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Abstract

The whistler-mode waves and electron temperature anisotropy play a key role prior to and during magnetic reconnection. On August
21, 2002, the Cluster spacecrafts encountered a quasi-collisionless magnetic reconnection event when they crossed the plasma sheet. Prior
to the southward turning of magnetospheric magnetic field and high speed ion flow, the whistler-mode waves and positive electron tem-
perature anisotropy are simultaneously observed. Theoretic analysis shows that the electrons with positive temperature anisotropy can
excite the whistler-mode waves via cyclotron resonances. Using the data of particles and magnetic field, we estimated the whistler-mode
wave growth rate and the ratio of whistler-mode growth rate to wave frequency. They are 0.0016fce (Electron cyclotron frequency) and
0.0086fce, respectively. Therefore the whistler-mode waves can grow quickly in the current sheet. The combined observations of energetic
electron beams and waves show that after the southward turning of magnetic field, energetic electrons in the reconnection process are
accelerated by the whistler-mode waves.
� 2013 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The magnetic reconnection process is fundamentally
important in understanding the solar wind–magnetosphere
interactions. The magnetic reconnection is an efficient
mechanism for the entry of the solar wind plasma to the
Earth’s magnetosphere and energy release in the magneto-
tail (Dungey, 1961; Vasyliunas, 1975). The magnetic recon-
nection process, the dynamics of the diffusion region is
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rather complex. Through magnetic reconnection, magnetic
field energy is converted into plasma kinetic energy.
Because of the importance in understanding eruptive mac-
roscopic phenomena in magnetized plasmas, reconnection
has been received increased attention.

Although the electron behavior is believed to be very
important in the triggering of magnetic reconnection
(Birn et al., 2001, 2005), a more in-depth understanding
of the electron dynamics is still needed to explain the spon-
taneous onset of reconnection and to reveal how magnetic
field energy is converted into kinetic energy in electron and
ion fluids. Several mechanisms have been proposed to
rved.
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explain the excitation of the whistler-mode waves. The
most important one is the excitation mechanism by temper-
ature anisotropies A(vr) and loss cones. The density of
anisotropic electron component should be sufficiently low
(n(vr) << n0), in order to not disturb the propagation of
the whistler-mode waves (Kennel and Petschek, 1966;
Etcheto et al., 1973). Electrons with positive temperature
anisotropy can excite the whistler-mode waves through
the gyro-resonance process (Kennel and Petschek, 1966;
Etcheto et al., 1973; Fu et al., 2012), anomalous cyclotron
resonance and Landau resonance. Using linearized Vlasov
equation, Akimoto and Gray (1987) found that there exist
obliquely propagating the whistler-mode waves instabilities
in magnetotail, and these instabilities can be driven by elec-
tron beams, ion beams, and field-aligned currents. At scale
of neither the ion inertial length nor the electron inertial
length, the whistler-mode wave can grow. The peak of
the maximum growth rate is found at the scale of ion
Larmor radius (Cai et al., 2001).

The whistler-mode waves were observed in the magneto-
tail frequently. The quasi-parallel propagation of the
observed the whistler-mode waves in the magnetotail
plasma sheet suggests that the cyclotron resonance is the
dominant process (Zhang et al., 1999; Gurnett et al.,
1976; Scarf et al., 1974, 1984; Kennel et al., 1986; Farrell
et al., 2002, 2003). Gurnett et al. (1976) suggested that
the whistler-mode waves are most likely produced by cur-
rent-driven plasma instabilities. It is suggested that the
superthermal electrons with highly anisotropic pitch angle
distributions can generate the whistler-mode waves. Zhang
et al. (1999) analyzed the whistler-mode waves observed by
Geotail in the magnetotail at radial distance ranging from
�210Re to �10Re, and found that the whistler-mode waves
can exist in both plasma sheet and plasma sheet boundary
layer, and propagate quasi-parallel to the ambient mag-
netic field with an average propagation angle of 23�. They
thought that it is the energetic electron beams that generate
the whistler-mode waves. The whistler-mode waves associ-
ated with reconnection in the Earth’s magnetopause were
also observed by Geotail (Deng and Matsumoto, 2001;
Drake et al., 1997). Therefore the whistler-mode waves
and magnetic reconnection are closely related to each
other. Up to present, the satellite observations have shown
that the whistler-mode waves exist in reconnection process
and are most likely excited by electron beams generated by
magnetic reconnection. However, the whistler-mode waves
prior to reconnection are rarely reported. Wei et al. (2007)
once reported that the burst of the whistler-mode waves
appeared about 30 s earlier than the southward turning.
They also found that the whistler-mode waves prior to
the onset of magnetic reconnection are different from the
waves in the whistler frequency range within magnetic
reconnection.

Energetic electrons up to 300 keV were observed fre-
quently during reconnection events by spacecrafts in mag-
netotail (Øieroset et al., 2002). The lower hybrid waves are
also suggested to be responsible for the acceleration of
energetic electrons (Cairns and McMillan, 2005). Recent
Cluster observations (Imada et al., 2007) have provided
some evidences for these acceleration mechanisms. The
observations show the energetic electrons in the magnetic
flux pile-up region close to the X-line and the observations
can be explained the mechanism proposed by Hoshino
et al. (2001). Some other reconnection observed by Cluster,
however, indicates that the waves around lower hybrid fre-
quency do not show a clear correlation with energetic elec-
trons (Retino et al., 2008). The energetic electrons are
directly accelerated by the electric field during unsteady
reconnection (Retino et al., 2008; Asano et al., 2008; He
et al., 2008). Magnetic islands may be an important agent
responsible for the generation of energetic electrons (Chen
et al., 2008; Retino et al., 2008; Oka et al., 2010; Wang
et al., 2010).

In this paper we mainly focus on the relationship
between the energetic electron and the whistler-mode waves
prior to the onset of reconnection event. The results show
that the electron temperature anisotropy can exist prior
to the onset of reconnection event. The electrons can
resonance with the whistler-mode waves. The paper is
organized as follows. Section 2 gives a theoretical interpre-
tation by using the whistler-mode wave instability. Section
3 summarizes the main conclusions.

2. The whistler-mode waves instability in current sheet prior

to the reconnection onset

2.1. Overview the August 21, 2002 reconnection event and

whistler-mode wave events

In this section we will simply review the reconnection
event and the whistler-mode waves events on August 21,
2002. The reconnection and the whistler-mode wave event
are discussed detail in the previous paper (Wei et al., 2007).
The Cluster spacecrafts observed a reconnection event
within the period 07:50UT – 08:00UT. The tailward high
speed ion flow with southward magnetic field component
is observed at 07:53:50 UT by C1 and C3, and at
07:54:05 UT by C4. The maximum velocity of tailward
ion flow even exceeded 1500 km/s and the maximum south-
ward magnetic field reached 20 nT. During reconnection
event and before the magnetic field turned to southward,
C1 and C2 at 07:53:18UT, are observed strong quasi-paral-
lel propagating right-hand polarized whistler-mode waves.
Similar features of waves for C3 are also found at
07:53:08UT.

2.2. The whistler-mode wave instability

The enhanced whistler-mode wave activities were
observed simultaneously in the current sheet by C1, C2
and C3 before the reconnection event observed. Electrons
with a positive temperature anisotropy A(vr) can excite
the whistler-mode waves by cyclotron resonances (Kennel
and Petschek, 1966; Etcheto et al., 1973; Fu et al., in press
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a,b, 2011b). The resonance condition between the whistler-
mode waves and non-relativistic electrons can be described
as (Fu et al., 2011a) f � fce = v//k//. The density of hot elec-
tron component should be sufficiently low (n(vr) << n0), in
order not to disturb the propagation of the whistler mode
waves. The whistler-mode wave instability can arise due to
the free energy stored in positive temperature anisotropy of
hot electron component. The dispersive relation for the
whistler-mode wave propagation parallel to the magnetic
field is

ckk
f

� �2

� ðfpeÞ2

f ðfce � f Þ ð1Þ

The electron resonant velocity vr is defined by the cyclo-
tron resonance condition as

vr ¼ f� fceð Þ=kk ð2Þ

Using the dispersion relation (1) and the resonance con-
dition (2), the parallel energy of resonant electrons can be
written
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where Ec = B2/8pn0 is a characteristic energy for cyclotron
interactions. The growth rate for the whistler-mode wave
instability is (Kennel and Petschek, 1966; Etcheto et al.,
1973; Fu et al., in press a)
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where n(vr) is density that may be roughly interpreted as
the fraction of the total electron distribution in a range
Dm== ¼ ðfce � f Þ=k== ¼ mr about cyclotron anisotropy,
A(vr), Ac represent temperature anisotropy of resonant
electrons, and critical temperature anisotropy defined,
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where fce is the electron cyclotron frequency, k// the parallel
wave number, vr the resonant velocity, f the wave fre-
quency, F the total electron distribution function, v// the
electron parallel velocity, v\ the electron perpendicular
velocity, and a = tan�1(�v\/v//) is pitch angle. The reso-
nant electrons must have a specific parallel velocity so as
to resonate with a wave of frequency f. But they may have
any perpendicular velocity. In fact the stability criterion in-
volves the properties of the distribution function integrated
over all perpendicular velocities. A(vr) is a measure of pitch
angle anisotropy. Since n(vr) is always positive, waves are
unstable when A(vr) > Ae. A sufficient condition for insta-
bility for waves resonant with electrons is simply that
oF/oa be positive everywhere. Therefore, any mechanism
that flattens the pitch angle of every particle, such as mag-
netic field compression, makes the tail of the electron distri-
bution (where Er > B2/8pN) unstable to noise emission in
the whistler mode. Whether or not a whistler mode wave
emission is unstable depends only on the electron pitch an-
gle anisotropy A(vr). Rudolf and Wolfgang (1997) qualita-
tively discussed the relationship among growth rate, the
whistler-mode wave frequency and A(vr). Their analysis
shows that the whistler-mode waves instability can be ex-
cited when the temperature anisotropy A(vr) is near 0.02.

2.3. The growth rate for whistler-mode wave instability

The data used in this study are from the Cluster space-
crafts. Electron data from PEACE instrument (Johnstone
et al., 1997). The PEACE instrument has two sensor heads,
a low-energy electron analyzer (LEEA) and a high-energy
electron analyzer (HEEA), which are mounted on opposite
sides of the spacecrafts. In this study, we use the pitch angle
distribution data from PEACE–LEEA. Fig. 1 shows the
Phase Space Density from the PEACE instrument low-
energe sensor (LEEA) at 07:53:14UT. The electron distri-
bution function is anisotropic at certain energy.

Fig. 2 shows the dimensionless growth rate, the reso-
nance energy, temperature anisotropy and n(vr) calculated
by using Eqs. (4)–(7) and the data (PEACE–LEEA)
observed by C3 at 07:53:14UT. The growth rate is positive
in the frequency range 0.138–0.33fe (see the panel a). The
maximal growth rate is 0.0016 at the frequency 0.186.
The horizontal axis shows the frequency and dimensionless
frequency. The first panel shows the dimensionless growth
rate, and the maximal growth rate is at the frequency of
105 Hz (see the panel a). The corresponding electron reso-
nance energy in panel b is 0.15 keV. The third panel shows
the temperature anisotropy (solid line) A(vr), A(vr)–Ae

(dashed line), and Ae (dash dot line). The corresponding
temperature anisotropy (solid line in the third panel)
showed by panel fourth is 1.35. During the whole fre-
quency range, the n(vr) is very low (see the panel d). The
n(vr) satisfies the low density condition n(vr) << n0.

Table 1 lists the results calculated by using Eqs. (4)–(7)
and Cluster data. The second row shows the time at which
the data recorded by spacecrafts. The third row shows
maximal the whistler-mode wave growth rate. The fourth,
fifth, sixth and seventh rows show the electron resonance
energy, the temperature anisotropy the whistler wave reso-
nance frequency and the whistler wave resonance dimen-
sionless frequency corresponding to the maximal growth
rate, respectively. The above calculation results show that
there are positive growth rate in the current sheet prior
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Fig. 1. Electron distribution functions measured by LEEA/PEACE. The phase space density is plotted in color according to the right color bar.

Fig. 2. The growth rate (a), electron resonance energy (b), Ae (c) and the
n(vr) (d) as a function of wave frequency.
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to magnetic reconnection. The maximal growth rate is
obtained by using the data from the C3. The corresponding
the whistler wave resonance frequency are the lowest, and
the temperature anisotropy is higher than those obtained
at C4.

The maximal growth rate of whistler-mode wave fre-
quencies measured by C1, C2, and C4 are all lower than
the resonance frequency (Wei et al., 2007). The whistler-
mode waves observed by C1, C2, and C4 cannot be excited
easily by the temperature anisotropy electron. The whistler-
mode wave frequency detected by C3 is very close to reso-
nance frequency. The whistler-mode waves observed by C3
can be excited easily by the temperature anisotropy
electron.

3. Discussion and Conclusion

The electron temperature anisotropy Ae observed by C3
at 07:53:10UT and 07:53:14UT is 1.35. The maximal
growth rate is 0.00077 and 0.0016, respectively. The whis-
tler-mode wave activities become strong at 07:53:08UT.
The electron temperature time resolution is 4 s. The whis-
tler wave frequency is about 100 Hz during 07:53:08–
07:53:12UT. The resonance electron energy is about
100 eV. The resonance wave frequency is about 100 Hz.
The resonance wave frequency is very close to the whis-
tler-mode wave frequency observed by spacecrafts. The
above results show that the whistler-mode wave can be
enhanced in the current sheet before magnetic reconnec-
tion. At 07:53:10UT, the resonance electron velocity is
anti-parallel to magnetic field and at 07:53:14UT the reso-
nance electron velocity is parallel to magnetic field. The
opposite propagating whistler-mode waves and electrons
can generate cyclotron resonance. The antiparallel and par-
allel resonance electron observed at same satellite show the
whistler-mode wave direction turned at different time. The
resonance wave frequency calculated by C1, C2, C4 data
and Eq. (1) is higher than the whistler-mode wave fre-
quency observed by C1, C2, C4. The electron and the wave
cannot resonate easily. At 07:53:00UT, C1 was approxi-
mately located at (�18.36, �4.27, 0.22) Re, C2 at
(�18.74, �4.02, 0.39) Re, C3 at (�18.81, �4.30, �0.04)
Re and C4 at (�19.0, �4.40, 0.59) Re. The total magnetic
field observed by C3 is the smallest. The whistler-mode
waves are observed by C1 and C2 at the same time. The
whistler wave and electron anisotropy observed by C3
are earlier than that observed by C1 and C2. According
to the Cluster station and the above analysis, C3 are very
near to the electron current sheet center. C1 and C2 may
be at the edge of electron current sheet. Both the theory
and observations show the whistler can be excited. After
the high speed tailward flow was observed by C1, C2 and



Table 1
Characteristics of waves, temperature anisotropy and resonant energy.The results are derived from Eqs. (4)–(7) and the Cluster
data. The second row shows the time at which the data is recorded by spacecrafts. The third row shows the maximal growth rate.
The fourth row shows the resonance energy at the maximal growth rate. The fifth row shows the temperature anisotropy at the
maximal growth rate. The sixth row shows the resonance wave frequency at the maximal growth rate.

Satellite C1 C2 C3 C4

Time (UT) 07:53:21 07:53:18 07:53:14 07:53:25
Max growth rate 0.0012 0.0009 0.0016 0.00053
Resonance energy (keV) 0.35 0.14 0.155 0.25
Temperature anisotropy 1.5 1.4 1.35 0.6
Resonance frequency (Hz) 163 267 105 173
Dimensionless frequency f

fce

� �
0.2 0.33 0.187 0.285
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C3, the whistler-mode waves become stronger, and the
relationship between the whistler-mode waves and the high
speed tailward flow becomes very complicated. The calcu-
lation results also show the electron and whistler-mode
wave can resonate after the reconnection. The appearances
of southward magnetic field observed by C1, C2 and C3 are
later than the high speed tailward flow. A high speed tail-
ward ion flow and a large southward magnetic field compo-
nent synchronously observed by spacecrafts generally can
be produced by magnetic reconnection. The magnetic
reconnection event observed by spacecrafts is later than
the whistler-mode waves. The whistler-mode wave activi-
ties are observed before and after the southward turning
of Bz component. However their characteristics of waves
are obviously different (Wei et al., 2007). The observations
of electrons also show that during the reconnection pro-
cess, there are many bursts of energetic electrons (Wei et
al., 2007).

The relationship between whistler-mode waves and
reconnection is very complicated. Up to present, the prob-
lem of triggering of magnetic reconnection in the tail is still
not fully understood. The whistler-mode wave activities
observed by satellites in the current sheet prior to the onset
of reconnection will help to shed light on this problem.
During the reconnection event, the whistler-mode wave
activities became stronger. During the period where the
electron temperature anisotropy is bigger than 1.35, the
whistler-mode waves activities were observed by Cluster
satellites. The theoretical whistler-mode wave growth rate
calculated based on the data of observed magnetic field
and plasma is about 0.0016xge. The ratio of whistler-mode
wave growth rate to wave frequency is about 0.0086.
Therefore, whistler-mode waves can grow quickly in the
current sheet. The small discrepancy between theoretic
and observational values of wave frequency is possibly
caused by several simple assumptions adopted in the calcu-
lation of dispersion equation of whistler-mode wave. Elec-
trons with positive temperature anisotropy can excite
whistler-mode mode waves by cyclotron resonances. The
quasi-parallel propagation of the observed whistler-mode
waves suggests that the cyclotron resonance is the domi-
nant process. The whistler-mode waves have a short time
to grow. Furthermore, not all electron beams possess posi-
tive temperature anisotropy. Electron beams with negative
temperature anisotropy cannot excite the whistler-mode
waves. It can only excite the firehose instability. This may
be the reason why the whistler-mode waves are observed
discontinuously. After the onset of magnetic reconnection,
the whistler-mode waves are stronger than before. The
whistler-mode waves associated with the magnetic recon-
nection event is different from the whistler-mode waves in
the current sheet. In this paper the generation mechanism
of the whistler wave in the current sheet is discussed. The
results presented in this work reveal the status of plasma
sheet prior to magnetic reconnection and may provide an
important hint of how magnetic reconnection is triggered.
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