
decreases 5 orders of magnitude from the edge of the
current sheet (B = 19 nT) to the center and the magnetic
energy density peaks within the current sheet (B = 13 nT)
and is decreased by 2.5 orders of magnitude at the center.
Within the current sheet, the electric and magnetic wave
spectra were dominantly broadband electromagnetic noise
(i.e., power law spectra with exponents ��1.4 and ��2.4,
respectively) throughout the frequency range�0.1–1000Hz,
spanning from MHD (i.e., ion cyclotron frequency�0.2 Hz)
to almost the electron plasma frequency (�4000 Hz). We
argue that the wave activity is likely to be whistler
wave turbulence and discuss the implications of these
results for reconnection from wave-particle interactions.
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1. Introduction

[2] One of the main scientific contributions of the Cluster
spacecraft mission is to the understanding of magnetic
reconnection in the Earth’s magnetosphere (including mag-
netopause and magnetotail). In particular, two aims of the
Wave Experiment Consortium (WEC) are to characterize
plasma waves and turbulence and to assess their role in the
‘anomalous’ behaviour of thin critical layers where the
MHD approximation is broken [Roux and de la Porte,
1988].
[3] In collisionless space plasmas such as the Earth’s

magnetosphere, magnetic reconnection requires the break-
down of the ion and electron frozen-in condition at the

magnetic null point. Possible breakdown mechanisms in-
clude anomalous resistivity from wave-particle interactions
involving the lower hybrid drift instability (LHDI) [Huba et
al., 1977] and the ion-acoustic instability (IAI) [Galeev and
Sagdeev, 1984; Watt et al., 2002; Hellinger et al., 2004;
Petkaki et al., 2003, 2006], drag from Bunemann wave
turbulence [Drake et al., 2003], and electron pressure
anisotropy [Birn et al., 2001]. Besides their theoretical
possibilities, the importance of the wave-associated mech-
anisms has been highlighted by observations of IA [Scarf et
al., 1984], LH [Bale et al., 2002; Carter et al., 2002], upper
hybrid [Farrell et al., 2002] and whistler [Deng and
Matsumoto, 2001] waves associated with reconnection in
space and laboratory plasmas. Some wave modes like LH
waves and whistler mode waves require the presence of a
magnetic field, while others like IA waves can be excited at
magnetic null points or neutral sheets. Thus it is important
to establish where the observed waves occur within the
current sheet and whether they actually cause the break-
down of the ion or electron frozen-in condition or merely
arise from the reconnection process.
[4] In this paper we present an analysis of observations of

the Earth’s magnetotail by the four Cluster spacecraft at 3–
4 UT, October 11 2001, in order to investigate how wave
activity is related to position in a reconnecting current sheet,
to identify the dominant wave modes, and to relate obser-
vations to simulations of wave-particle interactions.

2. Observations and Analysis

[5] During the interval 03:00–04:00 UT on October 11
2001 Cluster was in the magnetotail and made several
crossings of the central current sheet in the pre-midnight
sector north of the magnetic equator. The average minimum
spacecraft separation was 1752 km and the average maxi-
mum separation was 1996 km. The mean position in
Geocentric Solar Ecliptic (GSE) coordinates was X =
�99695.4 km (15.65 Re), Y = 69469.3 km (10.9 Re) and
Z = 12300.2 km (1.93 Re). In this paper we are going to look
in detail at the observations from the Cluster spacecraft 1
(SC1), with reference to data from the other three spacecraft
where appropriate. Figure 1 presents a summary of the SC1
data, divided by vertical guidelines into five regimes for the
convenience of the subsequent description. (We produced
similar plots from all four spacecraft where data were
available.)
[6] Figure 1c shows the three components of the mag-

netic field in GSM coordinates from high resolution FGM
measurements [Balogh et al., 2001]. Component Bx is
shown in blue, By in green and Bz in red. Throughout the
interval, SC1 was in the central plasma sheet (defined as
b� 0.5 [Angelopoulos et al., 1994]) except at�03:35:40 UT
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when it touched the northern lobe (where B � 20 nT). SC1
moved from the northern half of the current sheet (Bx > 0) in
regimes 1 and 3 to the southern half (Bx < 0) in regime 5,
making a transient partial crossing of the current sheet
center in regime 2 and several transient partial or complete
crossings in regime 4, as indicated by the repeated magnetic
reversals of the Bx component. Typically, the magnetic field
measured by the other Cluster spacecraft (not shown) had
the same sign of Bx as SC1 and hence we deduce that the
current sheet thickness was greater than the spacecraft
separation. However, at 03:30:25–03:31:40 and 03:35–
03:36:40 UT, SC1 and SC3 measured Bx values of
opposite polarity and magnitude close to the lobe magnetic
field value of 20 nT, implying a current sheet thickness
comparable to the spacecraft separation of �1800 km, and
half-thickness similar to the ion inertial length, c/wpi �
500–1300 km.
[7] Figure 1d shows the three components of the proton

flow velocity perpendicular to the magnetic field in GSM
coordinates from the CIS-CODIF experiment [Rème et al.,
2001]. Proton velocities were calculated from 3D moments
of the distribution function. The data were then transformed
into the GSM coordinate frame. Velocities perpendicular to
the magnetic field were calculated using the formula Vp? =

B � (Vp � B)/B2 [see Runov et al., 2003]. Component Vp?x

is shown in blue, Vp?y
in green and Vp?z

in red. Typically,
the perpendicular flow speed is low, except during regime 4
when high-speed (>100 km/s) flows reversed from primar-
ily tailward (negative Vp?x

) and duskward (positive Vp?y
) to

primarily earthward (positive Vp?x
) and dawnward (negative

Vp?y). High-speed flow reversals in the same sense as for
SC1 are also seen in the CIS data from SC3 and SC4 (there
is no active CIS experiment aboard SC2). This suggests that
in regime 4 a reconnection X-line moved over the spacecraft
[see, e.g., Ueno et al., 1999] with its normal in the current
sheet plane tilted earthward and dawnward.
[8] Further support for reconnection during regime 4 is

provided in Figure 1e which compares the Vp? flow speed
with the local Alfvén speed calculated from the magnetic
field and density measurements from 3D moments of the
proton, He+, He2+ and O+ distribution functions by CODIF.
The flow speed is typically comparable to the Alfvén speed
whenever the spacecraft is positioned deep in the current
sheet (small magnitude of the magnetic field and low
Alfvén speed), consistent with the expectations of recon-
nection theory [see, e.g., Priest and Forbes, 2000].
[9] Figures 1a and 1b show the magnetic and electric

field wave spectra, respectively, measured from 8Hz to
4096 Hz by the STAFF instrument [Cornilleau-Wehrlin et
al., 1997]. During regime 4, enhanced broadband wave
activity is observed that likely extends to frequencies below
the minimum frequency measured by STAFF. Consequently,
the wave enhancement seems closely associated with the
passage over the spacecraft of the high-speed plasma flow
reversal and inferred reconnection X-line, especially since
there is no significant wave activity prior to regime 4,
including during the relatively low-speed partial current
sheet crossing in regime 2, and wave activity is also weaker
in regime 5 when the flow speed is low and it is inferred that
the reconnection X-line has passed downtail or reconnection
has ceased.
[10] Although the wave activity during regime 4 is

generally enhanced, it is nevertheless bursty. On closer
inspection of the data, we noticed that the wave activity
appears to reduce every time the background magnetic field
strength B measured by FGM reduces and approaches zero.
This suggested to us that the wave activity is ordered by the
distance of the spacecraft from the center of the current
sheet, for which B is a reasonable proxy (e.g., the Harris
current sheet [Harris, 1962]). To investigate this, Figure 2
shows the magnetic and electric field spectra re-ordered
with respect to B rather than time. This was done by sorting
the magnetic and electric field wave spectra measured by
STAFF during 03:25–03:42 UT according to B measured
by FGM. For each bin i � 1 < B < i nTwhere i = 1, 2, 3, . . .,
an average was calculated of all the spectra observed while
B was in that range. Thus we find the average spectrum for
all occasions. The re-ordered spectra confirm that wave
power is reduced in the center of the current sheet (B < 1 nT)
and maximizes towards the lobes (B � 20 nT). Specifically,
the electric energy density integrated over the STAFF fre-
quency range is a minimum of 5.9� 10�22 J m�3 at B < 1 nT
and a maximum of 6.9� 10�17 J m�3 at B = 19 nT (within a
broad plateau between 15 and 21 nT). The magnetic energy
density is a minimum of 3.1� 10�18 J m�3 at B < 1 nT and a
maximum of 7.4� 10�16 J m�3 at B = 13 nT (within a broad

Figure 1. Summary of observations made by the Cluster 1
spacecraft in the interval 03:00–04:00 UT on 11 October
2001. (a) STAFF magnetic field spectra. (b) STAFF electric
field spectra. (c) FGM high resolution magnetic field
components in GSM coordinates. (d) CIS proton flow
velocity components perpendicular to the magnetic field.
(e) Perpendicular proton flow speed to Alfvén speed ratio
Vp?/VA.
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plateau between 10 and 20 nT). Similar spectra and levels of
wave activity are seen on the other spacecraft.
[11] The re-ordered spectra are broadband and appear to

be relatively unstructured, except for a peak at a few tens of
Hz in the magnetic field wave spectrum. This indicates a
turbulent cascade extending to frequencies outside those
measured by the STAFF instrument. To investigate this, we
calculated electric and magnetic power spectra over an
extended frequency range by adding electric field data at
a resolution of 25 vectors/second from the EFW instrument
(high-pass filtered with a 2 Hz cut-off) [Gustafsson et al.,
2001] and magnetic field data at a resolution of 22.3
vectors/second from the FGM instrument for a time interval
03:28:57 to 03:29:17 UT (1737–1757 seconds after 03 UT)
during which the magnetic field was relatively stable (10 �
B � 12 nT) and corresponding to a location within the
current sheet. The EFW/FGM range of frequencies is from
�0.04 Hz to �12 Hz so it overlaps with the STAFF spectra
(8 Hz to 4096 Hz). We fast Fourier transformed the EFW
and FGM data to produce the power spectra at low frequen-
cies and time averaged the STAFF electric and magnetic
field spectra over the time interval to yield the spectra at high
frequencies. In Figure 3 we plot the resultant energy density
spectrum. The two corresponding low and high frequency

spectra match at the common frequencies, giving confidence
in the instrument calibrations. (The flattening of the mag-
netic field wave spectrum between 5 and 12 Hz is due to the
wave power falling below the instrument noise threshold.)
Overplotted are several linear wave frequencies - the elec-
tron and ion cyclotron frequencies fce and fci, the lower
hybrid frequency fLH = (fce fci)

1/2) for an electron-proton
plasma and the lower hybrid frequency fLHO+ = (fcefcO+)1/2)
for an electron-oxygen plasma, the electron and proton
plasma frequencies fpe and fpp, and the ion-acoustic frequen-
cies fIA in their likely unstable range 0.3< k lDe < 0.6 (lDe is
the Debye length). Variation in the individual frequencies
reflects variation of B or density during the interval. The
magnetic field spectrum comprises two components - a
broadband power-law component from 0.1 to 1000 Hz with
exponent ��2.4 (black solid line) and a narrowband
component peaking close to fpp � 95 Hz. Similarly, the
electric field spectra comprises a broadband power-law
component from 1 to 1000 Hz with exponent ��1.4 and
a superposed narrowband enhancement peaking close to fpp,
plus an additional narrowband component at �400 Hz, just
above fce. Comparing energy densities, the wave activity is
electromagnetic in the range of �1 Hz to �1 kHz.

3. Discussion and Summary

[12] We have analyzed the electric and magnetic wave
fields measured by Cluster during an event in which the

Figure 2. (top) Magnetic field spectra re-ordered with
respect to magnitude of the magnetic field B during 03:25–
03:42 UT. (bottom) Electric field spectra re-ordered as the
magnetic field spectra. For reference, the white curve shows
the electron cyclotron frequency (fce � 28 B [nT]).

Figure 3. Magnetic field energy density spectrum from
FGM (blue) and STAFF (orange) and electric field spectrum
from EFW (black) and STAFF (red) from SC1 for the
interval 03:28:57 to 03:29:17 UT. Approximate power law
fit to the magnetic field spectrum (black). Predicted electric
field spectrum based on LH waves (solid purple),
approximate power law fit (dashed purple), and shifted
predicted spectrum (dot-dashed purple). Similarly for
whistler waves (solid, dashed and dot-dashed green).
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spacecraft made multiple crossings through the magnetotail
current sheet and observed strong earthward and tailward
flows at Alfvénic speeds, indicative of the bi-directional jets
of a magnetic reconnection region. Wave-particle interac-
tions have been proposed as a mechanism for the break-
down of the ion and electron frozen-in condition that is
necessary for magnetic reconnection to occur in the colli-
sionless plasma of the magnetotail. The aim of the study has
been to elucidate the general relationship between waves
and reconnection by examining (a) when, (b) where and
(c) what type of waves occur with respect to reconnection.
[13] (a) From Figure 1, we found that broadband electric

and magnetic wave activities are enhanced in those current
sheet crossings that have high-speed flows and are inferred to
be close to an active reconnection site. Previous observations
have also reported that the intensity and the frequency of
occurrence of broadband electrostatic noise [Anderson, 1984]
and whistler waves [Deng and Matsumoto, 2001] increase in
the presence of strong plasma flows in the magnetotail and the
magnetopause current sheet, respectively.
[14] (b) From Figure 2, the emission power appears to be

strongly ordered by the position in the magnetotail current
sheet, and is heavily reduced in the centre of the current
sheet where the breakdown of the electron frozen-in condi-
tion would occur. Bale et al. [2002] report a similar wave
power reduction towards the center of the magnetopause
current sheet. In our case, the electric energy density
decreases 5 orders of magnitude from the outer edge of
the current sheet (15 < B < 21 nT) to the center (B < 1 nT).
The magnetic energy density decreases by 2 orders of
magnitude from the outer region of the current sheet (B >
10 nT) to the center. Wave power still exists at the current
sheet centre - the magnetic and electric energy densities
integrated over the STAFF frequency range are 3.1 �
10�18 J m�3 and 5.9 � 10�22 J m�3, respectively. It is
an interesting challenge to theory or simulation to ask
whether this wave power is sufficient to cause enough
anomalous resistivity to break down the electron frozen-in
condition and thereby allow reconnection to occur by wave-
particle interactions.
[15] (c) Plasma waves considered as important in the ion

and electron diffusion regions have included the IA, LH and
whistler (see Introduction). Typically, the STAFF electric
and magnetic field spectra show predominantly broadband
electromagnetic emissions throughout the current sheet
(Figure 2). We examined closely an interval towards the
current sheet edge (moderate values of B) shown in
Figure 3, where we plotted the electric and magnetic field
spectra over 4 orders of magnitude in frequency combining
measurements from the EFW, FGM and STAFF instru-
ments. The wave activity is electromagnetic throughout
the frequency range spanning from the ion cyclotron fre-
quency (MHD) to almost the electron plasma frequency.
The electric and magnetic spectra can both be decomposed
into two components - a broadband power law and rela-
tively narrowband peaks. The broadband power law has
exponents aB � �2.4 and aE � �1.4 in the magnetic and
electric field spectra, respectively.
[16] Simulations have shown that the IAI can generate

significant anomalous resistivity in a current sheet of
sufficient current density, but we are aware of only one
observation of possible IAI activity in the magnetotail

[Scarf et al., 1984]. Here, we observe no clear evidence
of a peak in the electric field wave spectra in the range of
unstable IA wave frequencies expected for the observed
plasma conditions. Two small peaks in the electric field
wave spectrum are seen but are not co-located with the
maximum growth rate frequency. In addition, the broad-
band wave spectrum is electromagnetic, inconsistent with
IA waves.
[17] Observations at the magnetopause, in the magneto-

tail and in laboratory experiments have claimed evidence of
LH waves associated with reconnection. Simulations of the
LHDI show that the wave power is suppressed towards the
center of a current sheet, qualitatively similar to the behav-
iour seen in this study [e.g., Daughton et al., 2004].
However, we find no evidence of an enhancement of wave
power at the LH frequency, even close to the region of the
current sheet with peak wave power (see Figure 3). The
electric field power law exponent of aE � �1.4 is larger
than the value aE � �1.0 obtained by Bale et al. [2002] in
the Hall current region of the magnetopause, which they
attributed to LH waves. In order to test whether the
broadband electromagnetic spectrum is consistent with LH
waves, we compare whether the relationship between elec-
tric and magnetic spectra is consistent with theory. Taking
the Fourier transform of Faraday’s law, we have that w ~B =
k � ~E, where ~X denotes the Fourier transform of X.
Squaring, we get w2 j ~Bj2 = k2 j~Ej2 (assuming k.~E = 0).
Substituting for k(w) from the linear LH dispersion relation
for finite plasma beta and electron temperature less than the
ion temperature [Davidson et al., 1977], appropriate to the
magnetotail, and approximating the magnetic field power
spectrum by a power law with exponent aB = �2.36 (solid
black line), we predict the electric field spectrum shown by
the solid purple line. The energy density is almost 7 orders
of magnitude lower than observed. The spectral slope is
close to unity (dashed purple line) which is similar to that
observed by Bale et al. [2002] but different to aE � �1.4 of
the observed spectrum (compare with dot-dash purple line
which shows predicted LH spectrum shifted up to approx-
imately match the observed energy density). Thus we
conclude that the observed spectrum is unlikely to be due
to LH waves.
[18] Observations at the magnetopause have also reported

evidence for whistler waves associated with fast plasma
flows. Similar enhancements are seen here in the whistler
frequency range for high beta plasma, i.e, below the
electron cyclotron frequency. The narrowband peak is seen
in the range 20–140 Hz, similar to the proton plasma
frequency. This coincides with the frequency of obliquely
propagating whistler waves in the small wavelength limit, as
also deduced by Deng and Matsumoto [2001]. Regarding
the broadband spectral component, for whistler waves in a
high beta plasma, we have w � k2 and hence for a given
angle between k and ~E, we find j~Bj2 � j~Ej2/w, consistent
with the observed difference aB � aE = 1 in the power law
spectral slopes. Similarly to the LH case, the solid green
curve shows the predicted electric field spectrum based on
the power law approximation to the magnetic field spectrum
and the full linear whistler dispersion relation for high
plasma beta and propagation parallel to the magnetic field
[e.g., Biskamp, 2000, chapter 6.2]. The energy density is
approximately an order of magnitude too low but the
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spectral slope of ��1.4 is consistent with the observed
spectrum (see dot-dash green line). This suggests that both
the broadband power law and narrowband peak of the
spectra are likely associated with whistler waves.
[19] In summary, our study has shown that the wave

environment of a reconnecting current sheet is likely char-
acterized by non-linear whistler wave turbulence whose
power maximises in the high-speed outflow jets close to
the X-line and towards the edge of the current sheet.
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